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Preface

Dear reader,

This special issue of the “Bulgarian Chemical
Communications” puts together most of the studies,
presented during the Jubilee Scientific Session on
“Interdisciplinary Chemistry”, which took place on
October 17-18, 2013 in the town of Bankya. The
session was dedicated to the 90™ birth anniversary
of the notable Bulgarian scientist Academician
Jordan Malinowski — undoubtedly one of the most
prominent representatives of the Bulgarian Physical
Chemistry domain in 20" century. A brief essay
featuring the life and the achievements of this
world- renowned man of science is set at the
beginning of this special issue of the journal.

The Jubilee Scientific Session was organized
by the Institute of Optical Materials and
Technologies at the Bulgarian Academy of
Sciences, whose patron is the very Acad. Jordan
Malinowski. The testimony for the vivid interest to
this event was the really high response rate
resulting into more than 70 attendees. Along with
the invited distinguished lecturers in key fields of
the contemporary chemistry, the reputation of the
forum was boosted by the participation of
Bulgarian scientists, working together with
colleagues from leading international institutes.

Against this background, the overwhelming
presence of young scientists and PhD students put
the final touch to the attractiveness of this high-
profile scientific forum. The presentations
demonstrated the interdisciplinarity of the modern
chemistry and its application in the various fields
ranging from photonics, sensor technique and
catalysis to organic electronics, holography,
medicine, etc. Moreover, the continuous face-to-
face communication during the session days
provided the opportunities to the attendees to share
knowledge and exchange experience, to network
actively and discuss the latest developments in the
fields of research and technologies in the
corresponding areas of interest.

Now, the organizers of the Jubilee Scientific
Session thankfully grab the chance to reach out the
audience through the pages of this journal. In that
way the participants would be given the possibility
to recollect the ideas, presented or generated at
the event and get acquainted with all details that
couldn’t be covered during the live presentations.
For those who didn’t have the chance to be there —
we hope that this reading will serve as a teaser to
attend the next session.

Wishing you an and valuable

experience,

exciting

Guest editors of the special issue:
S. Kitova

J. Dikova

T. Babeva

E. Stoykova



Life devoted to science

The great Bulgarian scientist Jordan Malinowski
was born on June 3, 1923 in Sliven, Bulgaria. He
studied in the American college in Sofia and after
graduation in 1943, took part in the World War II
and was awarded a medal. In 1948 he graduated the
Faculty of mathematics and physics with specialty
“Chemistry” in Sofia State University “Kliment
Ohridski” and worked as a research associate in the
field of physical chemistry. From 1948 up to 1958
he was a research associate in the Institute of
Physics to the Bulgarian Academy of Sciences
(BAS). He got his PhD degree in chemistry in 1958
and his Doctor of Science degree in 1969. In 1959
he was elected associated professor, and in 1964 —
professor in the Institute of Physical Chemistry to
BAS. In 1989 he was elected academician of BAS.
He was a founder of the Central Laboratory of
Photoprocesses to BAS (1967) being its Director up
to 1992, when he was elected President of BAS. He
remained on this high position till the end of his life
in 1996.

Academician Malinowski started his research
activities in 1950 as an assistant in the Physical -
Chemical department at the Physical Institute of
Bulgarian Academy of Sciences. He soon obtained
essential results on the physical ripening of the
photographic emulsions. Besides, he worked out a

method for differential development, which
allowed the obtaining of photosensitive materials
with  improved characteristics and  better
performance. Subsequently, this method has been
widely used by the many specialized laboratories
for a long time.

Further, Malinowski’s interest was directed
towards studying the elementary processes in silver
halides leading to the formation of a “latent image
“ i.e. the invisible Ag clusters, formed initially on
illumination of the photosensitive material, which is
consecutively visualized by chemical or physical
development. Until then, the theory of the
photographic process was based solely on the
electron-ionic stage of light quanta. The role of the
“defect” electrons, the so-called “photoholes”,
formed simultaneously with the photoelectrons,
remained entirely obscure. To clarify this problem
Academician Malinowski developed a unique
experimental method allowing studying
quantitatively the physical characteristics of the
photoholes: mobility, free drift, mean lifetime, etc.
The results obtained led to the conclusion that the
role of the photoholes in the photographic process
could not be neglected. The investigations allowed
further development of the theory of the
photographic process, which became well-known in
the international scientific literature as a
“symmetric scheme of Malinowski”. This
remarkable study is now world widely accepted as
the most essential scientific achievement of Jordan
Malinowski. Moreover, using these theoretical
concepts, Acad. Malinowski developed a new
photoprocess based exceptionally on the formation
of photoholes by illumination of the photosensitive
material and further interaction with metal atoms
coated on the light-sensitive surface by vacuum
evaporation. The research performed in his
Laboratory revealed that such a process can be
carried out in a number of photosensitive materials,
including non-silver ones.

Furthermore, new profound knowledge on the
essence of the photoprocesses was obtained by
Acad. Malinowski and his co-workers by applying
vacuum-evaporated layers of silver halides as an
adequate model of the complex photographic
emulsions. This gave access to numerous aspects of
the widely used, but still not completely clear,
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conventional photographic process. Thus, the action
of sensitizers (substances increasing the sensitivity
of the photographic material) was elucidated by
representing them as traps for photoelectrons and
photoholes. The process of development of
illuminated emulsions was modeled and it was
shown that its mechanism can be regarded as a
special case of the theory of crystal growth.
Moreover, the longstanding systematic research
made possible clarification of the photographic
process also in others photo-sensitive materials,
including non-silver compounds.

With a view to the above, it is noteworthy that
there were papers which brought to two of the
Malinowski’s PhD students the prestigious Egert
award - the highest award of the Swiss Polytechnic
for young scientists working in the field of
photography. In these works experimental studies
are combined with the use of modern for its time
computing and simulation methods. The results
obtained allowed to conclude that most probably
the centers of the latent image in the silver halides
consist of about 10 atoms of silver. This statement
was subsequently confirmed by data from Monte
Carlo simulation of the mechanism of the
photographic process. Today, these results and
experiments still arouse admiration taking into
account the boldness of Acad. Malinowski and his
students to investigate nanosized objects by
available at about 40 years ago apparatus and
chemical methods. Remarkable! The original
methods applied for experimental studies of the
photographic  process, the precisely built
experimental equipment, and the knowledge
attained on the formation, growth, and properties of
the vacuum deposited layers allowed the
development of novel photographic materials with
extreme resolution by evaporation of various
photosensitive substances on flexible and glass
substrates.

For the practical realization of these projects,
pilot lines were designed and built in the Central
laboratory of Photographic Processes and a small
scale production of various photographic materials
was organized. During the years more than several
thousand different encoders, tachometric sensors
and raster discs were manufactured and sold in
industry. Practical implementation of the pioneer
achievements of Academician Jordan Malinowski
made possible organization of a totally new for
Bulgaria high-tech field, namely production of
photo-raster transducers. This made possible the
creation of a new industry in the country — the

production of photo optical transitional transducers
including as a basic element the high precision
gratings manufactured in the Malinowski’s
Laboratory. The transducers are built in most
products of machine building, electronics and
robotics applying digital program control.

Academician Jordan Malinovski was widely
recognized all over the world. He was an honorable
member of the Royal society of the United
Kingdom, of American and Japanese societies for
photographic science and technique, of European
Academy of Sciences, art and literature, of
Academy of Valonia in Belgium etc. He was
awarded numerious national and international
awards as the medal of the German Academy for
Natural Sciences, Lieven-Gevaert Medal — the most
prestigious award of American society for
photographic science and technique, award for the
best paper of the year of the American journal for
photographic science and technique (2 times);
Dimitrov award; decorations “Republic Bulgaria” —
III degree, “Cyrill and Methodius” — II degree,
medal “1300 anniversary of Bulgaria”, medal “100
years BAS” etc. Many years he was a member of
the International committee for photographic
science and editor in prestigious international
journals. As an outstanding scientist he was invited
to deliver keynote lectures at all international
congresses and symposia in the field of
photographic processes.

As a president of BAS Academician Jordan
Malinowski has worked fruitfully to reform the
Academy. He has made a lot of efforts to keep and
strengthen the leading position of BAS in the
scientific community of Bulgaria and Bulgarian
society. Today we, as his heirs and disciples, united
in the newly created Institute of Optical Materials
and Technologies, are striving to follow and
elaborate the ideas of our Patron. Refer to his vision
about the organization of the scientific work:
“There is no Bulgarian science, science is global,
with global criteria and requirements. Science is
not divided into fundamental and applied —
there is science and application of science”. How
relevant are these words of Academician
Malinowski today, when in European and global
science the tendency to combine scientific and
application activities is steadily on top of the
agenda. This is also the flagship line of Scientists in
Bulgaria in their efforts to help building a society
and economy in our country, based on knowledge!



The brief memory of the life and scientific work
of our patron Academician Jordan Malinowski
today makes us feel lucky to have the opportunity
to be his disciples, collaborators and followers, and
to be proud of his scientific achievements, won the

undisputed international prestige of Bulgarian
science. Celebrating the 90™ anniversary of his
birth we would like to extend with love and deep
respect:

Thank you, Teacher!

Assoc. Prof. Julita Dikova, PhD

Scientific Secretary of the Institute for Optical
Materials and Technologies
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X-ray diffraction (XRD) and high resolution scanning electron microscopy (HRSEM) were used to study the
influence of the sublayer thickness and furnace annealing on the crystallographic structure and microstructure of 400
nm thick films from Zn,Cd,,Se with x=0.4, 0.6 and 0.8. The films were prepared by consecutive deposition of
ultrathin, island type sublayers of ZnSe and CdSe with various nominal thicknesses (0.08, 0.12 and 0.23 nm). Based on
the X-ray diffraction results it has been concluded that independently of the sublayer thickness all films have
predominantly cubic structure. Existence of a small amount of wurtzite phase has also been ascertained and the wurtzite
phase decreases with increasing Zn content. The SEM images have revealed that in as-deposited films of each
composition the thinner the sublayer thickness, the smaller the grain size. It has been also found that the internal strain
in the annealed films with x=0.6 and 0.8 is higher than that in the as-deposited ones.

Keywords: thermal evaporation, Zn,Cd,_Se, annealing, X-ray diffraction, scanning electron microscopy, film structure

INTRODUCTION

Group II-VI compound semiconductors are
important in a wide spectrum of applications. In
particular, ternary compounds including zinc
cadmium selenide (Zn,Cd; Se) have attracted
significant attention in the field of solar cells due to
their band gap [1, 2] and lattice constant
modulation by composition. Ternary II-VI
semiconductors alloys (ZnCdSe, ZnSSe) included
in ZnSe based quantum structures have also
demonstrated considerable promise as short-
wavelength light sources, fast switching devices,
etc. [3-5].

Different methods have been used for deposition
of Zn,Cd,«Se films including vacuum techniques
[6, 7], chemical vapour [8] and chemical bath [9]
deposition, electrodeposition [1, 2]. The
crystalllographic structure of Zn,Cd, Se films is
rather sensitive to the preparation conditions. Both
cubic [9, 10] or wurtzite [1] structure for all
compositions in the range 0<x<l, as well as
transition from wurtzite in Cd-rich, to cubic in Zn-
rich films, with a mixture of the two phases in
between have been reported [11, 12]. Therefore for
each preparation method the effect of the

preparation conditions on the crystallographic
structure of Zn,Cd;,Se films has to be studied
carefully.

Recently we have reported on preparation of
nanocrystalline ZnyCd;«Se thin films by thermal
evaporation in vacuum [13-15]. The film were
produced by thermal evaporation of ZnSe and CdSe
in vacuum and alloying of a large number of
consecutively deposited island type sublayers of
ZnSe and CdSe whose nominal thickness (i.e. the
thickness of a film if continuous) is 0.12, 0.25 and
0.37 nm. The nominal thickness and film
composition were defined by the deposition rates of
both materials. Thus Zn,Cd, Se films with five
different, well reproducible compositions were
produced. Atomic force microscopy (AFM) phase
images revealed a nanosized second phase on the
surface of as-deposited films. The largest amount of
the second phase was observed in the films with
greatest nominal thickness of both sublayers and it
disappeared after annealing at 673 K [15] while in
the films with lowest nominal sublayer thickness no
second phase was observed after furnace annealing
at 473 K. The second phase on the film surface was
related [14] to existence of nanosized Cd-enriched
regions which may appear in the alloying process.

In this article we report production of

* To whom all correspondence should be sent:

X i Zn,Cd, <Se films with three different compositions
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by applying the above described preparation
technique but reducing considerably the nominal
sublayer thickness. The effect of the sublayer
thickness reduction on the film crystal structure and
microstructure is explored by comparing the X-ray
diffraction data of films prepared at different
deposition rates. The influence of the film furnace
annealing at 673 K on the crystal structure is also
investigated.

EXPERIMENTAL

Thin films of Zn,Cd,..Se with x=0.4, 0.6 and
0.8 (x represents the Zn content, x = Zn/(Zn+Cd))
and thickness of 400 nm were prepared by
simultaneous thermal evaporation of ZnSe and
CdSe powders (Merck, Suprapure) from two
independent tantalum crucibles. The films were
deposited on Corning 7059 glass substrates (for the
XRD measurements) and crystalline silicon (c-Si)
substrates (for HRSEM investigations) kept at room
temperature and rotated at a rate of 20 turn/min.
During each turn pass the substrates spent over
each crucible 0.25 sec; the time between the
consecutive deposition of CdSe and ZnSe is 1.25
sec. Thus, small portions of ZnSe/CdSe were
consecutively deposited at rates Vg, = 0.3 nm/sec
(nominal thickness 0.075 nm), 0.5 nm/sec (nominal
thickness 0.12 nm) and 0.9 nm/sec (nominal
thickness 0.23 nm). The nominal thickness was
determined by multiplying the deposition rate by
the time substrates spent over the crucible. Both
materials alloyed and form ternary Zn,Cd,_Se films
(Group I samples). The film composition was set by
using appropriate deposition rate (Vaey ™/ Viep
0.3/0.9, 0.5/0.5, 0.9/0.3 nm/sec for films with
x=0.4, 0.6 and 0.8, respectively). For comparison
Group II films of Zn,Cd;,Se with the same
thickness and composition were prepared at
deposition rates of 0.5, 1.0 or 1.5 nm/sec [13, 14],
as well as single layers of ZnSe and CdSe deposited
on rotated substrates at the same substrate
temperature. The deposition rates were controlled
by two previously calibrated quartz microbalance
systems MIKI FFV. A part of the Group I films
were furnace annealed at T, = 673 K for 60 min in
an argon atmosphere.

Gracing Incidence XRD (GIXRD) experiments
were performed on a X-ray Diffraction System
(triple axis rotating anode) - SmartLab- 9kW
rotating anode, in-plane arm (Rigaku Corporation,
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Japan) with Cu K, radiation, A =0.154 nm. The
GIXRD patterns realized at an angle of incidence
a = 0.5° were registered via the continuous method
applying 0.01° steps (26, 6 is the Bragg angle) and a
counting speed of 12.000 deg/min. The scattered X-
ray radiation was detected with SC-70 detector. All
XRD patterns were taken within an angular interval
20 from 20° to 60° in which the main diffraction
peaks of ZnSe and CdSe are located. High
Resolution SEM images of the sample surfaces
were obtained using a Nova NanoSEM 630 (FEI
Company, USA) scanning electron microscope
operating at an accelerating voltage of 10 kV. The
grain size was estimated with SPIP™ image
processing software version 6.0.9 (Image metrology
A/S).

RESULTS AND DISCUSSION

XRD spectra of ZnSe and CdSe single layers
and three Zn,Cd;.Se layers from Group I with
x =0.4, 0.6 and 0.8 are shown in Fig.1 (a). Similar
series of spectra has been taken for the Zn,Cd; Se
layers from Group II. A very intense diffraction
peak is seen in all spectra which is centred in the
range 20=25-27°. Its angular position is
dependent on the film composition (x value). As
expected, the decrease of the Zn content causes a
shift of this peak to the higher angles in respect to
its position in the spectrum of pure CdSe (for which
x =0). The reason for this is the larger atomic
radius of Cd in comparison with the Zn atomic
radius. The substitution of Cd with Zn atoms leads
to decrease of the lattice parameter (i.e. to decrease
of the interplanar spacing) and causes the observed
shift of the diffraction peaks towards higher 20
angles.

X-ray diffraction bands of much lower intensity
were also detected. In order to analyze their
behaviour the low-intense parts of the patterns are
presented in an enlarged scale (Fig.1 (b)). Two
additional peaks at 20=45.2 ° and 53.5° are
revealed in the ZnSe spectrum while in the CdSe
spectrum four additional peaks are observed at
20 ~ 35° 42°, 46 ° and 50° and also two low-intense
bands at 20 ~24 ° and 27° can be noticed. It is
known, that both CdSe and ZnSe, can form cubic
and hexagonal (wurtzite) polymorphous
modifications. The three bands in the ZnSe
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Fig. 1. (a) X-ray diffraction patterns of binary CdSe and ZnSe single layers and three Zn,Cd,;.,Se layers from Group I;
(b) a part of the patterns at an expanded y-scale. The dashed lines indicate the band shift to the higher angles when Zn
content increases.

spectrum are typical for cubic ZnSe — the peaks at
27.225°, 45.196° and 53.569° are due to X-ray
diffraction from the {111}, {220} and {311}
families of crystallographic planes (JCPDS 05-
0522). No bands appear that are characteristic for
the wurtzite structure (JCPDS 15-0105), which
indicates that at the preparation conditions applied
the ZnSe films are entirely cubic. On the other hand
the bands at 20 ~ 24°, 27°, 35° and 46° are typical
for wurtzite CdSe (diffraction from the {100}
family of crystallographic planes at 23.97°, {101}
at 27.1°, {102} at 35.1° and {103} at 45.8° (JCPDS
08-0459)). Since the intensity of these bands is
rather low one can infer that here investigated CdSe
single layer has predominantly cubic structure
(JCPDS 19-0191) but small amount of wurtzite
phase is also present. These results are in good
agreement with the conclusions made in our
previous studies on ZnSe [14] and CdSe [16] single
layers which indicates a good reproducibility of the
structure of the binary ZnSe and CdSe films.
Similarly to the peak at 260 ~27°, the two weak
bands in the spectra of Zn,Cd,Se layers at ~43 -
44° and 51 - 52° are shifted towards higher angles
as the Zn content increases (Fig.1 (b), dashed lines)
but it is difficult to make a reliable conclusion for
the shift of the middle band (at 26 ~ 47°) since its
intensity is rather low in the spectra of the films
with greater Zn content. The intensity decrease of
this band indicates that the wurtzite fraction in the

ternary Zn,Cd,Se layers decreases with increasing
Zn content though it is still noticeable in the x = 0.8
films.

Table 1. Angular position, full width at half maximum
and integrated intensity of the strongest peak in the XRD
spectra of as-deposited ZnxCd1-xSe thin films from
Groups I and II.

Zn,Cd;_Se XRD band FWHM  liiilntegrat
center (deg) (deg) ed
Iintensity
x =0.8, Group I
as-deposited 26.85 0.41 21834
annealed (1)26.79 0.34 10985
(2)26.53 0.46 18369
x =0.8, Group II
as deposited 26.88 0.42 24308
x = 0.6, Group I
as-deposited 26.49 0.49 14204
annealed 26.46 0.45 36198
x = 0.6, Group II
as deposited 26.52 0.46 14080
x = 0.4, Group I
as-deposited 26.18 0.52 21100
annealed 26.15 0.41 22552
x = 0.4, Group II
as deposited 26.02 0.34 29200

In order to determine the position and FWHM of
the strongest peak in the XRD spectra of Group I
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and Group II as-deposited Zn,Cd,Se samples it
was fitted with a single Lorentzian (only for the
spectrum of Group I, annealed x =0.8 film the
fitting with two Lorentzians gave better result). The
results obtained are summarized in Table 1. For the
films with x = 0.6 and 0.8 both the positions and the
FWHM are practically the same. For the films with
x =0.4 a small difference is observed in the peak
positions and the FWHM of the film from the
Group [ is significantly larger than that of the
Group II sample. These results indicate a good
reproducibility of the film  composition
independently of the thickness of the ZnSe and
CdSe sublayers.

For Zn,Cd,,Se films prepared using the same
way as that applied for the Group II film

)
= x=0.6
=]
_d -
© annealed at 673 K
=
'
c
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=
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Fig. 2. X-ray diffraction patterns of as-deposited and annealed Zn,Cd,_,Se thin films from Group I with two compositions

preparation we observed [14] some deviation of the
lattice constant (calculated using the angular
position of the {111} peak and assuming pure
cubing structure) from the Vegard’s rule for the
films with x <0.6. It has been assumed that this
deviation is due to lattice distortion, which could be
significant at the relatively high amount of Cd
atoms. Based on the results of this study one can
suggest that the observed deviation from the
Vegard’s rule is due to the appreciable amount of
wurtzite phase in the films with relative high Cd
content which may cause lattice distortion in the
cubic phase.
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(x=0.6 and x = 0.8) denoted in the figure.

X-ray diffraction patterns of as-deposited and
annealed Zn,Cd,Se thin films from Group I with
two compositions (x = 0.6 and 0.8) are depicted in
Fig. 2. A comparison of the spectra shows that the
film annealing at 673 K results in an intensity
increase of the band at 20 ~ 47° that is an indication
that the amount of the wurtzite phase increases.
Moreover, as seen from Table 1, the integrated
intensity of the strongest band in the spectra of
x=0.4 and 0.6 annealed films increases but the
peak position remains nearly the same as for the as-
deposited films; in addition the FWHM is reduced.
Only for the x=0.8 sample an asymmetry is
observed after annealing which has been discussed
in more details in ref. 17. Annealing induced
intensity increase has been also observed [15] for
films deposited using the preparation conditions
applied for the Group II samples. It is most likely
related to an improvement of the film crystallinity
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and grain size increase. A small annealing induced
shift of 0.07-0.1° to higher Bragg angles was
observed for the Group II type samples [15], which
corresponds to a lattice constant decrease of ~ 0.02
nm. Therefore it has been ascribed to some
annealing induced film densification. Should this be
the case, the same position of the most intense band
of the as-deposited and annealed films from Group
I indicates that no annealing induced densification
occurs and one can assume that these films are
slightly denser than the films with thicker
sublayers.

Let us now consider in more details the
observed changes in the FWHM. As mentioned
above the FWHM of the most intense band (at
20 ~27°) in the spectra of Group I as-deposited
films is almost equal (x=0.6 and 0.8) or higher
(x =0.4) than that of the Group II samples (Table
1). Moreover the annealing at 673 K causes FWHM
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Fig. 3. High resolution SEM surface images of: (a) as-deposited, (b) annealed Zn0.4Cd0.6Se films from Group I,
(c) an as-deposited Zn0.4Cd0.6Se film from Group II. A part of the crystal grains are marked by white curves to
make the size and shape clearer. The grain size values given in the figure were obtained by the SPIPtm image
processing software.

decrease in the x = 0.4 films while for the other two
compositions no appreciable decrease has been
registered. It is known that both grain size and
internal strain affect FWHM of the bands in XRD
spectra of polycrystalline samples. The grain size
decrease and the internal strain increase cause a
FWHM increase. Hence the lower FWHM in the
spectra of Group II as-deposited x =0.4 film and
the Group I annealed x = 0.4 film (Table 1) implies
that the grain size in these films should be larger
than that in the as-deposited Group I sample.
Information about the grain size has been
obtained from the HRSEM investigation. HRSEM
surface images of as-deposited and annealed x = 0.4
samples from Group I are shown in Fig.3 (a) and
(b), respectively; HRSEM image of an as-deposited
x = 0.4 sample from Group II is depicted in Fig. 3
(c). It is seen that most grains have close to
spherical shape. For the Group I samples the grain
size of the annealed film is larger than that of the
as-deposited one. Moreover for the same
composition of as-deposited films the grain size is
larger in the Group II sample. The SPIP™ image

processing has given an average size of 4.6 nm in
the Group I as-deposited film, while the size in the
annealed film is approximately four times greater
(17.4 nm); the size in the Group II as-deposited
sample is about twice greater than that of the Group
I sample (8.3 nm). These observations confirm the
conclusion based on the XRD data. The HRSEM
results for the other two compositions are similar to
those obtained for x = 0.4 i.e. the grain size in as-
deposited films of Group I is smaller than the size
in the other two kinds of films. It is known [18]
that in the films deposited by thermal evaporation
in vacuum the grain size decreases with decreasing
both film thickness and deposition rate (not too
strongly in the latter case). Hence, the smallest
grain size in the Group I as-deposited films can be
related to both the lower sublayer thickness and the
lower deposition rate used for the sample
preparation.

No appreciable reduction of the FWHM values
has been observed upon annealing of the x=10.6
and 0.8 samples. Taking into account the strong
annealing induced size increase which should cause
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significant FWHM reduction, as well as the “27°
band intensity increase related to improved
crystallinity, one can infer that in the annealed films
with these compositions the internal strain is
significantly higher than in the as-deposited ones.
This strain increase could be related to some
cracking observed in the SEM images of annealed
samples [17].

CONCLUSIONS

Thin films of Zn,Cd,Se with x =0.4, 0.6 and
0.8 were produced by alloying of consecutively
deposited ultrathin, island type ZnSe and CdSe
sublayers with various thicknesses. The influence
of the sublayer thickness and furnace annealing on
the crystallographic structure and microstructure of
the films has been investigated. It has been shown
that all Zn,Cd, Se films prepared have
predominantly cubic structure independently of the
sublayer thickness. A small amount of wurtzite
phase has also been detected and it decreases with
increasing Zn content. It has been suggested that
the wurtzite phase in the Cd-enriched films causes
some lattice distortion in the cubic phase which is
the reason for the small lattice constant deviation
from the Vegard’s rule reported earlier.

It has been found that in as-deposited films of
each composition the grain size is influenced by the
sublayer thickness; it is smaller in the films built of
thinner sublayers. This observation has been related
to the combined effect of the reduction of both
sublayer thickness and deposition rate. It has also
been concluded that the internal strain in the x = 0.6
and 0.8 annealed films is higher than in the as-
deposited films.
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BJIMAHUE HA JEBEJIMHATA HA ITOACJIOEBETE U OTTPABAHETO BbPXY KPUCTAJIHATA
CTPYKTYPA U PASMEPA HA 3bPHATA HA HAHOKPUCTAJIHU CJIOEBE OT ZnxCd, xSe

. . HemeBal*, U. E. Bunesa', M. I[aHI/IJ'Iaz, A. I[I/IHCCI(yz, 3. M. Jlesu', 3. UI. Anesa', P. Mfonep2

"Unemumym no ¢usuxa na mevpoomo mano, Bvreapcka axademus na naykume,
oyn. Lapuepaocko woce 72, 1784 Cogus, bvreapus
’Hayuonanen uncmumym 3a uscnedsane u paspabomku 6 mukpomexnonozuume - UMT Byxypews 1264, yn. Epoy Suxy
Huxonae, 077190 Byxkypeuwy, Pymvrus

Iocrpnuna Ha 17 oktomBpu 2013 r.; kopurupana Ha 25 HoemBpH, 2013 .

(Pesrome)

C penrtrenoBa audpaxiys 1 BUCOKO-pa3AeNTeHa CKaHupaIia enekTporHa Mukpockomus (BPCEM) e u3cnenBano
BIMSHUETO Ha Je0OeNMHaTa Ha TIOJCIOEBETE M TEPMHUYHO OTTPSABAaHE BBPXY KpHcTajmorpadckata CTpyKTypa H
MuKpocTpykTypara Ha 400 HM mebemu cioeBe ot Zn,Cd, Se ¢ x=0.4, 0.6 u 0.8. CroeBere ca H3rOTBEHH C
MOCIIEI0BATENHO OTJIaraHe Ha yATpaThHKHU ciioeBe oT ZnSe u CdSe OoT oCTpOBEH THII ¢ pa3iniyHa HOMUHAIHA Jie0eHa
(0.08, 0.12 u 0.23 um). HanpaBeno e 3akito4eHHe, 4e BCHYKH CJIOEBE Ca C JOMUHHPALIO KyOM4YHA CTPYKTYpa,
HE3aBHCHMO OT Jie0esMHaTa Ha MOJICIIOeBeTe. YCTAaHOBEHO € U HAJIMYKME Ha MaJIKO KOJIMYECTBO BIOpLUTHA (ha3a, KOETo
HaMaJisiBa C yBelM4aBaHe Ha chabpkanueTo Ha Zn. Ot BPCEM pesynratuTe € HanpaBeH U3BOJI, Y€ 32 BCEKU ChCTaB HA
HEOTTPETHTE CJIOEBE Pa3MepbT Ha KPHUCTAJIHUTE 3bPHA € MO-MAJTbK B CIOEBETE, U3TPAZCHU OT MO-THHKH I10JICIIOEBE.
Brwrpemnure Hanpexenus B orrpetute cioese ¢ Xx=0.6 u 0.8 ca rno-rosemMu OT Te3u B HEOTTPETHTE 00pa3IIH.
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Densely packed thin films of pure silica MFI (Mordenite Framework Inverted) type zeolites nanocrystals (35 nm)
are deposited by spin coating method. The influence of coating suspension suspensions and spin-on rotation conditions
on films thickness is investigated. The optical constant and thickness of the films are defined from the reflection spectra
using nonlinear curve fitting method. It is demonstrated that the MFI thin films with appropriate thickness deposited on
both sides of glass substrate operate as an antireflection coating in the visible spectral range. An increase of
transmission with 6% and decrease of reflection with 7.5 % are observed.

Keywords: zeolite nanocrystals, films, optical properties, antireflection coatings.

INTRODUCTION

Zeolites (molecular sieves) are crystalline
materials with framework-type structure built of
regular and uniform pores of molecular dimensions
[1]. The zeolites are classified according to their
framework type, pore dimension and the Si/Al ratio
of the frameworks.

The high crystalline zeolites have found wide
application in catalysis, separation, and ion
exchange processes [2,3]. In addition to the
traditional uses, advanced applications of these
materials have also been explored [4] including low
dielectric constant (low-k) zeolite film used as
insulator for future generation computer chips [5,6],
single zeolite layer antireflective coatings [7],
various sensor devices [8,9], etc. Besides, the
unique combination of chemical and optical
properties of zeolites opened up the possibility of
using them as a part of tunable Bragg stacks
[10,11]. A number of novel applications of zeolites
depend on the ability to create thin, adhesive films
on various substrates [4]. Among various
techniques for fabrication of zeolite-based films,
the spin coating method is widely used because it is
simple, fast and offers operating precision,
flexibility and high uniformity over the surface
[9,12,13].

Reliable and non-destructive measurements of
zeolite film characteristics such as the film

* To whom all correspondence should be sent:
E-mail: babeva@iomt.bas.bg, svetlana.mintova@ensicaen.fr

thickness and refractive index (or dielectric
constant) are beneficial for estimating the
performance of zeolite films in the above-
mentioned applications. If the optical properties of
zeolite films can be controlled and optimized then
the opportunity for variety of practical applications
is opened up.

In this paper we study the optical properties of
zeolite films obtained by spin coating of aqueous
zeolite dispersion consisting of pure silica crystals
with MFI type structure (Si-MFI) and small sizes
(35 nm). Besides, the possibility of controlling the
optical thickness of the zeolite films through
variation of concentration or spin-on deposition rate
is investigated. The preparation of single layer

antireflection coating consisting of Si-MFI
nanocrystals is demonstrated.
EXPERIMENTAL DETAILS

Pure silica MFI-type zeolite (Si-MFI) was
synthesized according to the procedure described in
[14]. After completing the synthesis, the crystalline
suspension  was  purified by  high-speed
centrifugation in three subsequent cycles and
redispersed in water. The size of the nanoparticles
was measured by Dynamic Light Scattering (DLS)
using a Malvern Zetasizer Nano. Additionally, the
size and crystalinity of nanosized particles were
confirmed by Transmission Electron Microscopy

18 © 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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(TEM) using a JEOL 2010 FEG operating at 200
kV.

The zeolite thin films were prepared by spin
coating approach: 0.25 ml of aqueous colloidal
suspension with a constant concentration (1-7 wt.
%) was mixed with 0.05 ml of methylcellulose and
the mixture was dropped onto preliminarily cleaned
Si-substrate according to the procedure described in
[15]. The speed and duration of rotation were
1000 - 2500 min™" and 30 s, respectively. The layers
were annealed from room temperature to 320 °C
with temperature accelerating speed of 10 °C / min
and then held at this temperature for 30 minutes.
The zeolite layers with a thickness in the range 40-
200 nm were subjected to further characterization.

The surface roughness and thickness of zeolite
films were studied by Scanning Electron
Microscopy (SEM) using JEOL JSM6700F SEM at
an accelerating voltage 30.0 kV. Reflection spectra

(a)

Intensity (a. w.)

1 10 100
Size (nm)

1000

(R) of zeolite films were measured in the spectral
range 400 — 900 nm using UV-VIS-NIR
spectrophotometer (Cary SE, Varian) with an
accuracy of 0.3 %. The refractive index (n),
extinction coefficient (k), and thickness (d), of the
films were determined simultaneously from the
reflection measurements using non-linear curve
fitting method described in details elsewhere [16].
The experimental errors for n, k£ and d are 0.005,
0.003 and 2 nm, respectively.

RESULTS AND DISCUSSION

The DLS and TEM results for zeolite
suspensions with ~ Si-MFI nanocrystals are
presented in Fig. 1. As can be seen, the mean
hydrodynamic diameter of the zeolites is 35 nm and
the crystals exhibit almost plate-like morphology.

Fig. 1. (a) DLS curves for colloidal suspensions containing Si-MFTI type zeolites; (b) TEM images of Si-MFI zeolites.

500 nm

Fig. 2. SEM images of Si-MFI film: (a) surface and (b) cross-sectional view.

The zeolite nanocrystals are deposited in the
films (thickness of 40-200 nm) by spin coating with
different deposition conditions (concentrations
from 1 to 7 wt.%; deposition rates from 1000 to
2500 min™"). The surface and cross sectional views

of the films with thickness of 150 nm are presented
in Fig. 2. As shown, the zeolite nanocrystals are
closely packed and form continuous cracks free
films along the silicon substrate. The quality of the
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zeolite films (surface roughness and homogeneity)
is preserved under annealing at 320 °C.
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Fig. 3. a) Reflection spectra of thin Si-MFI films with
denoted thicknesses deposited on Si-substrate; b)
Refractive index of Si-MFI thin films as a function of
wavelength and thickness (inset).

The reflection spectra (R) of Si-MFI zeolite
films with a thickness from 70 to 170 nm are shown
in Fig. 3(a). A decrease of reflection with
increasing the films thickness is observed: when the
thickness of the films increases from 70 nm to 170
nm, the R-value at wavelength of 900 nm decreases
with 12 %. Using the reflection spectra, the
refractive index, extinction coefficient and
thickness of the films are calculated [16].

Fig. 3(b) presents the calculated values of the
refractive index of zeolite film with a thickness of
100 nm as a function of the wavelength (i.e. the
dispersion curves of n). As can be seen, the
dispersion of #n is very weak that is not surprising
considering that the MFI-zeolite film is transparent
in the studied spectral range. The n values of 1.174
and 1.171 at wavelengths of 400 and 800 nm are
measured, respectively. The thickness dependence
of refractive index is shown in the inset of Fig. 3
(b). As can be seen the influence of the films
thickness on the n value is negligible: n changes
from 1.164 to 1.175 for films with thicknesses of 70

20

and 170 nm, respectively.

For many applications the precise control of the
film thickness is essential for the right performance
of the device. In the current work, two approaches
are applied to tune the thickness of zeolite films. In
one case the concentration of the coating
suspension is varied and in the other case the
conditions of film preparation (spinning rate).
Figure 4(a) shows the change of the film thickness
with variation of the concentration of the coating
zeolite suspension. It is seen that the film thickness
increases linearly with an increase of the
concentration. Thus, films with thicknesses in the
range 20-200 nm were prepared by changing the
concentration from 0.5 to 7 wt.%. The dependence
of film thickness as a function of the deposition rate
at two constant concentrations of the suspensions is
shown in Figure 4(b). The variation of spinning rate
from 1000 to 2500 min™ leads to the formation of
films with a thickness from 220 to 120 nm (5 wt.%
zeolite suspension) and from 90 to 50 nm (2 wt.%
zeolite suspension). However the results show that
the quality of films obtained at lower spinning rates
(1000 min™) are slightly deteriorated.

Another way for varying the film thickness is by
increasing the number of consecutive steps of
deposition. After each deposition step the samples
were subjected to annealing at 320 'C for 30 min in
order to increase the mechanical stability of the
zeolite films.

The ability of the MFI-type zeolite nanocrystals
to form compact thin films with good adhesion
along with suitable optical properties can be used
for design and fabrication of single layer
antireflective (AR) coating on glass substrate. This
is the simplest AR coating and consists of a film
with quarter-wave thickness (n4./4, n is refractive
index, 4. is the wavelength of minimum reflection)
whose refractive index is the square root of the
substrate's refractive index. Thus waves reflected
from the top and bottom boundaries of the film
interfere destructively and as a result the overall
reflection is zero for /.. Considering that the
refractive index of glass substrate is 1.51 in the
visible range the n value of AR coating should be
1.23. As seen from Fig. 3(b) the Si- MFI zeolite
films have refractive index of 1.17 that is very close
to the targeted value of 1.23. Hence, the MFI-
zeolite films are very suitable for AR coating.
Besides, the thickness of the film can be precisely
controlled (Fig. 4(a)) that is essential for the
reflection suppression.
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Fig. 4. Dependence of thickness of Si-MFI films on the
concentration of the colloidal solution (a) and on
deposition rate (b).
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Fig. 5. Transmittance and reflection spectra of single
layer antireflection coatings with thicknesses of 85 nm
(AR1-dotted curve) and 170 nm (AR2-dashed curve)
deposited on both sides of glass substrate (solid curve).

Figure 5 presents two AR coatings for the visible
and near infrared spectral range. For quarter wave
optical thickness of 400 nm, (i.e 4nd = 400 nm) the
thickness of AR coating should be 85.5 nm, while
for 800 nm, the d value should be 171 nm. For the
deposition of films with the desired thicknesses,
colloidal solutions of Si-MFI nanocrystals with
concentrations of 2.7 and 5.8 wt.% respectively are
prepared. The films are deposited on both sides of

the glass substrate. The films transmission and
reflection spectra are presented in Fig.5 along with
the spectra of the bare glass substrate. It is seen that
both films (AR1 and AR2) operate as antireflection
coatings: a decrease of R and increase of T are
observed in the whole studied spectral range.
Besides minimum reflection of 0.36 % has been
reached (see AR2 curve). The mean value of R in
broad spectral range (600-1200 nm) is below 1%.
Simultaneously an increase in transmission with 6
% is observed.

CONCLUSIONS

The optical properties of zeolite films obtained
by spin coating of aqueous suspension of Si-MFI
nanocrystals are investigated. It is demonstrated
that zeolite nanocrystals are closely packed and
form continuous films that cover the entire surface
of the substrate. The optical characterization
revealed that the Si-MFI film exhibits refractive
index from 1.164 to 1.175 depending on the film
thickness. Besides, two ways for controlling the
films thickness are presented: variation of the
concentration of coating suspension and spinning
rate during deposition process. The potential of Si-
MFI zeolite films for broadband antireflection (AR)
application is demonstrated by fabrication of AR
coating on both side of glass substrate.
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SI-MFI 3EOJINTHU ®UJIMN KATO AHTUOTPAXATEJIHU ITOKPUTHUA

%
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(Pesrome)

Si-MFI 3eonmutHm HaHOKpucTamm (35 nm) ca OTIIOKEHHM KAaTO THHKH CIIOEBE ITOCPEICTBOM METONA Ha
neHTpodyKHOTO HaHacsHe. [lokazarennTe Ha TpedymnBaHE W TOTITBINAHE, KAKTO M JEOENMHATA ca OIMpPENEeNIeHH OT
M3MEPEHUTE CIIEKTPH Ha OTpakeHHE Ype3 HeNMHEeWHOo ¢urBaHe. J[eOenmHaTa Ha OTIOKEHUTE CIOEBE € KanmOpupaHa
Kato (GYHKIMS Ha KOHIEHTpalMsATa Ha CYCIEH3MsATa W CKOpocTTa Ha otriaraHe. ITokaszaHo e, ue Si-MFI cioese ¢
nmoxxozsma nedennHa, OTIOKEHH BBPXY JABETE IMOBBPXHOCTH HA CTHKIEHA MOJUIOKKAa MOTaT Ja C€ M3IOJI3BAT KaTo
aHTHOTpa)kaTeNH! mokpuTHst. HabmonaBaHo € HaMaIsiBaHE Ha OTPAXCHUETO BBB BUAMMATa 00IacT Ha CIEKThpa ¢ 7.5
%, KaTo eTHOBPEMEHHO C TOBA MPOMYCKaHEeTO HapacTBa ¢ 6%.
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The fabrication and optical characterization of thin Nb,Os films, obtained by spin coating of Nb sol on silicon
substrate are presented. The Nb sol is prepared by sonocatalytic method using niobium chloride as a source for Nb and
ethanol for solvent. The structure and morphology of the films are inspected through XRD and SEM measurements.
Refractive index, extinction coefficient and thickness of the films are determined from measured reflectance spectra
using non-linear curve fitting method. The impacts of ageing of the Nb sol, the duration of sonocatalytic treatment and
post deposition annealing on the optical properties and thickness of the films are investigated. The possibility for
fabrication of one dimensional photonic crystals using Nb,Os and SiO, as high and low refractive index materials is

discussed.

Keywords: sol-gel materials; Nb,Os films; optical properties; optical characterization; spin-coating

INTRODUCTION

In recent years there is an increased scientific
interest in Niobium pentoxide (Nb,Os) material
because it is thermodynamically most stable as
compared to other stoichiometries of niobium oxide
and shows excellent chemical stability and
corrosion resistance in both acidic and alkaline
media [1]. Most often Nb,Os was studied from the
application in smart windows point of view and
hereof the investigations of its properties are mainly
devoted to optimization of its electrochromic
behavior [2,3]. However, due to its interesting
photoelectric and photocatalytic properties [4,5]
Nb,Os films may find application in different
devices such as batteries and nanocrystalline solar
cells [6,7], sensors [8], or transparent conductive
electrodes [9].

A number of novel applications of Nb,Os films rely
on the ability to deposit high quality films with
relatively simple and inexpensive techniques.
Among various deposition techniques used for
production of thin films from Nb oxides, the sol-gel
method emerges as an attractive deposition method
because of its versatility, low cost and low
temperature processing [6]. Two types of
precursors are currently used for formation of sol-
gel Nb,Os films: metal alkoxides (Nb ethoxide) [1]
or metal salt-NbCls [10]. The last one is preferred
because of the lower price and weaker sensitivity to
moisture as compared to the organic one.

* To whom all correspondence should be sent:

E-mail: klazarova@iomt.bas.bg

For development of film application areas and
implementation of Nb,Os sol gel films in optical
devices it is essential to characterize and optimize
film properties (refractive index and extinction
coefficient) and to be able precisely to control the
film thickness. However, according to our
knowledge there are only few studies on optical
properties of sol-gel Nb,Os films mainly
concerning the determination of optical band gap
and optical absorption [1,10,11].

The present paper studies the optical properties of
thin sol-gel Nb,Os films obtained by spin coating
and their dependences on the duration of
sonocatalytic treatment, time of sol ageing and post
deposition annealing. The possibility of fabrication
of one-dimensional photonic crystals is discussed.

EXPERIMENTAL DETAILS

The Nb sol was prepared by sonocatalytic
method using NbCls (99%, Aldrich) as a precursor
according to the recipe in [12]. Briefly, 0.400g
NbCls was mixed with 8.3 ml ethanol (98%, Sigma-
Aldrich) and 0.17 ml distilled water. The solution
was subjected to sonification for 30 min and aged
for 24 h at ambient conditions prior to spin coating.
Transparent and stable sol was obtained easily and
without additives.

Thin Nb,Os films were deposited by dropping of
0.3 ml of the coating solution on pre-cleaned Si
substrates and spin-on at a rate of 2500 rpm for 30
s. After the deposition, the films were annealed in

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 23
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air at different temperatures in the range 60-650 °C
for 30 min and have thicknesses of 35-40 nm. In
order to obtain thicker films the coating procedure
is repeated several times. Prior to the next
deposition, the films are dried at 60 °C with hot air
to prevent the wash out of the underneath layer.
The surface morphology of the films and their
structures were inspected by Philips 515 electron
microscope and Philips 1710 X-ray difractometer,
respectively. The optical properties were
investigated through measurements of reflectance
spectra of the films with CARY 05E UV-VIS-NIR
spectrophotometer with accuracy of 0.3 %. The
refractive index n, extinction coefficient %, and
thickness d, of the films were determined using
non-linear curve fitting method described in details
elsewhere [13].

RESULTS AND DISCUSSION

The structure and surface morphology of Nb,Os
film annealed at 320 and 450 °C are shown in Fig.
1. It is seen that films have similar surface
morphology at different temperatures while their
structures change from amorphous at 320°C to
polycrystalline at 450 °C.

450 oC
=
Xt
2
R
=
L2
=
320°C
20 30 40 50 60
260 (deg)

Fig. 1. XRD spectra of Nb,Os films on Si-substrates
annealed at 320 and 450 °C; Insets: SEM images of the
films surface; the scale bar is 1um.

In order to study the effect of the sol ageing on
the optical properties and thickness of the films we
prepared films at the same conditions but at
different sol ageing time.

Fig. 2 presents reflectance spectra, refractive
index and thickness of the prepared films. It is seen
that during the first 10 days the films have very
similar thicknesses (about 25-27 nm) while the
refractive index decreases after period of 3 days.
The most probable reason for the thickness increase
of the films prepared from sol aged more than 10
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days is the evaporation of the solvent and
consequent increase of the sol concentration.
Besides, we can speculate that the higher
concentration of the sol prevents to some extent the
reaction of polycondensation to take place, thus
decreasing the refractive index. Another possible
reason is particle aggregation that increases
interparticles gaps thus decreasing the density and »
values.

Our investigations on the influence of
sonocatalytic treatment of the Nb sol prior the spin
coating shows that higher refractive index are
obtained for duration of 20 min. For shorter and
longer time of sonification the values of n decrease.
There is no influence on the thickness of the films.

In order to enable controllable tuning of the
refractive index and thickness of the films we have
studied the temperature dependence of optical
properties of thin Nb,Os films. Fig. 3 (a) presents
the dispersion curves of » at different temperatures
in the range 60 - 650 °C and the changes of d and n
at wavelength of 600 nm with annealing (Fig 3(b)).
Two different regimes of annealing are presented: 1)
consecutive annealing at 60, 120, 180, 320, 450 and
30
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0 KY Duration (days)
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Fig. 2. Reflectance spectra of Nb,Os films obtained from
Nb sol aged for the denoted time; Inset: refractive index
(circles) and thickness (squares) of Nb,Os films as a
function of the ageing time

650 °C and ii) separate annealing at the specific
temperature, i.e no cumulative annealing history. It
is seen that the two regimes yield almost the same
values of n and d. Besides, Nb,Os films have
similar values of # in the temperature range 120 -
650 °C (2.11-2.17). The most pronounced changes
of n are for temperatures from 60 to 120 °C where n
changes from 1.82 to 2.11, respectively. Similarly,
a fast decrease of d is observed for temperatures in
the range 60 - 180 °C followed by weak variation
for Tup to 650 °C.
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Fig. 3(a) Dispersion curves for refractive index of Nb,Os
annealed at different temperatures; (b) temperature
dependence of refractive index (squares) and thickness
(circles) of the films; the symbol interior shows different
sequence of annealing - see the text.

The increase of n and decrease of d with
annealing is due to removing of residual solvent
and organic additives along with polymerization
into a metal oxide network that takes place at high
temperatures. The first also leads to densification of
layers manifesting itself in the initial sharp decrease
of thickness. It should be noted here that even at
temperatures below 120 °C Nb,Os films with high
refractive index could be deposit. This can be
regarded as an advantage because allows deposition
of high refractive index materials onto heat-
sensitive substrates.

For many applications the precise control of the
film thickness is essential for right performance of
the device. For example the implementation of
Nb,Os as a high refractive index building block of
interference filters requires films with specific
thickness to be deposited [14]. One way of tuning
the film thickness is using sol with different
concentrations. Our experiments show that very
good linear dependence of film thickness as a
function of sol concentration was obtained. Thus,
by changing the concentration from 2.35 to 4.7
wt.% and repeating the coating procedure twice,

2.6
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Fig. 4. Thickness dependence of refractive index of
Nb,Os films at three different wavelengths.
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Fig. 5. Calculated reflectance spectra for 11 layered
quarter-wavelength stack of Nb,Os and SiO, films.

films with thicknesses from 19 to 75 nm are
obtained. The ratio of film thicknesses from the
first and second coating steps is equal to 2 and
remains constant over the whole studied
concentration range. Another possible way for
obtaining thicker films is decreasing of deposition
rate. However, our experiments show deterioration
of the quality of the films at low rotation speeds.

For application of sol-gel derived Nb,Os films in
photonics it is very important the thickness
dependence of refractive index to be studied. Fig. 4
presents the refractive index of Nb,Os films as a
function of thickness for 3 different wavelengths.

It is well seen from Fig. 4 that refractive index
has similar values for film thicknesses in the range
20-60 nm while a decrease for thinner films and an
increase for thicker is observed. Because refractive
index can be directly connected to density of the
films the obtained results indicate that the packing
density increases with thickness manifesting itself
in an increase of refractive index.
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The final step of our investigation concerns the
application of Nb,Os films as high refractive index
material in omnidirectional reflectors consisting
SiO, as low refractive index material. Fig. 5
presents calculated reflectance spectra of 11 layered
stack from alternating Nb,Os and SiO, films with
quarter-wave thicknesses.

It is seen that with increasing of angle of
incidence from 0 to 70 degrees the reflectance band
shifts towards shorter wavelengths, widening for s-
polarization and narrowing for p-polarization.
Quazi omnidirectional band opens up centered at
530 nm with width of 35 nm and maximum
reflectance values of 71%. This means that the
quarter-wave reflector of alternating Nb,Os and
Si0, layers exhibits R > 71 % for incident angle
range 0 - 70° and all types of polarizations.

CONCLUSIONS

Thin films from Nb,Os were fabricated by
sonocatalytic sol-gel method using inorganic
precursor (NbCls) dissolved in ethanol. The
investigations of the sol ageing processes have
shown that during the first week the films have
identical thicknesses and similar values of
refractive indices varying in the range 2.14-2.20
with the highest value reached after 3 days of
ageing. A decrease in n and increase of d were
observed afterwards. Two possible reasons were
discussed: particles aggregation and increase of sol
concentration. Further it was demonstrated that a
precise control of film thickness could be achieved
simply by controlling the sol concentration. The
tuning of n in the range 1.82 to 2.20 could be
achieved by post deposition annealing in the
temperature range 60-650°C. Possible application
of Nb,Os films in quazi-omnidirectional reflectors
was demonstrated.
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TBbHKU CJIOEBE OT NB,Os ITOJIYYEHU YPE3 30JI-TEJI METO/ C IIPUJIOKEHUE BBHB
OOTOHUKATA

K. JlazapoBa*, M. Bacunena, I'. MapuHnos, 11. baGera

Hrnemumym no onmuuecku mamepuanu u mexvonozuu "Axad. 1. Manunoscku", Bvicapcka Axademus Ha Haykume, V.
"Akao. I'. Bonues", on. 109, Coghusa 1113, Bvreapus

Hocrprnuna Ha 17 oktomBpu 2013 r.; KOpurupana Ha 25 HoemBpH, 2013 .

(Pestome)

HacrosmoTo m3cnenBane e GokycrpaHo BbpXY MOJYYaBaHETO M ONITUYHOTO XapaKTEpU3UpaHE HA THHKHU CIIOEBE OT
Nb,Os, mosmydeHu ype3 HaHacsiHE OT pa3TBop Ha Nb 301 BBpXy cuimmueBa moaioxka. Nb 301 ce moiydaBa upes
yrrpa3BykoBo Tpetupane Ha NbCls u eranon. Ctpykrypara u MopdoJoTHiTa Ha cioeBeTe € m3cienBana upe3 XRD u
SEM. Tloka3arenuTe Ha MpEYylnBaHEe M IOIJTbIIAHE, KAKTO U JeOennHara ce ONpPEACNAT OT M3MEPEHHUTE CIIEKTPU Ha
OTpaxkeHHe 4Ype3 HenuHeWHo ¢urBaHe. M3cienBaHO € BIMSHHUETO HA CTapECHETO HA 3071a, BPEMETPACHETO Ha
yITPa3BYKOBOTO TPETHPAHE M TeMIIeparypara Ha HarpsiBaHe BbPXY ONTHYHUTE MapamMeTpu U JeOesHaTa Ha CIOEBETe.
JuckyTupaHa e Bb3MOXKHOCTTa 3a U3paboTBaHe Ha eaHopa3MepeH ¢otoHeH kpucrtan ot Nb,Os u SiO, karo Matepuaiu
C BUCOK U HUCHK TI0Ka3aTe Ha NpedvynBaHe, ChOTBETHO.
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Fabrication and characterization of high refractive index optical coatings
by sol-gel method for photonic applications
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The deposition and characterization of thin Ta,Os, TiO, and Nb,Os film, obtained by the sol-gel methods using
tantalum ethoxide, titanium isopropoxide and niobium chloride as precursors and specially developed water free sol-gel
procedure are presented. Structure and morphology of the obtained layers are inspected through XRD and SEM
measurements. Refractive index, extinction coefficient and thickness of the films are determined from reflectance
spectra using non-linear curve fitting method. Refractive index values as high as 1.9, 2.28 and 2.39 are obtained for
Ta,0s, TiO, and Nb,Os film, respectively at wavelength of 500 nm. The possibility of controlled tuning of optical
properties by appropriate annealing is demonstrated. The application of coatings as high refractive index building

blocks of one dimensional photonic crystals is discussed.

Keywords: sol-gel materials; Ta,Os; TiO,; Nb,Os; optical properties; spin-coating.

INTRODUCTION

In recent years there is an increased scientific
interest in high refractive index thin film materials
due to their applications for improving optical
performance of different devices such as Bragg
gratings, optical filters, waveguide-based optical
circuits, photonic crystals, sensors etc [1-3].
Because of its high dielectric constant Ta,Os is a
promising dielectric material for high-density
dynamic random access memory applications [4]. It
was shown that thin sol-gel TiO; film could
dramatically increase the efficiency and lifetime of
organic solar cells by using it as an optical spacer,
hole-blocking layer, and oxygen-protecting layer
[5,6]. Emerging applications of Nb,Os films in the
areas of electrochromic coatings, batteries, and
nanocrystalline solar cells were also discussed [7].
Among various deposition techniques used for
production of thin films from metal oxides, the sol-
gel method attracts considerable scientific interest
because of its versatility, low cost ant low
temperature processing [8,9]. Besides, it allows
control of the microstructure of the coating and
produces durable and chemically stable films [9].

Reliable and non-destructive measurements of
thin film characteristics such as the film thickness
and refractive index (or dielectric constant) are

*To whom all correspondence should be sent:
E-mail: babeva@iomt.bas.bg
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beneficial for estimating the performance of films
in the above mentioned applications. It is shown
that the post-deposition annealing of sol-gel films
had a pronounced impact on their structure,
thickness and optical properties [5,10]. If the
optical properties of sol-gel films can be controlled
and optimized than the opportunity for variety of
practical applications is opened up.

In this paper we study the optical properties of
thin Ta,0s, TiO, and Nb,Os films obtained by the
sol-gel method and subjected to annealing in the
temperature range 60 - 650 °C. The possibility of
controlled tuning of refractive index and thickness
of the films is demonstrated. The potential of using
the films as high refractive index counterparts of
one dimensional photonic crystals was discussed.

EXPERIMENTAL DETAILS

Thin films from TiO,, Ta,Os and Nb,Os with
thicknesses in the range 50-150 nm were prepared
by using a sol-gel method. The Ti sol was prepared
by method similar to that of Chrysicopoulou et.
al.[11]. It is based on the hydrolysis of metal
alkoxide in alcoholic solution in the presence of
acid stabilizer. The main difference in our
procedure is the complete absence of water in the
prepared sol. Besides, due to the greater stability
toward the humidity titanium tetra-isopropoxide

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Ti(OCsH7)4 (97% Merck) was chosen as precursor
instead of titanium tetra-ethoxide, used in the
original recipe. The preparation procedure involved
the dissolution of 6 ml of Ti(OC;H7), in 94 ml of
isopropyl alcohol (C;H;OH, 97% Merck), followed
by the addition of 0.05 ml of nitric acid (65 vol.%,
Merck). Thus, the molar ratio between the
constituents of solution was 1:63:0.01. The mixture
was stirred at room temperature for 90 min to form
slightly yellow transparent sol.

The tantalum sol was prepared according to the
previously developed water free procedure [12].
Briefly, 35 ml of isopropyl alcohol were mixed
with 1 ml of glacial acetic acid (CH;COOH, Sigma-
Aldrich) and then 1.5 ml Ta(OC,Hs)s (99.98 %,
Sigma-Aldrich) was slowly added. Second solution
was prepared by mixing 2 ml glacial acetic acid
with 15 ml isopropyl alcohol. After 30 min stirring
both solutions were mixed and then 1 ml
diethanolamine (HN(CH,CH,OH),, 98%, Sigma-
Aldrich) was added. The final mixture was
transparent and colorless with pH of about 5. The
obtained solution was subjected to slow stirring for
18 h. The solution was very stable and can be kept
at ambient temperature for extended time.

The Nb sol was prepared by sonocatalytic
method using NbCls (99%, Aldrich) as a precursor
according to the recipe in [13]: 0.400g NbCls was
mixed with 8.3 ml ethanol (98%, Sigma-Aldrich)
and 0.17 ml distilled water. The solution was
subjected to sonification for 30 min and aged for 24
h at ambient conditions prior to spin coating.

Thin TiO,, Ta,Os and Nb,Os films were
deposited by dropping of 0.3 ml of the coating
solution on pre-cleaned Si substrates and spin-on at
a rate of 2500 rpm for 30 s. After deposition, the
films were annealed in air at different temperatures
in the range 60-650 °C for 30 min. The surface
morphology of the films and their structures were
inspected by Philips 515 electron microscope and
Philips 1710 X-ray difractometer, respectively. The
optical properties were investigated through
measurements of reflectance spectra of the films
with CARY 05E UV-VIS-NIR spectrophotometer
with accuracy of 0.3 %.

RESULTS AND DISCUSSION

The surface morphology and the cross-section
view of Ta,Os film with thickness of 80 nm are
presented in Fig. 1 (a) and 1 (b), respectively. It is
seen that the film exhibits a uniform surface
without any granular structure. The film is dense
and smooth and covers the entire surface of the
substrate. The top and side views of TiO, and

Nb,Os films are very similar to these of Ta,Os
shown in Fig. 1 and for sake of briefness are
omitted from the results. The polycrystalline
structure of the films annealed at 450 °C is
confirmed by XRD measurements presented in Fig.
1 (c). The XRD spectra of films annealed at 320 °C
(not shown here) indicate amorphous structure for
Ta,Os and weak initial crystallization for Nb,Os
films.
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Fig. 1. Plane-view (a) and cross-section (b) SEM images
of TayOs film; XRD spectra of Ta,Os and Nb,Os
annealed at 40 °C for 30 min (c).

Fig. 2 presents refractive index and thickness of
sol-gel derived Nb,Os, TiO, and Ta,0s films as a
function of the annealing temperature. The values
are averaged over 3 samples and the error bars
present the deviations from the average value. The
refractive index, n, extinction coefficient, & and
thickness, d of the films were determined
simultaneously from measured reflectance spectra
using non-linear curve fittin g method described in
details elsewhere [12]. The increase of n and
decrease of d with annealing are clearly seen. The
reasons are removing of residual solvent and
organic additives along with polymerization into a
metal oxide network that take place at high
temperatures. The first also leads to densification of
layers manifesting itself in decrease of thickness
and increase of refractive index. The fastest
decrease of d of Ta,Os is due to the presence of
bigger amount of organic additives in Ta sol (as
acetic acid and diethanolamine) that are not used
for preparation of Nb and Ti sols. From Fig. 2 it is
seen that in the temperature range from 60°C to
650°C the refractive index of the films at
wavelength of 600 nm varies in the range n = 1.818
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- 2.169 for Nb,Os, n = 1.576 - 1.848 for Ta,Os and
n = 1.880 - 2.07 for TiO; films. Simultaneously the
thickness changes from 117 nm to 63 nm for
Nb,Os, from 257 nm to 76 nm for Ta,Os and from
66 nm to 44 nm TiO, films. Annealing at
temperature around 320 °C is sufficient to produce
stable films. Further annealing does not lead to
significant changes in both »n and d. It should be
noted here that the values of n for Ta,Os and TiO,
films obtained in this study are lower as compared
to those obtained in literature [10,14]. Different
thicknesses and increased porosity in our case could
be the possible reasons. The values of Nb,Os films
are in very good agreement with those obtained in
[15].
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Fig. 2. Refractive index at wavelength of 600 nm (a) and
thickness (b) of Nb,Os (square), TiO, (circle) and Ta,Os
(triangle) films as a function of annealing temperature

One possible application of the studied oxides is
in omnidirectional reflectors (ODR) that comprise
alternating materials with high and low refractive
index. Because ODR have high reflectance for all
angles of incidence and types of light polarization
they also are referred to as one-dimensional
photonic crystals. Additional experiments on sol-
gel derived SiO, films show that they are suitable
low-n materials for ODR (n =1.435 —1.391 for 1 =
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Fig. 3. Maximum reflectance calculated as a function of
number of the layers in the stacks consisting of
alternating SiO, and Nb,Os (squares), SiO, and TiO,
(triangles) and SiO, and Ta,Os (circles). The horizontal
line indicates level of R =98%
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400 — 800 nm). Fig. 3 presents the calculated values
of maximum reflectance (Ry.x) for stacks consisting
of different number of layers of Nb,Os, Ta,Os and
TiO, as high-n and SiO, as low-n materials.

It is well seen that R,. Increases with the
number of the layers in the stacks mostly
pronounced for the stacks with the highest
refractive index contrast. Thus to obtain R = 98% a
different number of layers in the stack are needed:
11 layers of Nb,Os and SiO,, 13 layers of TiO, and
SiO, and 19 layers of Ta,Os; and SiO,. Fig. 4
presents the calculated reflectance spectra for
angles of incidence of 0 and 60° for 11, 13 and 19
layered stacks of Nb,Os, TiO, and Ta,Os,
respectively combined with SiO,. With increasing
of angle of incidence the reflectance band shifts
towards shorter wavelengths, widening for s-
polarization and narrowing for p-polarization. The
overlap of reflectance bands is referred to as quazi-
omnidirectional band (¢-ODR). It consists of
spectral range with high reflectance for all
polarization types of light incident at angles from 0
to 60°. It is seen that for all three types of stacks a
g-ODR band opens. However the reflectance value,
the central wavelength and the width depends on
the optical contrast. The widest band is for Nb,Os /
Si0O, stack (90 nm) that have the highest optical
contrast. It is centered at wavelength of 550 nm and
has reflectance value of 80 %. In order to obtain
ODR band higher contrast is needed.

CONCLUSIONS

A specially developed water free sol-gel
procedure was applied for deposition of thin Ta,Os,
TiO, and Nb,Os films. Reflectance spectra of the
films deposited on Si-substrates by spin coating
were used for calculations of refractive index (n)
and thickness (d) of the films by means of non-
linear curve fitting method. The smallest values of
n were obtained for Ta,Os (1.848 at 600 nm) films
and the highest - for Nb,Os (2.169). The values of
for TiO; are in the middle (2.072). An increase in n
and decrease in d were observed with annealing.
Two possible reasons are discussed: i) removing of

residual solvent and organic additives and ii)
polymerization into a metal oxide network. The
potential of using the films as building blocks of
quazi-omnidirectional reflectors was demonstrated
theoretically.
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OTJIAT'AHE U XAPAKTEPU3UPAHE HA 30JI-T'EJI OIITUYHU I[TOKPUTHUSA C BUCOK
I[TOKA3ATEJI HA ITPEUVYIIBAHE 3A ITPMJIOXKEHUE BbB ®OTOHUKATA

1. babeBa, K. Jlazaposa, M. Bacuinesa, b. 'ocionunos u 1O. Jlukosa

Hucmumym no onmuuecku mamepuanu u mexronoeuu "Axao. U. Manunoscku", Pvreapcka Akademus Ha HayKkume,
yi. "Akao. I'. Bonues”, 6n. 109, Cogpus 1113, bvaeapus

ITocrbnuna Ha 17 oktomBpu 2013 r.; kopurupasa Ha 25 HoemBpy, 2013 .

(Pesrome)

Teukute cnoee ot Ta,Os, TiO, u Nb,Os ca nonyueHn no Meroja 30Ji-rell IOCPEICTBOM pa3paboTeHa Hpoleaypa
6e3 u3non3Bane Ha Boja. CTpykrypara U MOp(OJIOrHsATa Ha CIIOEBETE € M3CIIe/IBaHa Ype3 PeHTreHoBa IU(pakius U
eﬂeKTpOHHa MI/IKpOCKOHI/IH, a OINTUYHUTEC UM CBOﬂCTBa - t{pe3 HeHHHeﬁHO MI/IHI/IMI/ISI/IpaHe Ha pa3nm<aTa Me)KZly
U3MEPEHUTE M M3YMCIICHUTE CIICKTPH Ha OTpakeHHue. J[eMOHCTpupaHa ¢ Bh3MOXKHOCTTA 32 KOHTPOJIMPAHO BapupaHe Ha
ONTHUYHUTE MapaMeTpu M JacOeIMHATa Ha CIIOCBETE 4pe3 MOIXOISNIo 3arpsiBaHe. JIMCKyTHpaH € MOTCHIHATa Ha
r3y4aBaHUTE (HMIIMH 32 IIPUIIOKEHIE KaTO TPAJIMBHU OJOKOBE HA ¢THOMEPHU ()OTOHHU KPUCTAIH.

32



Bulgarian Chemical Communications, Volume 45, Special Issue B (pp. 33-37) 2013

Linear and non-linear optical properties of GeS, doped with the elements from III and
V group of the periodic table

J. Tasseva, V. Lozanova, R. Todorov*

Institute of Optical Materials and Technologies “Acad. J. Malinowski”, Bulgarian Academy of Sciences, Acad. G.
Bonchev Str., bl. 109, 1113 Sofia, Bulgaria.

Received October 17, 2013; Revised November 25, 2013

The present paper summarizes the results from a study on the linear and nonlinear optical properties of GeS, when
adding elements from III and V group of the periodic table (Ga, In, Tl, As and Bi). The refractive index » and the
optical band gap E,™ were calculated from the transmittance and reflectance spectra. The results showed that the
doping of GeS, with T1 or Bi leads to increase in the refractive index by about 0.2—0.3. The non-linear refractive index,
v, and the two-photon absorption coefficient, , were evaluated by applying a formula developed by Sheik-Bahae. Each
of the films studied exhibits a high non-linear refractive index at the telecommunication wavelength, 40-250 times

higher than that measured for fused silica.

Keywords: chalcogenide glasses, non-linear refractive index, Sheik-Bahae formula

INTRODUCTION

The physical properties of chalcogenide glasses
and their changes under exposure to light depend
considerably on the composition and the conditions
of deposition and illumination of the layers [1].
This is the reason for the intensive studies of the
influence of the above parameters on the optical
properties of thin films from the systems Ge,S(Se);.
x [2, 3]. It is shown that the effect of photo-
bleaching in thin Ge-S films is due to
transformation of the homeopolar bonds in
heteropolar ones and to a process of irreversible
photo-oxidation [4, 5].

When a third element is incorporated in GeS, it
leads to considerable changes in its structure and
properties. The addition of gallium and indium in
the chalcogenide glasses is intensively investigated
since the both elements makes the glassy network
an appropriate host for rare-earth elements [6]. The
glasses from Ge - S(Se) - In systems are attractive
as materials for ultra-fast all optical switching, fiber
amplifiers and glass ceramics [6].Ternary Ge-S-Bi
glasses were studied during the last decade because
the addition of 68 at.% of Bi to GeS, changes the
material type conductivity from p— to n—type. Small
quantities of Bi or Tl cause some transformations in
the glassy network of GeS, forming different
structural units which leads to changes in the band

gap as well as in the electrical [7] and optical [8-10]
properties. However, the glasses from the Ge-S-Tl
systems were not investigated systematically. Data
for the structure and optical properties of Ge - S- Tl
glasses and thin films can be found in [9, 10].

The aim of the present paper is to summarize the
results of a study on the linear and nonlinear optical
properties of GeS, when adding elements of group
IIT and V of the periodic table (Ga, In, Tl, As and
Bi).

EXPERIMENTAL DETAILS

The synthesis of glasses from Ge Sigox and
(GeS,)100.xMey systems, where Me = Ga, In, Tl, As,
Bi or Tl (for x = 4, 6 and 10 at.%) was
accomplished in a silica ampoule at 970 °C for 14 h
[10]. Cooling was carried out in ice water. Thin
films were deposited on graphite and optical glass
substrates BK-7, with a rate of evaporation of about
0.5 nm/s in high vacuum better than 10° Pa by
thermal evaporation and stopping the process when
the necessary film thickness was achieved. The
composition of the thin films obtained was
determined in a scanning electron microscope with
an X-ray microanalyser Joel Superprobe 733
(Japan). The experiments were performed at an
electron accelerating voltage of 25 kV and current
of 1.4 nA and a scanning time of 200 s for each
spectrum. Exposure was made by a halogen lamp

* To whom all correspondence should be sent:
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(20 mWem™) in air. The transmittance (T) and
reflectance (R) were measured by a Cary SE
spectrophotometer (USA) in the range 350-2000
nm to an accuracy of AT =+£0,1% and AR =+0,5%.

RESULTS AND DISCUSSION

The thin films from (GeS;)00xMex systems
where deposited by conventional thermal
evaporation from previously prepared bulk glasses.

Table 1. Optical parameters (thickness, d, refractive index, n, Sellmeier coefficients A; and A,, optical band gap,
E,”" and slope parameter, B) of untreated thin GeS, - Me films.

Composition d " A A Egopt B
P [nm] (.= 1550 nm) [nm] [eV] [em eV "]

GeS, 987 2.11 3.395 231.48 2.56 593
GeyoSso 744 2.04 3.086 230.13 2.77 706
Ge40Seo 1137 2.55 5.376 257.77 1.85 645
GesSe3Gag 1078 2.13 3.435 249.74 2.35 529
GC34_6S63_ZIH2_2 766 2.12 3.407 245.81 2.34 530
AssGessSeo 378 2.43 4.736 267.55 2.07 588
Ge;3,S43Biy 1122 2.06 3.181 240.98 2.47 576
Ges;Se3Big 764 2.41 4.706 252.28 1.89 459
GesSesTly 990 2.22 3.822 236.75 2.39 576
Ge3;Se3Tlg 1263 2.26 3.955 238.136 2.26 535

The results from X-ray microanalysis for their
composition are given in Table 1. The refractive
index, »n and thickness, d of thin Ge - S - Me films
were calculated from the interference extrema in
the transmission spectra using Swanepoel’s method
[11, 12]. The program used to calculate n will
determine it to an accuracy of £ 0.5 % for an error
in the transmittance of + 0.1 % [12]. The calculated
values for n were extrapolated by Sellmeier’s
equation:

4,27

2
n(A)=1+—2_
A2 —4,°

(1)
where A; and A, are Sellmeier’s coefficients. The
Sellmeier’s coefficients obtained for (1) with A
written in nm are presented in Table 1. At high
values of the linear absorption coefficient o, where
the condition ad > 1 is fulfilled, a can be calculated
from the equation:

T =(1-R)’ exp(—ad) )

Analysis of the strong absorption region

(104 <fas 105) has been carried out using the
following well-known quadratic equation, often
referred to as Tauc’s law [13]:

(ahv)=B(hv—-E,”")? 3)

where B is a substance parameter, which is in an
inverse proportion to the width of the localized
states in the density of states diagram, hv is the
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photon energy and E,”" is the so called Tauc’s gap.
The results for the optical parameters of thin Ge-S-
Me films are summarized in Table 1. It is seen that
the inclusion of 2-6 at % of In, TI, Bi, As in GeS,
leads to increasing of the refractive index and to
decreasing of the width of the optical band gap,
respectively. The influence of the gallium is not too
notable due to the similar polarizability of its atoms
to those of germanium.

Further we will consider the non-linear response
of the chalcogenide medium to intense light with
photon energies hw<E,”™. We know that two-
photon absorption would be involved in the
interband transitions in that case [14]. One of the
associated effects is the inducing of non-linear
refractive index, n,fesu] or y [m’/W]. It is known
[15] that the intensity-dependent refractive index n’
can be expressed as:

n'=n+y I=n+n?2|E|2 4)
where n is the linear, weak-field refractive index, I
denotes the intensity and E - the strength of the
applied optical field, and 7, gives the rate at which
the refractive index increases with increasing the
optical intensity. For prediction of the non-linear
refractive index we have applied a formula,
developed by Sheik-Bahae et al. [19] for crystalline
semiconductors and successfully applied for the
glasses and thin films from Ag-As-S-Se systems
[16-17]. In the simple model n, and vy can be
expressed as:



Todorov et al.: Linear and non-linear optical properties of GeS, doped with the elements...

n, [esu] = % ;/[SI ] and

he,|E
el [0 5

7= 2n2Eopt4 2 Eopt
g g

where E, = 21 eV, K is found to be 3.1 x 10® in
units such that E, and E,”™ are measured in eV, and

G,(x)=

—2+46x—3x>—x° —ix4 —ixs +2(1-2x)20(1-2x)

y is measured in m*W, h is the reduced Plank’s
constant, ¢ — the speed of light in vacuum and G; is
a universal function:

3

where ©® is the Heaviside step function. In the same
approximation, the two-photon absorption, By,

originally defined by a'=a+1f,, (o' being the

intensity-dependant absorption coefficient), can be
expressed:

[E
B = K—ZE jm F,2heo/E,™)
" Ee %

where

(2x—1)3/2

2x°

F,(2x)= for 2x > 1 and F5(2x) =0,
otherwise. That means that two-photon absorption
occurs only for photon energies higher than at least
half of the optical band-gap. It is shown [18] that
the two-photon absorption possibly accompanying
the high non-linear refractive index, vy, could
prevent the optical switching effect, thus seriously
limiting the applicability of any high third order

1x10™M'H

8x10™°t

4x107°f

0

v [m?/w]

-4x107°f

0.2 0.4 0.6 0.8 1.0 1.2 14 1.6

64x° ©

nonlinear material in all-optical switches. In Figs.
1-3 the dispersion of y and B for chalcogenide
layers from binary Ge-S and ternary Ge-S-Me
systems are shown. For the films from binary Ge-S
system it was obtained that the increase of Ge-
content leads to approximately 5 times increased
value of y from 1.33x 1073 m*/W for the thin GeySso
film to 6.63 x10"m*W for thin layer with
composition GeqS¢ at wavelength A = 1550 nm.
The non-linear refractive index, y of the glasses
from Ge-S system depending on the germanium
content is from ~ 4.8 to 250 times higher than that
of fused SiO,. The influence of inclusions of 1-2 at
% of gallium and indium in thin GeS, films can be
seen in Fig. 2. Due to similar polarizability of the
gallium and germanium atoms, the inclusion of 4 at
% of gallium affects poorly the non-linear
parameters.

2x10™°F

1x10™%°}
gsxlo'“ F
£

R gx10™ b

0.2 0.4 0.6 1.0 1.2 1.4 16

0.8
ho/ EgOpt

Fig. 1. Dispersion of the non-linear refractive index, y (a) and non-linear absorption coefficient,B (b) for thin
chalcogenide layers from the binary Ge, S, (for x= 28, 33 and 40) system.
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Fig. 2. Dispersion of the non-linear refractive index, y (a) and non-linear absorption coefficient,  (b) for thin
chalcogenide layers from the ternary Ge-S-Ga(In) systems.
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Fig. 3. Dispersion of the non-linear refractive index, y (a) and non-linear absorption coefficient,B (b) for thin
chalcogenide layers from the ternary Ge-S-As(Bi, TI) systems.

Further increase of Ga or In content in the
films to~ 6 at % leads to increasing of the
values of y to ~2.7 x10"®m*W. For

comparison, y for GeS; is ~1.6 x10™"*m*/W.

The influence of inclusion from TI and Bi on the
non-linear optical properties of Ge-S-Me films is
demonstrated in Fig.3. The increase of thallium
content from 4 to 6 at % in thin (GeS,);00Tlx films
increase the non-linear refractive index, y from
2.33x10"*m*/W to 3.71x10"*m*/W at A = 1550 nm.

The highest value for the non-linear refractive
index, y = 6.38x10"®*m*W we obtained for the thin
film with composition Ges Se3Big, which was
approximately 4 times higher than those for the thin
GeS, coating index of fused SiO,. To understand
the role of the different metals, which are subject of
the investigation of the present work we used the
proposed in [19] formula for the non-linear
refractive index n, and non-linear optical
susceptibility,
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127273
n, =L, where
ny
E,E !
=4 — (10)

47(E,* —h’w?)
where A = 1.7.10™" (for ¥ in esu). Ey and Eq are
dispersion parameters in the Wemple Di Domenico
model [20]. ny being the limit of the refractive
index dispersion as hw approaches 0. It is seen from
equations (10) that the non-linear refractive index is
in direct proportion to the fourth power of the
dispersion energy, FE4. According to [20] the
dispersion energy, FE; is related with the
coordination number, N, of the cations by the
following equation - E4= SBN.Z,N., where Z, is the
formal chemical valence of the anion, N, is the
effective number of valence electrons per anion,
and S is a two-valued constant with either an ionic
or covalent value (f=0.26 = 0.03 eV and = 0.37
+ 0.04 eV, respectively). According to [6] the



Todorov et al.: Linear and non-linear optical properties of GeS, doped with the elements...

gallium and indium are four-fold coordinated in the
glasses from Ge-S-Ga (In) systems forming
tetrahedral units (GaS,, InS;) while the thallium
atoms are univalent forming bonds with non-
bridging sulfur in terminal bonds Ge'-S™ from the
type GeS,TI [13]. The atoms of As and Bi are
three-fold coordinated in the glasses from Ge-S-
As(Bi) systems creating pyramidal structural units
(ASS3, BIS3) [5, 8]

CONCLUSION

In the present work it is demonstrated the
influence of elements of III and V group of the
periodic table (Ga, In, T1, As and Bi) on the linear
and non-linear optical properties of thin Ge-S-Me
films. The results showed that the doping of GeS,
with Tl or Bi leads to increase in the refractive
index by about 0.2-0.3.Applying the formula
proposed by Sheik-Bahae et al. [15], it was found
that the non-linear refractive index can be in the
range of 4-250 times higher than that of fused SiO,.
The increase in the linear and non-linear refractive
indices was explained on the basis of the model,
proposed by Wemple and DiDomenico [20].
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In this paper we present some results from the study of the optical properties of thin As - S - Ge films and their
dependence on the composition and film thickness. The optical constants (refractive index, » and extinction coefficient,
k) were calculated using both measured transmittance, T and reflectance, R spectra. The thickness dependence of the
optical properties of thin As - S - Ge layers was investigated. The results for the refractive index showed that the optical
constants of As - S - Ge films thicker than 80 nm are independent on the film’s thickness. For the films thinner than 80
nm the refractive index is strongly influenced by the substrate and depends on the process of the thin films growth. We
used the Bruggeman model for determination of the porosity of the thin films. It was established that the porosity of the
films increases with 25 % when the film’s thickness decreases from 80 to 30 nm.

Keywords: optical properties, thin films, chalcogenide glass, refractive index.

INTRODUCTION

Chalcogenide glasses are characterized with
high refractive index and wide region of
transparency in the infrared. It is well known that
the exposure to light of thin chacogenide films
initiates changes in their refractive index and
thickness [1]. Most applications of chalcogenide
glasses and thin films are based on the
photoinduced phenomena in these materials and on
the respective changes in their optical properties [2
-4].

Chalcogenide glasses and thin films from As -
Ge - S system are of a great interest because of their
large glass-formation region and high optical non-
linearity [5-6]. The possibility of varying their
refractive index in a wide range by changing their
composition make them perspective candidates for
fabrication of chalcogenide photonic crystals and
Bragg gratings. Until now, most of the experiments
on studying their optical properties were carried out
on bulk samples and thin films with a thickness
between 1 and 5 pum [7-8]. Furthermore, these
materials can be deposited in very thin films (with a
thickness smaller than 1 pum) in order to build
photonic integrated circuits. The better knowledge

* To whom all correspondence should be sent:
E-mail: rossen@iomt.bas.bg
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of the optical constants (n, k) and thickness of thin
chalcogenide films is of great importance for
understanding the mechanism of the optical
processes and will Dbenefit their practical
applications. For the design of multilayered systems
it is very important to know the thickness
dependence of the optical constants as well as to be
able to accurately monitor the deposition process. It
would open up the possibility of controllable tuning
of the optical properties of thin chalcogenide films.
The main goal of the work is to study the optical
properties of thin amorphous As - S - Ge films
depending on their thickness and composition. We
have also shown how the optical constants are
influenced by the rate of thermal evaporation.

EXPERIMENTAL DETAILS

The synthesis of glasses from AsoGexSep Was
accomplished in a silica ampoule at 970°C for 14 h
[9]. Cooling was carried out in ice water. Thin films
were deposited by thermal evaporation on graphite
and optical glass substrates BK-7, with evaporation
rate of about 0.5 nm/s in high vacuum better than
10~Pa. The process was interrupted when the target
film thickness was achieved. The composition of
the thin films obtained was determined in a
scanning  electron  microscope with X-ray
microanalyser Joel Superprobe 733 (Japan).

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Exposure to halogen lamp (20 mWem?) was
performed in air. The transmittance (T) and
reflectance (R) were measured by a Cary SE UV-
VIS-NIR spectrophotometer (USA) in the range
350-2000 nm to an accuracy of AT = +0,1% and
AR ==£0,5%.

RESULTS AND DISCUSSION

The optical constants (refractive index, » and
extinction coefficient, k) and thickness, d, of the
thin As4.xGe,Seo films (for x = 10, 20, 30) were
calculated using transmittance and reflectance
measurements and applying the double methods
developed by Theye and Abeles [10-12] for the
films in the thickness range from 20-130 nm and
through the conventional Swanepoel’s method for
thicker films [13].

The method of calculation of the optical
constants of thin films in the thickness range of 20-
130 nm is based on minimization of the
discrepancy between theoretically calculated
(T(n(A), k(A), d) and R(n(A), k(L), d)) and
experimentally measured values Tey, and R of
the transmittance and reflectance at normal
incidence, until the difference becomes lower than
the accuracy of the measurements, A7 and AR [10,
11].

T(l’l(?\,), kO\‘)a d) - Texp. =AT
R(l’l(}\,), k(}b)a d) -R exp. AR (1)

Discontinuities appear in the solution for » and k&
due to the necessity of knowing the correct film
thickness and loss of solutions in the interference
extrema. The thickness d is not computed from the
system (1), but is introduced as a parameter. For an
initial approximation for the thickness we used the
value, measured by a profilometer with an accuracy
of £ 5 nm. Hence, varying the thickness slightly
around the approximate one, we chose the value,
yielding the smallest discontinuities in the solution
for n and k. The accuracy in the determination of
the refractive index, n, was better than £0.005 and
for the absorption coefficient, %, around the
absorption edge it was about +0.01 [14]. The
accuracy of the methods in determining d is better
than +1 nm [14].

The results for films in thickness range of 20-
130 nm were compared with the optical constants
of thin films with thickness ~ 1.0 um calculated by
the Swanepeol’s method [13] and the procedure
presented in [14]. The dispersion of the refractive
index for thin Asy.xGexSeo films for x= 10, 20, 30 is
presented in Figs. 1 and 2.The dispersion curves of

unexposed and exposed one-micron thick films
with the same compositions are given with
continuous or broken lines, respectively. It is seen
that the refractive index of the unexposed film with
composition As;oGeySg and thickness 80 nm is the
same as the one of the one-micron thick layer. In
the case of As;oGespSeo it 1S observed reduction of
the values of n of the unexposed film with thickness
52 nm in respect to the dispersion for the 1 um one.
Smaller photo-induced changes of the refractive
index are observed for the 1 um thick films from
both compositions.

2.8
As_ Ge_S
) 20 20" 60
26l ® unexposedd =80 nm
by O exposed d =85nm
24
n

22} =~ -
20

a)
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26 ® unexposed d=52 nm
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e
244
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Fig. 1. Comparison of the dispersion of the refractive

indices of thin As-Ge-S films for d< 0.1pm (symbols)

and d~ 1.0 um (lines).

The photo-induced changes for thin As;yGe10Sgo
are negligible and are not presented in Fig. 1.
Obtained changes for the refractive index after
illumination was An = 0.01.

One possible reason for negligible changes in
As30GesSgp film is that in some ternary Ge-As-
S(Se) materials, photo-darkening and photo-
bleaching might be compensated by an appropriate
choice of composition leading to photo-stability
effect [15]. Such hypothesis could be interesting for
the concept of intrinsically photo-stable amorphous
chalcogenides. Therefore attention of this work is
thus focused on As;iGejoSey thin films optical
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properties and their stability/changes induced by
light exposure.

Furthermore, we investigated the dependence of
the refractive index of thin As;yGeoSeo films on the
film’s thickness. Fig. 2 illustrates the influence of
the thickness of the above thin films on the
dispersion of n. We have compared five layers of
different thickness (29, 59, 89, 107 and 135 nm).
The refractive index of the film 89 nm thick
matches those of 107 and 135 nm while films with
thicknesses 29 and 59 demonstrate lower values for
n.

28 ‘; thickness, nm

S ¢ 29 nm
59 nm
) 89 nm

107 nm
135 nm

N IN N
N N ()]

Refractive index

n
o

400 600 800 1000 1200 1400 1600 1800 2000
Wavelength [nm]

Fig. 2. Dispersion of the refractive index of thin
As30GeoSeo films with different thicknesses.

The calculated value of k was used to determine
the optical band gap. The extinction coefficient is
related to the absorption coefficient by the
following relationship:

a=4nk/\ ()

Analysis of the strong absorption region (10* < a
< 10° cm™) has been carried out using the following
well-known quadratic equation, often called Tauc’s
law [16]:

/2 _ opt
(ahv)" = =B(hv—E,™) 3)
where B is a substance parameter, which depends
on the electronic transition probability, (hv) is the
photon energy and £, is the so-called Tauc’s gap.
The variation of £,”™ when varying the thickness of
the films is shown in Fig. 3a. It is seen that the
value of E,™ decreases below some value of the
film’s thickness.The thickness dependence of the
substance parameter, B is given in Fig 3b. It is seen
that B decreases with decreasing of the thickness,
which is indication for increasing of the structural
disorder of the thin films.
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Fig. 3. Optical band gap, E, (a) and structural parameter,
B (b) for thin As;yGe oS¢ films with different
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Theoretical T-R dependence for thin films with
refractive index n = 2.32, k = 0.001 and d = 20 -
160 nm at A = 1550 nm and experimental results for
thin As;oGeoSeo films are shown in Fig. 4. It is seen
that thin films with thickness larger than 90 nm
follow the theoretical line while at smaller
thicknesses a deviation of the experimental results
is observed. The above results are in agreement
with previous reports, which claim the existence of
a critical value for d, above which optical constants
are thickness independent [12, 17].

We used the effective medium theory for
determination of the porosity of the thin films.
According to the Bruggeman model, a porous
semiconductor material can be considered as a
mixture of two phases and its effective refractive
index 7.y in the non-absorbing region follows the
equation:

2 2
Mo Ny

2 2
n. n;

4)
where n. and n,; are the refractive indices of the
continuous media and pores, respectively, while @

is the porosity. We have considered as continuous
media the thin films deposited at normal incidence
and duly used the data obtained for their refractive
index. We found that the values for ¢ varied in the

range of 0.2 % to 23 % for thin films with
thicknesses 88 and 29 nm. The increasing in the
porosity of the thin layers with d <80 nm is a
probable cause for the increasing of the photo-
induced changes in the refractive index. The
increase of the porosity probably results in
increased flexibility of the glass network, and also
enables oxygen from the air to penetrate into the
volume of the thin layer. According to [18], the
oxidation process leads to a substantial increase of
the effect of photobleaching (increase in the width
of the band gap) and therefore a reduction in the
refractive index.

CONCLUSIONS

In the present work the influence of the
thickness on the optical constants of thin As-Ge-S
films and their photo-induced changes were
investigated. It was established that the refractive
index and optical band gap decrease for the film

thickness smaller than 80 nm. The photo-induced
changes of the refractive index and optical band
gap increase when film’s thickness decrease.
Through applying the model for the effective media
proposed by Bruggeman we found that the values
for porosity ¢ varied in the range of 0.2 % to 23 %

for the thin films in the thicknesses range 88 -29
nm. The increase of porosity probably results in
enhanced flexibility of the glass network and
oxidation processes into the volume of the thin
layer.
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3ABUCUMOCT HA OIITUYHUTE CBOMCTBA HA AMOP®HU As-Ge-S ThBHKU ®UJIMU OT
JAEBEJINMHATA

P. Tomopos, A. Jlanosa, M. Tacesa
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(Pe3rome)

B Ta3u crarus ca npencTaBeHH pe3ysiTaTh OT M3CICIBAHE HA ONTHYHUTE CBOICTBA HAa THHKH AS - S - Ge ¢uimu u
3aBUCHMOCTTa MM OT ChCTaBa U JeOenuHara Ha (unmure. ONTHYHUTE KOHCTaHTH (TIOKA3aTell HA MpedyIBaHe, 1 U
MoKa3aresl Ha MOMIbIAHe, K) ca ompelesieHH OT CHEeKTpuTe Ha mpomyckane, T u orpaxenue, R. Pesynrarure 3a
MOKa3aTelsl Ha MpedylBaHe T0Ka3axa, 4e ONTHYHUTE KOHCTAaHTH Ha As - S - Ge ¢wiMu 3a croifHOCTH Ha d> 80 nm He
3aBHCAT OT JAebennHaTa Ha puiama. 3a ThHKH Quiamu ¢ d< 80 nm CTOIHOCTTa Ha MOKa3aTels Ha MPEYyIlBaHEe € CHIIHO
MOBJTUSIHA OT TIOJJIOKKATA M 3aBHCH OT YCJIOBHUSTA Ha OTJaraHe Ha ThHKHs ciioi. MojensT Ha Bruggeman e usnosn3san
3a ompelelisTHE Ha MOPbO3HOCTTA HAa THHKH CJIOEBE. YCTAHOBEHO €, Ye MOphO3HOCTTa Ha (huimuTe HapactBa ¢ 25%,
Koraro Je0OesiHaTa Ha CJIOEBETe HaMallsiBa.
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The characterization of the optical constants of metals is an extensive task and dates back to many decades ago. In
present work, particular emphasis has been placed on calculations of the dielectric function of thin silver films
performed using both photometric (reflection and transmission) measurements. Silver thin films were deposited on glass
substrates via radio-frequency sputtering. The thickness of the thin films is in the range of 10 to 100 nm. The optical
constants (refractive index and extinction coefficient) and the parameters for the Drude optical model (damping
constant, I" and plasma frequency, o,) of the films were calculated. It was established that the value of I" strongly
depends on the thickness due to a size effect in the metal films. When the thickness of the silver films decreases, the
magnitude of the imaginary part of the dielectric function becomes smaller than its bulk value. This feature should be
taken into account in the design and simulation of the most optical metamaterials with metal-dielectric meta-atoms.

Keywords: silver films, modified Drude model, complex permittivity, grain-size effect

INTRODUCTION

Thin silver films have attracted much attention
owing to their peculiar optical properties [1-2].
They have found many applications in different
optical devices such as solar cells, light emitting
diodes, to improve the properties of organic
semiconductor materials and to launch new
metamaterials [3].

Widely used techniques for fabrication of metal
films on a dielectric substrate are vacuum
evaporation, cathode sputtering and electron beam
physical vapor deposition. It is well-known the fact
that the deposition conditions (deposition rate,
vacuum pressure and kind and temperature of
substrate) control the aggregation of grains during
the deposition of thin metal films [4, 5]. On its part,
the size of the crystalline grains building the metal
coatings affect the electrical and optical properties
of the metals layers [6].

The object of investigation of the present work
is the influence of the deposition rate and film’s
thickness on the optical properties of thin silver
coatings obtained by RF (radio-frequency)
sputtering method.

EXPERIMENTAL DETAILS
The silver coatings were deposited by RF

* To whom all correspondence should be sent:
E-mail: rossen@iomt.bas.bg

cathode sputtering (13 MHz) in argon atmosphere.
The partial pressure of Ar was p ~ 5.10%and 10
Pa. The deposition rate was controlled by variation
of the applied cathode voltage. The thickness of
thin films was controlled after film deposition by
profilemeter “Talystep”.The data for the thickness
showed that the increase of the argon leads to an
increase of the deposition rate from 1 to 3 nm/s.

The transmittance (T) and reflectance (R) were
measured by a UV-VIS-NIR spectrophotometer
Cary 5E (Australia) in the range 350-2000 nm to an
accuracy of AT ==+0,1% and AR = +£0,5%.

RESULTS AND DISCUSSION
Theory

The Drude model is suited for description of the
optical function of metals. In the present work we
used the modified Drude model, which takes into
account the constant offset for interband transitions
[7]. According to this model, the complex
permittivity, €(®), as a function of the angular
frequency is given by the following equation:

_ R R

) = £() + 16 (0) = 6 = s = 6
Wp . wpl“

w2412 w(w?2+r2) (1)

where £,is the relative dielectric constant (for the

silver &, = 9[7]). w, = y/n.e?/gm is the metal

plasma frequency, where n. is the number of free
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electrons, e and m are the electron’s charge and
mass, respectively. I is a damping parameter and it
is related with the electron mean free path, / and the
Fermi velocity v by:

r=-=r )

For the bulk silver, the parameters in (2) have
the following values: / = 4.375x10® m and v, =
1.4x10° my/s [7]. The refractive index, n, extinction
coefficient, & and film thickness, d were calculated
from the transmittance or reflectance spectra [8].
The real and imaginary parts of the complex
permittivity, € = €’+ig” can be calculated from the
refractive index and extinction coefficient by the
following equations:

g =n"—k and €’ =2nk 3)

The Drude parameters were determined by
fitting the obtained data for the refractive index.
Furthermore, the results for the optical parameters
were used for calculation of the theoretical
reflectance spectra. In Fig. 1 it is given the fit of the
reflection spectra of thin silver films with thickness
16 nm obtained by rf sputtering with deposition rate
1 and 3 nm/s. The results for the fitting parameters,
o, and /" are given in Table 1. It is seen that the
plasma frequency is close to that for bulk metal [7],
while I' depends on the deposition rate and
thickness of the film.

100
80
S,
© 60
o
c @
o]
5 40 A v~3nm/s
i) O v-~1nm/s
© 20 theoretical reflectance for]
14 I = 0.040x10"°s™
4 - ---T'=0.052x10"s"
0 i i
500 1000 1500

Wavelength [nm]

Fig. 1. Measured and theoretically calculated reflectance
spectrum of silver coatings with thickness 16 nm and
deposition rate 1 and 3 nm/s.

In Fig. 2 data are presented for the real and
imaginary part of the permittivity, refractive index,
n and extinction coefficient, £ for thin films with
thicknesses 16 and 41 nm and deposition rate 3
nmy/s.
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Fig. 2. Comparison of the dispersions of the real and

imaginary part of the complex permittivity, refractive
index and extinction coefficient of the thin silver films

in the present study and bulk metal published in [9].
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Table 1. Drude parameters - metal plasma frequency, ®,, damping parameter, I, size-limited mean free path, /;

and size of the film’s grains, R,

Film thickness, d Deposition rate wﬁ, r A R,
[nm] [nm/s] [s'] [s"] [m] [nm]
16 1 13.6x10" 5.2x10" 3.5x10° 17.1
16 3 14.6x10" 4.01x10" 2.8x10° 19.4
41 3 13.4x10" 1.07x10™ 1.3x10° 10.1
Influence of thin oxide overlayer 1_1, 1 @
The existence of a thin oxide layer on the metal b 1 Rm

surface is a well-known fact. Usually it leads to
reduction of the reflectance. According to [10] the
thickness of the silver oxide varies in the range of
1-10 nm and the refractive index - between 2.3 -
2.75 in the spectral range 400-1200 nm [11]. The
authors of the latter work report a value of n =2.51.
Further, we use the optical parameters plotted in
Fig. 2 and the calculated thickness to theoretically
compute the reflectance spectrum of a double
layered Ag,O/silver structure. The calculation
procedure is described in [8]. The comparison
between the reflectance spectrum of a silver layer
and the theoretical one for a double layered
structure from Ag,O and Ag is shown in Fig. 4.
This result shows that the consideration of a very
thin Ag,0O layer with thickness 1-2 nm significantly
reduces the discrepancy between the theoretical and
experimental reflectance spectrum.

90
__ 85} ¢
§
]
8 80} O experimental spectrum
S @/09 oxyde layer
&) - 0nm
o - =-1nm
S Bt 2nm
o —-=--4nm
70 i i i i
1000 1100 1200 1300 1400 1500

Wavelength [nm]

Fig. 3. Comparison of the measured reflectance
spectrum of silver film (d = 16 nm) to the theoretical
reflectance spectra calculated considering a silver oxide
overlayer with different thicknesses.

Grain size effect

Usually I' in the Drude model (formula (1)) is
considered to be a constant at a given temperature.
Due to shortening of the mean free path of
electrons, the fixed value for I', however is no
longer valid, when thickness of the film become
tens of nanometers. The effective mean free path, /
is reduced in the following manner [7]:

where R,, represents the size of the metal particle
and [/, is the size-limited mean free path of
electrons. Using equation (2) and the data for I"
from Table 1 we can find the values for /;. Inputting
the obtained data for the size-limited mean free
path in formula (4) the size of the silver grains is
determined. The results show that increasing of the
deposition rate from 1 to 3 nm/s would change the
average size of the layer’s grains from 17.1 to 19.4
nm. These values are in agreement with the
published data for the average crystallite size of
thermally evaporated silver films [5].

CONCLUSION

In the present work it is analyzed the influence
of the deposition rate and thickness on the optical
properties of thin silver layers. It was established
that the introducing of a thin oxide overlayer with
thickness 2-4 nm and refractive index 2.51 reduces
the discrepancy between the theoretical and
measured reflectance spectra. The metal plasma
frequency ®, and damping constant, I' are
determined applying the Drude model. On the base
of the dependence of I" on the thin film’s thickness
it was calculated that the average size of the metal
crystallites is 17.1 and 19.1 nm.
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BJIMSTHUE HA PASMEPA HA KPUCTAJIMTUTE U3I'PAXXIAIIN THHKU CJIOEBE OT CPEBPO
BBPXY OIITUYHUTE UM CBOVMCTBA

Becena Jlo3anosa, Mopnanka Tacesa, Pocen Tonopos
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(Pe3rome)

OmnpenensHeTo Ha ONTUYHUTE KOHCTAHTH HA THHKM METAHHM MMOKPUTHS € CIIOKHA 33]a4ya U 1o Hes ce paboTu OT
MHOro JieceTiiierusi. B Hacrosiata paborta, 0COOCH aKIEHT € MOCTaBEH BBPXY HM3UYUCICHUSTA HA IMEICKTPUYHATA
(GyHKIMS Ha THHKU CJIOEBE OT Cpedpo upe3 M3MOoJ3BaHe CHEKTPO(OTOMETPUYHM M3MEpBaHMs Ha KOC(UIIMEHTUTE Ha
MIPOITyCKaHe 1 OTpakeHue. ThHKUTE CII0eBe 0s1Xa OTI0KEHH BbPXY CTHKICHH MOJJIONKKH Ype3 PaAHOYeCTOTHO KaTOIHO
pasnpariBane. JeOenuHarta Ha THHKH ciioeBe Oemre B mHTepBana ot 10 mo 40 mHanomerpa. ONTHYHHTE KOHCTAHTH
(moka3zares Ha TpedynBaHe M IOKa3arell Ha NOIJBLIAHE) W apaMeTpuUTe Ha JMCHEepCHOHHUsT Mozen Ha Drude
(xoedHIMEHT Ha 3aTUXBaHe, ' 1 Ma3sMeHa 4ecToTa, ©,) 0gXa onpe/ielIeHH OT CIIEKTPUTE HA OTPakeHHE M MpedyIBaHe.
Pesynrarure nokaszaxa, ue I' cHitHO 3aBHCH OT ie0enMHaTa Ha CJIOEBETE.
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The anodic porous alumina templates are used for fabrication of nanomaterials such as nanowires, nanorods and
nanotubes. In the present work the aluminum oxide thin films were fabricated by anodization of Al layer obtained by dc
magnetron sputtering. The anodic alumina layer was formed in a two-step procedure under a constant cell voltage of 20
or 30V in a 2 or 4 wt % H,SO, at temperature of 25°C. It is found that the reflectance of the film decreases and the
transmittance increases with the increasing of the time of anodization. The optical constants and thickness of the
aluminum oxide thin films after anodization were determined from normal incidence reflectance data.

Keywords: thin aluminum films, anodization, porous films, refractive index

INTRODUCTION

The surface of metals such as Al, Ta, Nb and Ti
is instantaneously covered with a native oxide film
when exposed to oxygen containing environment
and can be used for fabrication of ordered pore
arrays. Fabrication of nanoporous metal oxide
templates has been attracting considerable interest
because of their application in many areas such as
fabrication of porous electrodes in gas sensors,
nanoporous membranes for separation, template
membranes used for skin tissue engineering,
nanostructured materials with a periodicity lower
than 100 nm and templates for growing of metal
nanowires for metamaterials [1, 2].

The conditions of anodization influence strongly
the processes occurring on the surface of the
aluminum. Depending on the applied electrical
voltage and the density of the current, processes of
oxidation, self-organization and formation of
periodic structures, electro-polishing and surface
etching can be observed [3].

The anodic porous alumina templates used for
fabrication of nanomaterials can be commercially
purchased or laboratory made. Crucial faults of the
commercially available templates are the lack of
order in the nanopore arrangement and higher than
the declared pore diameter. That’s why the
searching of conditions for fabrication of alumina
templates with periodic structures is an appealing
research task [4].

* To whom all correspondence should be sent:
E-mail: rossen@iomt.bas.bg

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

Porous anodic aluminum oxide templates are
generally fabricated by anodization of aluminum
foils. The anodized aluminum foils are not suitable
for many applications in micro- and nano-devices.
In these cases it is necessary to perform the
anodization process on thin metal films [5].

The aim of the present work is to present our
initial results for the anodization of thin aluminum
films deposited on glass substrate by dc magnetron
sputtering. The thickness and the refractive index of
the created Al,O; overlayer are determined
applying the double layered model.

EXPERIMENTAL DETAILS

Thin aluminum films were deposited by dc
magnetron  sputtering  technique in  argon
atmosphere with pressure 2.5.10" Pa in thin film
deposition system Leybold Heraeus 2700 P2. The
thickness of the thin films measured by
profilometer was determined to be d = 107 nm.
Anodization process was performed in the
following steps:

1. The aluminum films were annealed at 380°C
for 30 min to remove mechanical stresses and
enablingre-crystallization.

2. Anodization was conducted under constant
cell potential in 2wt % and 4 wt% water solutions
of H,SO, (sulfuric acid). The temperature in both
cases was kept constantat25’C. The DC voltages
were 20 and 30V. The current density was 1 and 5
Alem’.
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The surface of the thin films was observed by a
scanning electron microscope Joel Superprobe 733
(Japan). The transmittance (T) and reflectance (R)
were measured by a UV-VIS-NIR
spectrophotometer Cary SE (Australia) in the range
350-2000 nm to an accuracy of AT = +0,1% and
AR =+0,5%.

RESULTS

SEM images of thin aluminum films treated in 2
or 4 wt % water solutions of H,SO, are presented in
figure 1. Lines and indications for crystallization
were observed on the surface of the films.

<l ZBBE4

Fig. 1. SEM image of thin aluminum film after
anodization in 2wt. % water solutions of H,SO, for 60
min (a) and 90 min (b).

We suggest that the lines observed in the SEM
images are due of the mechanical tensions in the
films. In [6] it was observed that mechanical
tensions lead to similar lines on the surface of the
aluminum foil after anodization.

In Figure 2a the reflectance spectra of thin
aluminum films before and after anodization
process in 2 or 4 wt % water solutions H,SO, at
25°C are presented. It is seen that the reflectance of
treated in H,SO, samples decreases and it depends
on the time of the treatment. To understand the
origin of these changes in the spectra we calculated
the theoretical reflectance of a double-layered
system consisting from Al,Os/Al on a glass
substrate. It is seen on the Fig. 2b that the oxide
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overlayer affects the reflectance spectra in the
visible spectral range.
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—O—U=20V,I=1A, t2=30min
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Anodizated in 4 wt% H,SO,:
U=30V,I=5A, t2:60min
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a)

60 n n n n n n n
400 600 800 1000 1200 1400 1600 1800 2000

Wavelength [nm]

gof ,~ "=, /

\./

— Al film
with
= =—15nmALO, n=1.75
- 25nm AIZOQ, n=175
b) — - =25 nm porous Al,0,, n =15

Reflectance [%]
Y

60 n n n
400 600 800 1000 1200 1400 1600 1800 2000

Wavelength [nm]

Fig. 2. Reflectance spectra of Al thin films before and
after anodization at different times (a); theoretical
simulation of the spectrum of Al film with thin Al,O,
overlayer with different thicknesses and refractive index

(b).

In next step we have calculated the optical
constants of non-treated Al film. The procedure of
the calculation of the refractive index, n and
extinction coefficient, & from transmittance and
reflectance spectra is described in [7, §].

12+ I g 412
kbulk - _ -

calculated ~

bulk 14

® calculated
M“

800 600 800 1000 1200
Wavelength [nm]

Refractive index
\
\
JUSI21JB0I UoNIUNXT

Fig. 3. Dispersion of the refractive index, n and
extinction coefficient, & for thin films.For comparison
the data for bulk aluminum taken from [9] are given.

The results for the dispersion of n and k of the
thin films are presented in Figure 3. The data for
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the dispersion of the optical constants of the bulk
aluminum taken from [9] are given in the same
figure. It is seen that the thin aluminum film
possesses lower values of the extinction coefficient
k at all wavelengths in the spectral range of 400-
1300 nm. Deviation of the refractive index, n of the
thin films from that of the bulk metal is observed in
range of 700-900 nm where the resonant peak of Al
centered at 800 nm is situated.

Once the refractive index and extinction
coefficient of the aluminum thin films are
determined, they can be used in the further
calculations of the refractive index and thickness of
aluminum oxide layer created during the process of
anodization. In these calculations we applied the
double layered model, described in [8]. For
description of the dispersion of the refractive index
of thin ALO; films we used the Sellmeier’s
equation:

A2

2
n?(A)=1+
22— 4,0

(1)
where A; and A, are Sellmeier’s coefficients. We
varied the thickness, d of Al,O; layer and

parameters A; and A, until the discrepancy between
the experimental and calculated reflectance spectra

[}
O 06
% O Measured spectrum 180
k3] of anodized Al film o
- - _ -}
@ 04fFU=20V.i= 5 A, t, = 60 min) g Al O, overlayer
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Y of double layered system
0.2 | AVALO,
a) 400 600 800 1000 1200 1400 1600
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5 of anodized Al film k)
@© 0.4F (U=30V,I=5A,t =60min) £
% - - - Theoretical spectrum 2 ™
x of double layered system 3 165 Al,O, overlayer
0.2} AlIALO, g d=26nm
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Fig. 4. Measured and theoretically calculated
reflectance spectrum of a double layered AI/AL,O;
coating after anodization at U=20V (a)and U=30 V
(b). The dispersion of the refractive index of Al,O;
overlayers is given in the inset.

becomes lower than the
measurements.

The results for the refractive index and thickness
of the Al,O; overlayer created after anodization in 2
% water solutions of H,SO,4 for 60 min at 20 and 30
V are shown in Fig. 4. The calculated refractive
index dispersion of the overlayer obtained at
electrical potential U = 20 V and determined to be
with thickness d = 4 nm, is presented in Fig. 4a. In
this case the Sellmeier’s coefficients were
determined as follows - A; = 1.24 and A, = 123.51
nm. The refractive index for this layer varies
between 1.51-1.55 in the spectral range 400-1300
nm. The obtained values of n are lower than the
ones reported for Al,O;3 [9] and show that the oxide
over layer is still a discontinuous film. The
thickness of Al,O; film was found to be 26 nm,
when the applied potential was increased up to 30
V (Fig. 4b). The calculated Sellmeier’s coefficients
are A; = 2.04 and A, = 114.31 nm. In this case the
values of the refractive index are close to hose of
the bulk materials [9].

accuracy of the

CONCLUSION

In the present work results are reported from the
experiments on anodization of thin aluminum films
deposited by dc magnetron sputtering. We made an
experimental characterization of the impact of the
applied potential and the time of treatment on the
anodization of thin films from aluminum. Double
layered model was used for the description of the
optical properties of the anodized aluminum films.
It was established that the thickness of the alumina
layer depends on the applied electrical potential.
The thickness of the Al,O; overlayer was found to
be in the range of 4-26 nm.
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OITUYHU CBOMCTBA HA THhHKU HAHOITOPO3HU ®UJIMU OT AJIYMUHUEB OKCH]I,
[TOJIVUEHU ITOCPEACTBOM AHO/JNU3ALIMA

JIro6omup Cocepos, Pocen Togopos*

Hucmumym no onmuunu mamepuanu u mexvonoeuu "Axao.. 4. Manunoscxu ", Bvaeapcka akademus Ha Haykume,
axao. I'. Bonues, bn. 109, 1113 Cogus, bvreapus.

Hocrprnuna Ha 17 oktomBpu 2013 r.; KOpurupana Ha 25 HoemBpH, 2013 .

(Pe3rome)

IMopecTrTe alyMHHHUCBY TEMIUICHTH ITOIyYECHHU Ype3 aHOAM3HPAHE HA AIYMHHUEBO (POIMO HAMUPAT MPUIOKCHUE 32
MIPOM3BOICTBO HA PA3IMYHA HAHOMATEPUAIIM, KATO HAHOMKHIIM, HAHONPBYMIM U HAHOTPBOUYKK. B HacTosmara padbora
THHKU (DUIIMH OT alyMHHHEB OKCHJI Ca MOJIyueHHU 4pe3 aHoau3anus Ha Al cioeBe. MeTaHUTe TTOKPUTHS Ca OTIOKEHU
Ype3 MOCTOSHHOTOKOBO MAarHETPOHHO pa3npaiiBaHe. ATyMHUHUEBHAT OKCHJ| CE TOJIydaBa 4pe3 JAByeTalHa aHOAN3allHs
MIpH TOCTOSIHHO Hampekerune oT 30V u B 2 nim 4 TernoBHu % Bomam paztBopu Ha H,SO, mpu temmeparypa ot 25°C.
YcTaHOBEHO €, 4e KOe(HIMEeHTa Ha OTPAXKEHUE Ha CIIOEBETEe HAMaJIsiBa U MPOIMYCKAHETO HAPACTBa C YBEIMYaBaHETO HA
BpeMeTo 3a aHonu3auusi. ONTHYHATE KOHCTAHTH M JieOeiMHaTa Ha THHKHUS CJIOW OT allyMHHHEB OKCHJ 00pasyBai ce
ciesl aHotm3anus Oellle onpe/esieH OT CIIEKTPUTE OTPAKEHNE N3MEPEH NPY HOPMAJIHO Ta/laHe Ha CBETJIMHATA.
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UV and NIR optical functions of very thin (< A/ 50) Hf, Al or Ti doped tantalum
pentoxide films, deposited on Si [100] substrate
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We study the optical characteristics of tantalum pentoxide films, deposited on Si [100] substrate by reactive
sputtering. These films are investigated as high-kappa materials for the needs of nano-electronics, i.e. design of DRAM.
Metal oxides are thermodynamically unstable with Si and an interfacial layer is formed between the oxide film and the
silicon substrate during the deposition process. The physical situation gets more complicated when the Ta,Os layer is
doped — the overall structure becomes non-homogeneous. Herein, we study the optical properties of Ta,Os layer
deposited on Si substrate and doped with Hf, Al or Ti. The evaluation of the optical parameters of the structure is
fulfilled with the genetic algorithm approach from spectral photometric measurements. The overall physical thickness
of the structure, assumed to be equivalent to 3 homogeneous layers and the equivalent refractive indices of each layer

are estimated from 240 to 750 nm.

Keywords: High-kappa materials, Non-homogeneous thin films, Optical functions

INTRODUCTION

Modern electronics till recently was based on
Si0, devices which have reached the limits of
miniaturization due to quantum mechanical effects
at 1 — 2 nm thickness. New advancing replacements
of SiO, are the so-called high-permittivity (high-
kappa) materials, which already have found
applications in next-generation dynamic random
access memories [1]. Metal oxides (Ta,Os, HfO,,
Zr0,, etc.) are investigated intensively because
their high-kappa is leading to higher physical
thickness. Thus, the effective thickness of the oxide
is less than 1 nm. Pure and doped Ta,Os thin films
are promising candidates for next generation nano-
electronics devices [3].

Unfortunately, there are two facts that make the
optical characterization of metal oxide films on Si
very difficult. First, their optical properties are
tightly correlated with the layer synthesis
conditions, i.e. layers show different exponential
absorption in the sub-gap spectral region. Second,
metal oxides are thermodynamically unstable with
Si [2]. An interfacial layer (IL) is formed between
the oxide film and the silicon substrate during the
deposition process. That affects directly the
performance of the active nano-electronic devices.

* To whom all correspondence should be sent:
E-mail: pete@iomt.bas.bg

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

Herein, studies are presented on the characteristics
of very thin (1 to 10 nm) Ta,Os layers doped with
Hf, Al or Ti. The physical situation gets more
complicated, because the doped Ta,Os layer
becomes non-homogeneous.

The optical functions of Ta,Os; have been
studied systematically for the last 10 years [3].
Different models of the oxide permittivity have
been tried, i.e. Sellmeier, Lorentz, Forouhi —
Bloomer, etc. [See Ref. 6 and references therein].
One of the latest (and very successful) is the
extended Tauc — Lorentz model (suggested by
Jellison and Modine) with Urbach tail absorption
law for the sub-gap region (T-L-U). As a rule, thick
samples (70 — 200 nm) are investigated and spectral
ellipsometric data is used for the fitting procedure,
based on Levenberg — Marcquardt (L-M) derivative
method [3, 4]. The interfacial layer usually is
described in the effective medium approximation,
although a direct approach based on ideas for
solving ill-posed inverse problems is also proposed
[3]. Recently we have determined the optical
functions of non-doped Ta,Os on Si [100] and the
parameters of the IL layer [5, 6].

The aim of this work is to extract from spectral
photometric data the optical characteristics of
Si/IL/doped-Ta,0s structure, which is assumed as a
stack of 3 homogeneous layers on a Si [100]
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substrate. Reflectance at nearly normal incidence is
measured between 240 and 750 nm. Model
parameters are estimated by the help of stochastic
genetic algorithm [6]. The Si, SiO,, and the metal
oxides HfO,, Ti,O; u Ta,O; optical functions are
taken from literature [4].

EXPERIMENTAL

Tantalum pentoxide thin films (provided by
ISSP - BAS [1] see Acknowledgments) were
deposited on chemically cleaned p-type 15 Q.cm Si
[100] wafers (after HF last pre-clean to remove the
native oxide layer). No deionized water rinse was
used in an effort to minimize the formation of a
new oxide film. Films with thicknesses of 5 to 16
nm were deposited by reactive sputtering of Ta
target (purity of 99.99%) in Ar and 10% O,
atmosphere. The working gas pressure was 0.33 Pa,
if power density - 3.6 W/cm’ and the substrate
temperature during deposition was 200 °C.
Previously, it was found [1] that high quality layers
can be obtained by rf sputtering. These optimized
conditions were applied for deposition of the Ta,Os
films studied here with respect of their optical
parameters. The doping was done by deposition of
a thin metal film on the top of the Ta,Os layer. Post
deposition annealing was performed in N, at 400 °C
for 30 min. Reflectance spectra were measured with
high precision Cary SE spectrophotometer at nearly
normal incidence (light incidence at ~8 degrees,
TM polarization) in the range 240 - 750 nm with
experimental uncertainty of 1% to 0.5%.

RESULTS AND DISCUSSION

We consider a simple model of 3 layers on Si
[100] substrate. The layers are assumed as
homogeneous with no roughness. The first layer
next to the substrate is IL with unknown physical
thickness. For the doped Ta,Os films we assume an
equivalent 2 homogeneous layers structure. That
assumption is based on Herpin theorem for non-
homogeneous films. The refractive index and
thickness of every layer are unknown. Generally,
the optical characterization of thin films is based on
least square fits to experimental data. These fits are
mathematical procedures in order to solve a set of
non-linear equations in the presence of inevitable
experimental uncertainties (errors). The search for a
solution (numeric fitting) is obtained by different
minimization techniques. In the present study, we
used several derivative approaches (L-M included),
but the results were unstable with strong
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dependence on the initial guess. It is not obvious
that fitting procedures that are successfully applied
to films with physical thickness D > 50 nm, are
effective for very thin layers, when D < A/60, (A is
the wavelength). Besides, the derivative methods
use one point in the parametric space for
determination of step magnitude and direction to
the global minimum, while stochastic algorithms
start with a set of possible solutions and new set is
generated at each new iteration. That is why we
preferred for evaluation of unknown parameters the
so-called genetic algorithm (GA), which has a
stochastic nature.

There are three substantial steps in GA:
initiation, evolution, and termination [5]. First stage
is a choice of ‘initial population’: points in the
parameter space of the fitting model. This
population has ‘aim and aspiration’: to find a global
minimum of the objective function in the parameter
space within the termination limits. The aim is
reached after several ‘generations’ of the initial
population by evolution and reproduction. The
algorithm makes ‘evolution’ by selection rules
(roulette, tournament, etc.). ‘Reproduction’ is done
by crossover and mutation. It is obvious that the
mathematics behind these intuitive descriptions is
very complicated. From User point of view, the
problem is that there are over 30 parameters of the
algorithm to be tuned before the start of the
procedure in order to obtain a robust estimation of
the unknown parameters. Here we give some
specific features of the GA procedure. We chose
100 ‘generations’ to reach the global minimum,
each one with a ‘population’ of 120 ‘individuals’,
members of 3 ‘tribes’. Migration between the tribes
was allowed in both directions. The crossover
fraction was 0.6 and the selection rule was set to the
type ‘roulette’. The minimization procedure is
terminated if the maximum number of generations
(100, in this search) is exceeded.

The implementation of the GA method for
fitting procedures to 1L/Ta,0s reflectance data (R)
had two supplementary features. First, we found
that there is a strong statistical correlation between
the model parameters. That is why the oxide film
physical thickness D is uncoupled from GA fitting.
An internal loop (step 0.1 nm) for D is organized.
New GA procedure is launched at each thickness
iteration. Second, in order to eliminate a lot of
‘white or coloured’ noise in the fitting procedure,
minimization is done in a certain spectral sub-
region. In the limit D/A —0 (for A in VIS and NIR
in this study), the film optical response becomes
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less sensitive to variations of the unknowns. The
choice of this spectral sub-region is rather arbitrary
and based on “trial and error” approach. The results
presented below are obtained with GA fitting for
wavelengths between 236 and 380 nm. The
estimated model parameters from the spectral sub-
region are used to calculate the optical response in
the whole  experimental spectral region
(extrapolation in UV and NIR), which are then
compared to the experimental data from 240 to 750
nm.
We found that GA approach, being intrinsically
non-derivative method, has certain advantages
compared to L-M in this case. The key issue is to
have over-determined set of non-linear equations as
possible. The last is true if, and only if, variations of
a model parameter lead to a perceivable change in
the optical response [5-6]. That is why, in what
follows below, we restricted the spectral range of
the fitting between 236 and 380 nm.

In Fig.1, the reflectance of the tantalum
pentoxide samples on Si substrate is presented,
together with the optical response of Al, Hf and Ti
doped layers.
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Fig. 1. Reflectivity of pure and doped Ta,Os thin
films.

For evaluation of the fitting, we use the root
mean square uncertainty (RMSU), normalized by
the number of degree of freedom so that it gives the
uncertainty (error) per one point of observations. It
is a statistical measure of the goodness-of-fit and is
compared to the experimental uncertainty. RMSU
is calculated by the residuals, defined as difference
between the measured data (R) and predicted
response by the help of the estimated model
parameters.

In Figure 2, 3 and 4 we present the residual of
the fits for the Al, Hf and Ti doped Ta,Os thin
films. Compared to the uncertainty of the
experiment, we can accept the fits as very good.
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Fig. 2. Residuals of the fit of Ta,Os thin film doped
with Al
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Fig. 3. Residuals of the fit of Ta,Os thin film doped
with Hf.
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Fig. 4. Residuals of the fit of Ta,Os thin film doped

with Ti.

Although the goodness-of-fit criteria is quite
convincing, we have to discuss the uncertainties of
the estimated parameters. We have calculated the
Jacobian at the point in parameter space,
corresponding to the global minimum found by
GA. Also, we have used a Student’s coefficient of
0.10 and calculated confidence intervals of the
estimated parameters. The physical thickness of the
Interfacial Layer is in the [1, 1.5] nm interval. The
uncertainties of the equivalent homogeneous films
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are in the range [2, 2.5] nm and the equivalent
thicknesses are between 7 and 10.5 nm.

CONCLUSION

Within the simple model of three homogeneous
films on Si (100) substrate, we have determined the
optical characteristics of doped Ta,Os thin films. In
the regression procedure we used three layers
model. The layers are assumed as homogeneous
with no roughness. We have applied the genetic
algorithm in the evaluation of the unknown
parameters. This approach is found to be very
robust and effective.
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Ontuyecku pyukmuu B UV u NIR Ha MmHOTO THHKH (< A / 50) cl10€Be TaHTAIOB
nerooc, notupanu ¢ Hf, Al uinu Ti, u oTnoxxenn BepXy momioxku Si [100]

I1. ITapnanmxues u /1. Hazpposa

HUnemumym no onmuuecku mamepuanu u mexuonoauu, BAH
. ,,Axao. I'. bonues”, bnox 109, Cous 1113, Bvreapus

Iocrpnuna Ha 17 oktomBpu 2013 r.; kopurupana Ha 25 HoemBpH, 2013 .

(Pe3rome)

W3cnenBanu cMe ONTHYCCKUTE XAPAKTCPUCTHKHM Ha CIIOCBE OT TAHTAJIOB IEHTOOKUC, OTIOXeHH BBpXY Si (100)
momnoxkkn. Ta,Os e mpencraButen Ha xan-kama (high-kappa) marepmanmure, KOMTO ca Hal-TIEpECIIEKTHBHU 3a
pa3sBUTHETO HAa HaHO-eJeKTpoHHKaTa. ChINECTBEH MPOOJeM MpH [u3aiiHa M MPOU3BOJACTBOTO MM €, Y€ METAIHUTE
OKCHCH Ca TepMOAWHAMUYHO HecTaOWiHU KbM Si. ToBa BOJM 10 MOJy4aBaHe 10 BpeMe Ha TEXHHUSI CHHTE3 Ha HEXelaH
cioil 1 — 2 HM Ha rpaHMLIaTa MEXIy TOAJ0XKKaTa U xai-kana ¢guiMa. Axo Ta,Os cioeBere ce JOTHpAT, CTPYKTypara
KaTo ISUI0 CTaBa HEXOMOTIEHHA, HO EJIEeKTHYECKOTO M ToBeleHHue ce nonoopsiBa. Tyk pasriexiame ONTHYECKUTE
croiictBa Ha Ta,Os croeBe, omiokeHH BBbpXY Si momnoxkku u mortupanu ¢ Hf, Al u Ti. CrnoeBere ca u3cienBaHu
crekTpodoToMeTpuuHO B oOiacta 240 — 750 HM, a U3MEpBAHUATA Ca UHTECPIPETUPAHU Ype3 pelllaBaHe HA oOpaTHATa

ONTHYECKa 33ja4ya ¢ IIoMoIla Ha [ eHeTH4HUSA AJTOPUTBM.
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Very thin and ultrathin optically isotropic layers are key components for many applications in X-ray optics,
microelectronics and optical storage of the information. Here we present an application of a recently developed
spectrophotometric method for determination of optical constants (refractive index, n, extinction coefficient, k, and
physical thickness, d) of very thin films to thermally deposited germanium (Ge) films with d between 10 and 25 nm.
The method is based on limited development of the Abelés characteristic matrix elements. (n, k, d) are obtained by
analytical solution of the system (1+R)/T;, (I-R)/T;and (1-R /Ty, where (T}) is the film transmittance, (Ry) is the front
side and (R backside reflectance. For comparison to the so-obtained (n, k, d), Veritable Angle Spectroscopic
Ellipsometry is used as an independent technique. The ellipsometric angles are fitted, using a generalized oscillation
layer. An acceptable relative difference between (n, k, d), obtained by both methods, is achieved.

Keywords: Ge thin films, Optical constants

INTRODUCTION

The rapid expansion of contemporary
nanotechnology stimulates the development of
methods for the synthesis, preparation and
characterization of very thin films. Optical methods
for thin film characterization have the advantage
that they are nondestructive, fast and effective.
Several recently developed spectrophotometric [1,
2] and ellipsometric [3] methods for the estimation
of the optical constants (refractive index n and
extinction coefficient k) and the thickness d of
nanolayers can be found in the literature. However,
they have their own limitations.

Here, we report the application of a recently
developed method for the determination of the
complex refractive index 7 = n - ik and the
thickness to thermal deposited Ge films with d
between 10 and 30 nm. In this method, the
evaluation of n, k, and d is made by the use of
spectrophotometric data of the thin film
transmittance 7y front side reflectance R, and
backside reflectance R’ Due to the nanothickness
of the films we derived analytical expressions for
R, R} and T; by expansion of the Abelés
characteristic matrix elements [4] to the 4-th order

* To whom all correspondence should be sent:
E-mail: pgushterova@dir.bg

in terms of 7id/A. The exact analytical approach is
used to estimate n, k and 4. Thus, the problems
related to multiple solutions or the lack of any
solutions is overcome.

EXPERIMENTAL

The Ge films were deposited by thermal
evaporation with a deposition rate of 0.3-0.4 nm/s
at a base pressure of < 10" Pa in the vacuum
chamber of a LAB 500 evaporator (Leybold Optics
GmbH). The intended thickness of the films was in
the range from 10 nm to 25 nm. The deposition rate
and the thickness of the film were controlled by a
standard oscillating quartz sensor. 2 mm thick
selected white float glass substrates (Prézisions
Glas & Optic GmbH) were used. Prior to thin film
deposition the substrates were cleaned in a
H,S04:H,0, = 1:1 solution at 120°C for 10 min,
subsequently rinsed in de-ionized water and spin-
dried.

The optical transmission and reflection of the
films were measured with a Cary 5E (Varian Co.)
spectrophotometer at normal incidence in the range
from 450 to 700 nm with an accuracy of 0.2% and
0.5%, respectively.

A spectroscopic ellipsometer M44 (J. A.
Woollam Co. Inc.) was employed for the
measurement of the ellipsometric angles (y and A)
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of the films. These ellipsometric parameters were
derived for two angles of incidence (50° and 60°)
within the spectral region from 450 - 700 nm.

Transmission Electron Microscopy (TEM) was
carried out, using a Philips CM300 equipped with
Super TWIN objective lenses.

RESULTS AND DISCUSSION

Determination of (n, k, d) of Ge films, by the
proposed method

Two Ge films were studied. They were
measured spectrophotometrically, and after proper
correction for the finite thickness of the substrate
(multiple reflections within it) and its optical
performance (small spectral absorption) [5], the
exact analytical approach was applied to estimate »n,
k and d [6]. First, by the help of the system
(1+R)/T}, (1-R)/Ty and (1-R%)/Ty we obtained n(4),
k(A) and d(4). The physical thickness is not
wavelength dependant and that is why we need an
estimate of its average value. Then with so obtained
n, k and d and the exact matrix elements we
calculate 7y, R, and R % The differences AT = T, -
Ty and AR = R.y - R;, where T, and R, are the
transmittance and reflectance of the film, calculated
with the obtained n, k£ and d, using exact Abelés
matrix elements [4]; 7y and R, denote the
experimental data, manipulated in order to take into
account the finite thickness of the substrate. These
corrections of measured values are decisive for the
choice of the film thickness. In this case the
estimation of the average thickness is done in the
spectral range 450-500 nm, where AR changes its
sign. The following thicknesses were calculated: d
= 16 nm and 24 nm. With these values we
recalculate n and & of the both films. The spectral
dependences of n and k are plotted in Fig. 1. The
calculated values of n and k& for both films are
sufficiently close to each other.

As a measure of the accuracy of the proposed
method we use the differences AT and AR. Their
spectral dependences are presented in Fig. 2. For
the film with d = 16 nm the differences A7 are =
0.4% and AR = 0.1% for whole spectral region
under investigation, which are close to the

maximum uncertainties of the Cary 5E
spectrophotometer we wuse for the spectral
measurements.

Additionally,  variable angle  spectroscopic

ellipsometry (VASE) measurements have been
carried out with Ge films. y and 4 are fitted using a
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generalized oscillation layer. It was supposed that
both films have one and the same n and k, but
different thicknesses (dy4sz). The film thicknesses
(d] vasg 0 & vase) and the oscillator parameters:
amplitude Amp [eV?], central energy En [eV] and
broadening energy Br [eV] were fitted. The
following results are obtained: d]VASE = 6.7 nm,
&’y = 23.5 nm; Amp =18.7, En=3.7 Ev; Br=5.4
eV with a MSE = 1.17. The dispersions of ny,sz and
kyase are plotted in Fig. 1 and Fig. 2, respectively.
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and d =24 nm (b).

We define the relative difference between n and
k on the one hand and ny,g and ky,sz on the other
hand as: An/n = (N, — 1)/Nyase and Aklk = (kyose —
k)/kvase-

In Fig. 3 the spectral dependences of An/n and
Abk/k for the both film are shown. Acceptable values
for An/n and Ak/k are obtained. For instance, the
maximum value of An/n for the thinner is 1.7% and
3.7% for the thicker film at A = 550 nm. The values
of Ak/k curve of the thinner film reach 25 % at 700

nm. We must have in mind that the generalized
oscillator model, which is used in the VASE
evaluations, is not at all proven to be close to the
physical reality of evaporated very thin Ge films.
Our approach is more realistic, flexible and free
from pre-assumed models.

TEM characterisation

TEM was applied to investigate the morphology
of the both thin films. The micrographs of the
thinner and thicker film are shown in Fig.4a and
Fig. 4b, respectively.

It can be seen that the films have fine granular
structure and the grain dimensions of the both films
are quite similar. Thus, TEM results are in a good
agreement with the results from the optical
characterization, which show independence of n
and k from d in the thickness range 15 — 25 nm.

CONCLUSION

We have applied a simple and effective method
for the determination of #n, k and d of Ge thin films
in VIS. The thin film optical parameters are
evaluated in three steps. First, n, £k and d are
estimated for each wavelength of the spectral
measurements. Then, from the obtained data, a
single value of the physical thickness is evaluated
within a specific spectral region. Finally, » and &
are re-calculated in order to minimize the thin film
optical response, this time with the estimated
“scalar” value of the physical thickness. This
approach is very functional and practical, because
there is no need for n and k dispersion models
(Cauchy, Drude, Selmeier, etc.). It does not use
numeric minimization techniques, i.e. derivative
methods, which must be used in the case of very
thin films optics with extreme precaution. a
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MHOT'O ThbHKU TEPMAHMEBO CJIOEBE: OIITUYECKU U CTPYKTYPHU CBOMCTBA

I1. ['ymeposa ", I1. Ilapnasmwkues, B. llImut®, A. Mrokiux®
Hnemumym no onmuuecku mamepuanu u mexuonoauu, BAH
yi. ,,Akao. I'. Bonueg”, ook 109, Cogus I[1C-1113, bvreapus
“Uncmumym no ¢usuka na onHUme IbueHUst U U3CLe08aHe HA MAMepusiiu

Leumvp Xenmxony, /pesoen — Pocenoopg, [IK 51 01 19, 01314 J{pezoen, I'epmanus

Hocrprnuna Ha 17 oktomBpu 2013 r.; KOpurupana Ha 25 HoemBpH, 2013 .

(Pe3rome)

THHKUTE U CBPBX THHKHTE CIIOCBE Ca OCHOBHH I'DAJMBHU CIEMEHTH HA MHOTO TPWJIOKEHUS B PEHTTEHOBATA OMTHKA,
MHUKpPOEJIEKTPOHUKATA W ONTHYHUS 3anuc Ha uHpopManus. B HacTosimara paboTa MpencTaBsiMe MPUIIOKEHHUETO Ha
Pa3BUT OT HAC CHEKTPO(HOTOMETPHUCH METOJ 3a ONpPE/CIsIHE HA ONTHYHUTE KOHCTAHTH ([I0Ka3aTell Ha MpedynBaHe, 71,
KOe(UIMEHT Ha MOTITbINaHe, k, U pU3NIHA AedenuHa, d Ha MHOTO THHKH CIIO€BE KbM TEPMHUYHO OTIIOKEHH F'epMaHHEBU
crnoee ¢ d mexay 10 u 25 nm. MeToabsT ce OCHOBaBa Ha OTPAHUYECHO PAa3BUTHE HA IEMEHTHUTE Ha XapaKTepUCTHYHATA
MaTpuIa Ha coeBeTe. (7, k, d) ce mpecMsATaT 4pe3 aHAIMTHYHO PelIaBaHe Ha cucTeMara ypaBHeHus (1+R)/Ty; (1-R)/T;
u (1-R)/T;, xppeto (Ty) e NMpomycKaHeTo Ha ci1od, (Ry) € OTpaXeHHETO OT CTPaHaTa Ha clios U (R 7) € OTpaKEeHHETO OT
CTpaHaTa Ha MoJyIoKkaTa. Karo IombHUTEIHA METOIMKA, 32 CPAaBHEHHE Ha Taka npecmetHarute (1, k, d), € u3noji3BaHa
CIICKTpaJiHa CJIUIICOMETPUA C MPOMCHJIMB BbI'bJI KATO CJIMIICOMETPUYHUTEC BITIM HA U3MEPECHUTE CIIOCBETE Ca (1)I/ITHaTI/l
ype3 000011eH ociuaaropeH mozen. [lonyyena e mpueMirBa pasiinka Mexay (7, k, d), IPCMETHATH IO [BaTa METO/IA.
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Asymmetric Bragg stack with one defect layer was designed and prepared through layer-by-layer deposition of spin
coated Poly (methyl methacrylate) (PMMA) and vacuum deposited chalcogenide film. In this work, first the thickness
changes, Ad of the thin films from poly (methyl methacrylate) following exposure to chloroform vapors in the
concentration range 1000 - 9000 ppm were determined. Two layered structure from PMMA and vacuum deposited
chalcogenide film was consecutively prepared. The ability of the thin chalcogenide films to let the chloroform vapors
passing through was investigated. The asymmetric photonic structure consists of 11 alternating layers from As;oGeSeo
chalcogenide glass and PMMA. The defect layer from PMMA is situated before the last high refractive index film from
chalcogenide glass. The thickness of the defect layer from poly (methyl methacrylate) was determined so that the pass
band to be centered at wavelength of 520 nm. It was observed an offset of the position of the pass band to larger
wavelengths after exposure to chloroform vapors. The proposed multilayered structure exhibits potential for

applications as optical sensor.

Keywords: Bragg stack, chalcogenide glass, PMMA, thin films, sensor properties

INTRODUCTION

Photonic crystals can be defined as structures in
which the dielectric constant (refractive index)
shows a periodic variation in one, two or in all three
orthogonal directions [1]. 1D photonic crystals, or
the so-called multilayer structures consist of
alternating layers of two materials with different
refractive indices resulting in a periodically varying
refractive index in one direction but homogeneous
in the other two directions. The thickness of the
layers in the Bragg stack is determined by the
following equation:

nd = /4 (1)

where 7 is the refractive index of the layer, d is the
thickness and 2, is the wavelength of the center of
the fundamental reflection band of the Bragg stack.
It is known that gases possess a refractive index
close to that of air, differing of the order of 10 [2].
It is easily estimated then from formula (1) that
different gases permeating into the structure cannot
cause a significant change in the position, 4, of the
fundamental reflection band. Therefore, the
manufacture of a gas sensor based on the changes
of the refractive index is not possible and materials
must be sought that change their volume under the

* To whom all correspondence should be sent:
E-mail: alalova@iomt.bas.bg

influence of the gas that would be the object of
detection. From the literature it is known that upon
contact with chloroform thin PMMA (poly methyl
methacrylate) films increase their thickness by Ad =
13.6-19.7% [3]. In previous works [4, 5] the
possibility was shown for preparation of a Bragg
stack from As;)Ge;oSeo/PMMA for the infrared
spectral range and the potential for gas sensing
application. In the present paper we demonstrate
modeling and deposition of multilayered coating
from chalcogenide glass and polymer working as
Bragg stack in the visible spectral range. The
potential for gas sensor application is demonstrated.
The chalcogenide glass composition was chosen
such that the material would be transparent in the
larger part of the visible region and at the same
time would possess sufficiently high refractive
index. Our previous studies [6] have shown that
thin films of this composition have a band gap of
2.45eV (506 nm).

EXPERIMENTAL DETAILS

Thin films from As;yGe;oSgp Were deposited in
high vacuum of 10~ Pa by thermal evaporation of
previously weighted quantities of the bulk material.
Bulk glasses from As;oGeSgp were synthesized in
a quartz ampoule from elements of purity 99,999 %
by the method of melt quenching [7, 8]. The
deposition rate was 0.4 nm/s, and it was monitored
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by the change of the intrinsic frequency of
oscillation of a quartz crystal. The composition of
the bulk samples and thin films deposited on
graphite substrates was determined by scanning
electron microscopy with an X-ray microanalyser
(Joel Superprobe 733, Japan). The conditions of
EDX analyses are given in [9].

Optical transmittance and  reflectance
measurements at normal incidence of the light
beam were carried out in the spectral range from
350 to 2000 nm wusing an UV-VIS-NIR
spectrophotometer Cary OSE. The
spectrophotometer is equipped with a gas cell
which  allows  in-situ  measurements  of
spectrophotometric quantities in the presence of a
given gas concentration.

The filter was modelled from quarter-wave
multilayered stacks comprising 9 layers and was
prepared by alternating thermal evaporation of
As30GeoSgo as high refractive material and spin
coating of PMMA as low refractive index material.
The nine layers that build the stack are with
thicknesses ~ 56 nm and ~ 92 nm for As;yGeioSeo
and PMMA, respectively. The defect layer from
PMMA with thickness di = A/(2nr) = 176 nm was
deposited on top of them. The preparation of the
stack finished with a thin chalcogenide film with
thickness again equal to a quarter of the
wavelength. To infiltrate chloroform through the
chalcogenide layer and reach the defect layer from
PMMA, one has to produce As;yGejoSe film with a
high degree of porosity. To accomplish this task we
used the well-known oblique deposition technique
at 75°. The conditions of fabrication are detailed in
[6].

The optical constants (refractive index, n and
extinction coefficient, k) and thickness, d, of the
thin  As;0GejoSe¢p films were calculated using
transmittance and reflectance measurements and
applying the double methods developed by Theye
and Abeles [10], and a procedure developed in
[11,12]

RESULTS AND DISCUSSION

In the present paper we demonstrate modeling
and fabrication of multilayered coating from
chalcogenide glass and polymer working as Bragg
stack with one defect layer. As high and low
refractive index materials were used chalcogenide
glass with composition As;oGe;oSg and PMMA,
respectively. Dispersions of the refractive indices of
the thin films from As;oGe;S¢p evaporated on
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rotated substrates (0°) and oblique deposition (75°)
are shown in Fig. la. It is seen that in the visible
spectral region (in the range of 500 to 800 nm)
As30GeoSg thin layers have a relatively high
refractive index 2.40 -2.55 (Fig. 1a). The refractive
index of the obliquely deposited film at angle of
incidence of vapors 75° is shown in Fig. la.
According to [2] to provide sufficient penetration of
the gases to the inner layers of the photonic crystal
layers their porosity is required to be in the range of
50-70%. Applying the Bruggeman formula for
calculation of the porosity, ¢ [6] and the data for

the refractive index for the bulk glass with the same
composition [13], we found that the value for ¢ of

the obliquely deposited film is 58.8 %.
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Fig. 1. Dispersion of the refractive index of thin
As30Ge;Seo films evaporated on rotated substrates (0%)
and oblique deposition (75°) (a) and the changes in the

reflection of a single PMMA film exposed to chloroform
in gas phase with concentration 1000 ppm and 2000 ppm
in argon atmosphere (b).

In the next step we have probed the sensitivity
of single layered coatings from PMMA and
As30GeSg film under exposure to chloroform
vapours. Fig.1b is a plot of the changes in the
reflectance at A = 450 nm of a single PMMA film
with thickness 92 nm during its exposure to
chloroform with concentrations 1000 and 2000
ppm. The desired quantity of gaseous chloroform
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was pushed in the camera. It is seen that the notable
changes in the reflectance due to of thickness
changes of PMMA are started after ~ 30 s exposure
to chloroform and achieved saturation after 2.5-3
minutes.

In our previous work [6] we showed that
chloroform vapors induced negligible changes in
thin As3;gGeoSeo films. To determine the time for
penetration of chloroform through the chalcogenide
layer and its interaction with PMMA film we used
three-layer coating consisting of one polymer film
sandwiched between two chalcogenide films. The
changes in the transmittance spectra due to the
changes in film’s thickness during exposure to
chloroform are shown in Fig.2.
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Fig. 2. Changes in the transmittance, AT of three-layered
structure exposed of chloroform in gas form at
concentrations 1000 ppm (a) and 9000 ppm (b).

The quarter-wavelength stack, i.e., nydy = nidyL
= 1/4), with a target wavelength of A, = 550nm was
prepared from PMMA and chalcogenide thin films
with composition As;yGejoSe. In Fig. 3a the
reflectance spectra of a multilayer coating is shown.
The changes of the position of the pass band
centered at ~ 520 nm are shown in Figs.3b-c. Due
to the increase of the thickness of the defect layer a
shift was observed to the longer wavelengths. It is
seen that even concentration of the gaseous
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Fig. 3. Evolution of the reflectance band with the
number of the layers in the filter structure (a); changes of
the pass band in the spectral range 500-570 nm under
exposure to vapors of chloroform (b) in gas form at
concentration 1000 ppm (c); and cyclic changes of the
value of T at wavelength A = 564 nm for 11 layered filter
consecutively exposed to chloroform and thermal
treatment (d).

chloroform of 1000 pm induces 2 nm shift of the
pass band. The obtained changes probably are due
to the volume changes of defect PMMA film. It is
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CEH30PHU CBOMCTBA HA ACUMETPUYEH BPATOB CTEK OT XAJIKOTEHUJIHO CTHKJIO U
PMMA

A. Jlanogsa, P. Tonopos

Hucmumym no onmuunu mamepuanu u mexvonozuu "Axao. Y. Manunoscku ", bvneapcka Akademus na naykume, yi.
akao. I'. Bonues, 6n. 109, 1113 Cogus, bvreapus

Ilocrbnuna Ha 17 okromBpu 2013 r.; kopurupasa Ha 25 HoemBpy, 2013 r.

(Pesrome)

AcumerpuueH bparos otpaxaten ¢ eauH nedexTeH cioil € MopenupaH M IOJMy4eH upe3 HOCIOHHO HaHacsHEe Ha
HEeHTPO(]yKHO HaHeceHH MOKpUTUs OT mosu (Metun Mmerakpwiat) ([IMMA) u BakyyMHO W3NapeHH XaJIKOTCHHUIHU
¢bunmu cbe cbetaB AsyGeoSeo. M3ciaenBana e mpomsiHaTa Ha ae0enHaTa Ha ThHKH ciioese oT [IMMA npu usznaraseto
UM Ha napu Ha xjopogopm B aproHoBa arMoctepa ¢ konuentpanus 1000-9000 ppm. [IBycia0itHN NOKPUTHUS OT THHKU
cioeBe oT [IMMA u XaJIKOT€HUTHO CTHKJIO Ca M3IOJI3BAaHM 32 ONpe/elsiHe CIIOCOOHOCTTA Ha XAIKOTSHUIHUS QUM J1a
IIpoITycKa Mapu Ha XJopohopM. AcHMeTpH4MsAT (OTOHEH KpucTan € u3rapeneH or 11 pexmyBamm ce cioeBe OT
XaIIKOTEHUIHO CTBKIO CbC ChCTaB As3;pGejgS¢g 1 [IMMA. Jledektrusr cioit or [IMMA e pasmonokeH mpean
TociIeaHns GUIM OT XaIKOTEHHIHO cThKIO0. Heroara nebenmnara Geme onpenencHa Taka, ye MBUIATa HA IIPOIyCKaHe
nma Obpae pa3nonokeHa IMpy JbDKWHA Ha BhiIHATa 520 HM. B pesynrar Ha m3maraHeTo Ha mapu Ha xyopodopm Oermre
HaOMI0JaBaHO OTMECTBAHE HAa MBHUIATA HA MPOIyCKaHE KbM IIO-TOJIEMH ABIDKMHU Ha BhiHata. [IpemnmoxeHara
MHOT'OCJIONHA CTPYKTYpa IT0Ka3Ba MOTCHIMATHN Bb3MOKOCTH 32 IIPUIIOKEHUS KaTO ONTHYECH CEH30P.
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Thin Sn-O-Te films with a thickness of 60 nm have been deposited by co-evaporation of Sn and TeO, on alumina
substrates with interdigitated silver-palladium electrodes. During the co-evaporation a chemical reaction between the
two substances takes place, resulting in the formation of a Sn-oxide matrix and finely dispersed phases of Te, Sn, TeO,
or SnTe, depending on the atomic ratio of Sn to Te (Rsyre). To study the morphology and structure as well as to
determine the atomic ratio Rg,r. of the films, electron microscopy techniques (TEM, SAED) and analytical methods
(EDS in SEM) have been applied. The electrical properties of the sensors studied have been investigated in the
frequency range of 20 Hz— 5 MHz using a Precision Impedance Analyzer. The measurements have been taken on
samples placed in a controlled humidity and temperature chamber. The characteristics of the resistance R, capacitance

C, impedance z and phase @ as functions of relative humidity RH%, the frequency dependences of R, C, z and €, the
Nyquist plots and equivalent electrical circuits of the sensors have been obtained. As a result, the relation between the
type of water adsorption, impedance spectra and the properties of the films as humidity sensors are presented in this

paper.
Keywords: humidity sensors, impedance spectra, tin dioxide

INTRODUCTION

Humidity measurement and control are an
important task in industry, agriculture, medicine,
for storage and transportation of various products
and raw materials, pieces of art, etc. Various types
of humidity sensors are employed in all these fields
[1].

Thin vacuum deposited films, obtained by co-
evaporation of Sn and TeO,, are an object of
intensive study in the Institute of Optical Materials
and Technologies [2] since they are a base for
development of gas sensors, conductive films etc.
This paper presents a detailed investigation on the
electrical properties, impedance spectra and
equivalent electrical circuits of as-deposited Sn-O-
Te films, intended for humidity sensors.

EXPERIMENTAL
Sample preparation

The films were obtained by thermal co-
deposition of Sn and TeO, from independently

* To whom all correspondence should be sent:
E-mail: biliana@iomt.bas.bg

heated Knudsen type cells, under vacuum better
than 10 Pa [3]. Alumina plates of 18x10x0.5 mm
with interdigitated silver-palladium electrodes, held
at ambient temperature, were used as substrates.
The condensation rates of both substances were
controlled separately during the whole evaporation
process using quartz crystal monitors. Samples with
two different values of Rgyre < 1 were prepared,
which have been previously shown [4] to be
sensitive to ambient humidity. The samples with
Rsy1e = 0.86 were marked as S1, and with
Rgn/te = 0.6 - as S2.

Measurements

Structure and composition - The amount of
both substances (Rgyte) and the thickness of the
films were calculated on the base of the measured
evaporation rates using computer programs as
described in [5]. The data obtained for Rg,t. were
controlled by Energy Dispersive Spectrometry
(EDS) in SEM (Philips 525/EDAX 9900), and for
the film thickness — by a profilometer Talystep
(Rank Taylor Hobson). Transmission electron
microscopy (TEM) and selected area electron
diffraction (SAED) (HRTEM JEOL JEM 2100)
were used for studying the morphology and
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structural characterization of the films. The samples
intended for TEM were evaporated on glass plates
with a water soluble PVA sub-layer. Their
thickness (60 nm) was suitable for the direct
imaging in TEM.

Electrical characteristics and parameters - The
measurement of the impedance characteristics of
the samples was taken by Precision Impedance
Analyzer 6505P product of Wayne Kerr Electronics
Ltd, in the frequency range of 20 Hz to 5 MHz and
500 mVrms of the excitation signal. The samples
were placed into a chamber of the Humidity
Generator VAPORTRON H-100BL, manufactured
by BUCK RESEARCH INSTRUMENTS L.L.C.,
which provides conditioning of accurately
controlled humidity ranging from 15 to 95% with
maximal deviation of up to +1.5% of relative
humidity.

RESULTS AND DISCUSSIONS
Structure and composition

As seen in Fig. 1, the films with Rgyte =~ 0.8
have a fine-grained structure and the selected area
electron diffraction does not indicate the presence
of a crystalline phase. This is in accordance with
previous results of ours which have shown that the
as-deposited films with Rg,r. varying over a wide
range (0.3+2.3) are amorphous and exhibit a
nanosized grain and columnar structure [3, 4].

Ny

Fig. 1. TEM image and SAED pattern of 60 nm thick
layer with Rg,re = 0.8.

The sensing properties of the films are strongly
dependent on their composition. That is why it was
important to check the reliability of the computer
calculations described above and the preparation
reproducibility. The calculated Rg,r. values were
compared to the respective data obtained by EDS-
analyses in SEM and a very good coincidence was
found (deviation ~ 2%) [2].
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Electrical measurements

Measurements have been taken with alternating
current to avoid the effect of sample polarization.
Figure 2 and Fig. 3 present the characteristics

R=f(RH),  C=f(RH),  z=f(RH).
o=f (RH ) of samples S1 and S2, respectively, at

a temperature of 25°C, where R, C, z and 6 are their
electric resistance, capacitance, impedance and
phase, and RH is the relative humidity.

For all parameters investigated, the ranges of their
changes are largest at 20 Hz and decrease with a
rise in frequency. These changes are insignificant
above 10 kHz. From a comparison of the

characteristics R=f (RH ) , C=f (RH ) ,

z=f(RH) at 20 Hz, it can be concluded that

electrical resistance R has the greatest relative
change R,./R,;, in the range from 15 to 95%RH
for both samples compared to the relative changes
Crnax /Cin and Zzy0i/Zin. A large change in phase €
is observed from around 86° down to around 10° at
a frequency of 20 Hz, but within the narrower range
of 65 to 93% RH. Therefore the parameter R is the
most informative and for that reason it is used to
compare the sensitivity Sk of the different elements.
The sensitivity Sk has been determined for different
segments of the sensor characteristics and is given
by the slope of the  characteristic,

ie.Sp =|AR/ARH|, where ARH is the relative

humidity change and AR - the respective
resistance change for a specific segment. The
sensitivity to humidity is the lowest at low values of
humidity for both samples. It is observed for
sample S1 that sensitivity is greatly enhanced at
humidity values of over 45%RH and at a frequency
of 20 Hz the maximum value of Sk within the range
of 45-73%RH reaches 106.7 M€/%RH, and after
that it gradually decreases. For sample S2 at a
frequency of 20 Hz the maximum sensitivity is
observed within the range of 65-73%RH and it
reaches 46.6 MQ/%RH, and after that it gradually
decreases. Consequently the maximum sensitivity
of sample S1 is about twice as high as the
sensitivity of sample S2. Besides, the humidity
range with high sensitivity is wider for sample S1.
The range of resistance change at a frequency of
20 Hz for sample S1 is of about 3 orders, and for
sample S2 it is of about 2 orders. The resistance of
sample S1 at 93%RH decreases up to about
1.7 MQ, and for sample S2 — up to 6.5 MQ.
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The results obtained show that better properties
as humidity sensors are observed for the layers with
the higher Rgyr. value. They are in a very good
agreement with earlier published data about the
influence of Rgyre on the humidity sensing
behaviour and the very high sensitivity measured at
a frequency of 0.2 Hz [2].

Since with rising frequency the resistance of the
layers decreases at low values of humidity, which is
favourable for practical applications, it is possible
to use them in measuring circuits at higher
frequencies as well (up to 1kHz). Then their
maximum sensitivity decreases but it is sufficiently
high (5.1 MQ/%RH for layers SI and
2.2 MQ/%RH for layers S2) for such applications.

Impedance spectra

Humidity sensing elements of metal oxide
materials are characterized by water adsorption and
condensation [6]. The resistance of the investigated
sensor elements of metal oxide type decreases with
an increase in the relative humidity due to the
chemical adsorption and physical adsorption and
condensation of water molecules. In the initial stage
of adsorption, a chemical adsorption of water
molecules on the surface of the respective sensors
takes place [7, 8]. The active role in this process is
played by metallic atoms, M. They interact with the
water molecules to form hydroxyl groups M-OH. In
this way the surface of crystals is covered by a
monolayer of water molecules. After the formation
of the first chemically adsorbed film a physical
adsorption of water molecules on it occurs [9, 10].
The mechanism of water adsorption described is
closely related to its effect on the impedance
characteristics of the samples and on the impedance
spectra, respectively. To clarify this relation based
on the frequency characteristics z(f) and 6(f), the
Nyquist plots of reactive resistances on active
resistances for samples S1 and S2 at various RH
and a temperature of 25°C have been obtained.
Within the frequency range of 20 Hz to 5 MHz the
impedance spectra and equivalent electrical circuits
for the sensor elements are shown in Fig. 4.

At low humidity values (up to about 45% RH
for the investigated samples), these plots are close
to a straight line which corresponds to Nyquist
plots of the base sensing material [9]. When
humidity rises above these values (in this case
above 45%RH) the Nyquist plots are arcs from
semicircles of very large radii, and their equivalent
circuit consists of resistance R; and capacitance C;
connected in parallel, shown by circuit (I) in Fig. 4.
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Fig. 4. Nyquist plots and equivalent electrical circuits
for: (a) sample S1 and (b) sample S2 at a temperature of
25°C and at various RH.

This type of impedance spectra can be explained by
the prevailing type of electron conduction through
the base sensing material and the adsorbed water on
the sensor surface in the stage of chemical
adsorption [9, 10]. With increasing RH (above
65%RH) the chemisorption enhancement and
leakage current increment lead to growing the
curvature of the arc and it gradually approximates a
complete semicircle (73%RH for sample S1 and
93% for sample S2). Simultaneously, a decrement
in the sample impedance is observed which is
related to the enhancement of this conduction.
When humidity increases further, ionic conduction
also appears as a consequence of the presence of
physical adsorption as well. It is exhibited by the
initiation of a second semicircle with a very large
radius in the Nyquist plots within the range of
lower frequencies [10]. This additional part of arc is
observed in the Nyquist plots of sample S1 at
93%RH. In this case in the equivalent electrical
circuit a second group of R,C, is added which is
explained by the appearance of conduction of ionic
type. It is represented by circuit (II) in Fig. 4.
Therefore, the entire conduction mechanism is a
combined action of both electron and ionic
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N3CIEABAHE HA CEH30PU 3A BJIAXKHOCT HA BA3ATA HA Sn-O-Te CJIOEBE UPE3
UMIIEJAHCHA CIIEKPOCKOIIUA

b. 4. FeopmeBal, 3. H.HGHOBaZ, n. JI. Hononemesal, N T. HI/IpOBl, T. I'.Henos>

' Hncmumym no onmuuecku mamepuanu u mexnonoauu ,, Axad. Hopoan Manunoscku *, Bvreapcka akademus na
naykume, yi. Akao. I'eopeu Bonues, 61. 109, Cochus 1113
Texnuuecku Yuusepcumem I'abposo, ya. Xaooreu Jumumovp Ned, I'abposo 5300

Ilocrbnuna Ha 17 okromBpu 2013 r.; kopurupasa Ha 25 HoemBpy, 2013 r.

(Pesrome)

[Monyuenu ca TeHKH Sn-O-Te cioeBe ¢ nedenrHa 60 nm ype3 TEPMUYHO BakyyMHO omiarade Ha Sn u TeO, BbpXy
kepamuuHH mouioxkku oT Al,O; cbe cpeOdbpHO-naiagreBu rpeGeHoBHIHN enekTpoau. [o BpemMe Ha CHBMECTHOTO
U3IapeHue NPOTHYA XUMHYECKa PEaKiMsi MEXIy JIBETE BEIIECTBa, KOSATO BOAM O 0Opa3yBaHETO Ha MaTpulia OT Sn
okcumu U puHoaucneprupana dasza ot Te, Sn, TeO, mwim SnTe, B 3aBHCUMOCT OT aTOMHOTO CHOTHOIIICHHE MEXIY Sn U
Te (Rsyre)- 32 u3cnenBane Ha MOpQOIIOTHUSTA U CTPYKTYpaTa, KaKTO U 3a ONpe/elsiHe Ha aTOMHOTO ChOTHOILIEHUE Rg,re
B CJIOEBETE ca M3IOJI3BAHU METOAM Ha enekrponHa Mukpockonus (TEM, SAED) u ananutnunu meroqu (EDS B SEM).
Enextpuueckure CBOWCTBA HAa M3CIEABAHUTE CEH30pU ca NpoOcieleHd B decToTHUs nuanazoH 20 Hz -5 MHz c
TIOMOIIITA Ha MPEL3EH UMIIEaHCEH aHanu3aTop. M3aMepBaHusITa ca MpoBeIeHN BhPXY 00pasiy, IIOCTaBEeHN B Kamepa ¢
KOHTpPOJIUpaHa BI&XKHOCT M Temreparypa. IlomyueHn ca XapakTepUCTMKUTE Ha aKTHBHOTO CBIIPOTHBICHHE R,
kananurera C, UMnenanca z u ¢gaszata 0 karo (yHKLUS Ha OTHOCHTEIHATa BIAKHOCT, YECTOTHHUTE 3aBUCHMOCTH Ha R,

C, z and 6, xommnexcuure umnenancu (Nyquist plots) 1 eKBUBAEHTHHTE eeKTPHUYECKH CXeMH Ha ceHszopure. Karto
pe3ynTaT € IMoKa3aHa Bpb3KaTa MEXKAY THIIA Ha aJCOpPOIMATA, NMIIEJAHCHUTE CIIEKTPH U CBOWCTBATa HA M3CIICABAHUTE
00pa3Iy KaTo CEH30PH 3a BIAKHOCT.
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Investigation of apples’ aging by electric impedance spectroscopy
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Electric impedance spectroscopy, as a fast and non-invasive method, was used to monitor apples’ properties during
aging. This method provides information about the physical properties of apples which are closely related to the
chemical ones. Two different analytical techniques for assessment of the changes of apples’ properties during aging
time were proposed. The first one is based on a single measurement in the low frequency range (around 100 Hz) and the
other one - on Argand plot. According to our results, the observed changes in the electric impedance spectroscopy
spectra can be attributed to the changes in the relative moisture content of the apples. The apoplastic and simplistic
resistances and relaxation times were derived by modeling the apples’ behaviour with equivalent circuit scheme.

Keywords: Apples aging, Dielectric properties, Impedance spectroscopy

INTRODUCTION

One of today’s challenges in food physics field
is to establish an exact relationship between the
engineering properties of food and the food product
quality. The best solution would be to find some
fast and non-destructive methods, which can
undoubtedly show the food quality.

The electrical properties of food are believed to
be sensitive to the food quality and could be used to
follow the structural properties changes. Some
recent attempts have been made to prove the
applicability of such approach [1-6].

We focus our attention on Electrical impedance
spectroscopy (EIS), as one of the methods for rapid
determination of the electric properties of food. In
EIS, alternating voltage is applied to the sample,
causing polarization and relaxation in it. This leads
to changes in the amplitude and the phase of the
alternating current signal and hence the changes in
the sample’ impedance (Z) can be determined. The
impedance is a complex quantity, consisting of real
(R) and imaginary (X) parts. At a priori known
frequency, one defines single values of Z. If one
varies the frequency in a certain interval, spectral
dependence of Z could be obtained.

The aim of the present work is to find out
whether appropriate EIS parameters sensitive to the

* To whom all correspondence should be sent:
E-mail: bodurov@uni-plovdiv.net

changes in the apples’ properties during 21 days
aging, at room temperature, exist and to propose
some applicable techniques for their monitoring.

MATERIALS AND METHODS

Idared apples were supplied from a local
Hungarian market. They were stored at room
temperature for period of 3 weeks. The mass of the
apples was measured immediately after the apples
were bought and each time just before the
measurement (1%, 7", 14", and 21" day). The
microbalance used, allowed accuracy + 0,001 g of
the measured values. Assuming initial moisture
content of wy = 89 % - wet basis [7] - and
supposing that the soluble solid content (11%)
remained unchanged during the entire storage
period, the relative moisture content of the apples
(dry basis) was calculated according to the
equation:

w=0m-0.11m,) 0.11m, (1)

where my is the initial apple mass, expressed in kg;
m is the apple mass at the time of the experiment
(1, 3™ 7% 14" and 21% day, respectively),
expressed in kg.

For the sake of improving results reliability,
each time the mass of 10 different apples (without
any treatment) was measured and the standard
deviation was calculated.
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EIS measurements were performed on HP
4284A Precision LCR meter and HP 4285A
Precision LCR meter, covering the frequency range
from 30 Hz to 30 MHz. The voltage had a
magnitude of 1 V for all measurements. The
experimental values for impedance were corrected
for stray admittance and residual impedance (open-
short correction) [8]. Plate Ag/AgCl ECG
electrodes (Fiab Spa) with a diameter of 10 mm
were used, avoiding apples’ injury.

For all measurements, cylindrical samples
having initial length up to 46 mm and a diameter of
20 mm were cut from the equatorial part of the
apples. Impedance magnitude (|Z|) and phase
angle (6) were measured at different frequencies.
Consecutive shortening of the samples allowed us
to gain |Z| and @ dependences on the sample
length (d).

It is supposed [9] that the open-short corrected
impedance (Z,) values depend on electrode
impedance (Z,), tissue impedance (Z,), and
electrode distance (which equals the sample length
- d) and the electrode impedance is independent of
the place of the measurement. In such case:

Z,=2,+d.Z, )
where Z; is expressed in [(2 / mm] and Z, is a

complex number (Z, =R + jX, ). R, is the real
and X, is the imaginary parts of Z,;:

R,=R,+dR, and X,,=X,+d X, (3)

In the present work, the open-short corrected
experimental values (|Zm| and 6,) were averaged
over three consecutive measurements for one and
the same d. R, and X, values for each d were
calculated from those averaged values as follows:

Rm = ‘Zm
X, =|Z,|sin@, “

.cos@,  and

The obtained values were drawn as R, (or X,,)
versus d dependences. With the help of linear
regression, the values of R, or X, (as the intercept
with R or X axis, at d = 0) and R, or X; (the linear
slope) were derived for each sample and each
frequency. The coefficient of determination was not
lower than 0.98 for all plots. The final values for R,,
X,, R, and X, were obtain after a calculation of the
average value of all measurements at identical
conditions. Then after, Z, and ¢, values were
constructed from the averaged R, and X,, according
to the equations:

X
|Zt|:\/m and 0, = arctanR_f 5)

t

Further, the experimental results were modeled
by the help of equivalent circuits’ method, where
the fruit tissue features could be described by
means of electrical circuit scheme. The exact
elements and connections of the scheme depend on
the experimental findings. In this concern, one first
constructs Argand plot, representing R, versus X,
dependences. In the present investigations, the
corresponding plots (Fig.1) consist of two arcs,
which centers lie under the R-axis. Hence, as it was

-3201 — — 1% day
— —o— 7" day
E 240+ 14"day e °° e

E @ /A'A\Ak LN
G -1604
X~ -80-
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0

0 200 400 600 800
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Fig. 1. Argand plot at different storage time.

pointed out in the literature [10], there is a
distribution of the relaxation times rather than a
single relaxation time. Following some previous
works [10, 11], a model comprising of serial
connection of two constant distributed circuit
elements (CDCE) and one Ohmic resistance was
built so that:

Z,=R+AR, (1 +(jor, ) )*1 +AR, (1 +(jor, )" )’1

(6)
where R — is an ohmic resistance, accounting for
the resistance of the tissue at infinite high
frequency; AR, , AR,- are the resistances of the
first and second CDCE elements, respectively;
T,,7, - are the relaxation times, connected with
each of the CDCE elements; w,, w,- are
parameters, which account for the relaxation time
dispersion; @ =27 f, where f is the frequency.
One gets R as the distance between the origin of the
Argand plot and the intercept point of the Ri-axis
with the high frequency arc, AR, and AR,

correspond to the lengths of the chords appearing as
cross-sectional points of the Ri-axis with the arcs at
higher and lower frequencies, respectively. The
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relaxation times 7, andz, are derived from the
apex of the high and low frequencies arcs
(w,.T, =1), respectively.

v, and v, parameters (which vary from 0 to 1)
describe the distributions of 7| and 7, relaxation
times. When y =1 a single relaxation time is
observed, whereas at decreasing values of ¥, a

broadening of the relaxation time distribution

appears. The coefficients w, and w, were

calculated (v, =1—¢, /90, where ¢; is the angle

between the Ri-axis and the radius of the circle in
the intercept point of the circle with the Ri-axis).

The derived values of R, AR, and AR, were

then used to calculate the simplastic (intracellular),
R;, and apoplastic (extracellular), R, resistances

[11]:
R, =R+ AR, + AR, and
R, = R[1+R/(AR, +AR,)] (7)

The last two equations were built on the
supposition that at low frequencies the current may
not pass the cell membranes but flows into
apoplastic space and at high frequencies the current
may pass the cell membranes and so the flow
passed through both apoplastic and simplistic space
[12].

RESULTS AND DISCUSSION

The moisture content values for different storage
times, calculated from Eqn. 1, are shown in Fig.2.
During the entire experimental time period, the
moisture content decreases with storage time. In
Fig. 3, the frequency dependencies of Z; magnitude
and ¢ (values obtained after Eqns.7-8) are
presented. Since the uncertainty did not exceed 4
%, the confidence intervals are not presented in the
figure.

As it is seen in Fig. 3A, the impedance
magnitude values, Z,, show considerable differences
in the low frequency interval and the curves merge
in the high frequency interval. The frequency
dependencies of phase angles, 6, are very similar
for all days of measurements (Fig. 3B). According
to these results, Z, magnitude values and Z,
frequency dependence are the EIS parameters,
sensitive to the apples’ quality changes. Since the
main differences were observed in the low
frequency interval (up to 400 Hz) one may choose
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to monitor the time changes of | Z | at a single fixed
frequency in this range. Comparing the results from
Figs. 2-3, one might suppose that the changes in
both dependencies could be connected and
|Z,|increase could be attributed mainly to the
moisture content decrease.
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Argand plots at different storage times (Fig. 1)
allows one to gain information about the apples’
properties change. Each of the plots consists of two
arcs. As it can be seen, the arc at higher frequencies
(left side) remains almost unchanged during the
experimental period, but the arc radius at lower
frequencies (right side) increases with storage time.
The apex of the arc (the place of the minimum
value of X;) moves to higher R, values. Hence, the

latter arc is the sensitive one and could be used for
apples’ properties monitoring.

The processes, taking place during storage time,
can be investigated by an exact calculation of all
model parameters. The results are listed in Table 1.
The parameters connected with the first arc (AR;,

T, and ;) do not show any clear tendency with

Table 1. Model parameters, derived from the equivalent electrical circuit model

Day R AR, AR, v

v, 7 [P R R

S a

[€/mm] [Q/mm] [€2/mm)] [nsec] [usec] [Q/mm] [Q/mm]
1 5 58 449 0.84 0.50 32 33 5 512
7 8 45 516 0.83 0.51 12 41 8 569
14 6 65 656 0.81 0.54 15 46 6 727
21 3 75 737 0.80 0.51 13 50 3 815

increasing storage time. 7; values are very small, in
order of nanoseconds, but they still cannot be
attributed to an electron polarizability (which is in
order of 10"® s [10]). One can assume that the
discussed arc appears as an electrical response from
the tissue, which has been damaged during the
cutting procedure [6]. The second arc properties
show very clear storage time dependence. The
values of AR, increase with time. 7, values also

increase with time. One can suggest that when the
moisture content decreases, the processes of
relaxation take longer time. It is also to be
expected, as it is well known that the water plays
crucial role in all processes in the biomaterials.
Thez, values are in order of microseconds, which

corresponds to dipole relaxation process in ionic
biomaterial [12]. Simplastic resistance (R, in Table
1) does not change with storage time, whereas the
apoplastic resistance (R, in Table 1) increases.
Hence, the inner structure of the apple cells is not
disturbed and water losses originate from the
extracellular space.

CONCLUSIONS

The results show that EIS could be used for
monitoring apples’ properties during storage. This
can be done either by measuring the magnitude of
the impedance at one or several fixed low
frequencies (from 100 to 400 Hz) or by measuring
the impedance spectra in the range from 30 Hz to
30 MHz. In the latter case the parameter, which
may be monitored, is the arc radius in Argand plot.

EIS method also allows calculation of structural
parameters such as relaxation times of the processes

in the structure, as well as simplistic and apoplastic
resistances. In the present investigation, Argand
plot consists of two arcs. The parameters of the
higher frequency arc (radius and relaxation time) do
not depend on the storage time. The parameters of
the lower frequency arc are sensitive to the storage
time. Relaxation time of this arc is in order of
microseconds and increases with storage time. The
arc radius also increases. Apoplastic resistance
increases with storage time whereas simplastic
resistance remains constant during the entire
experimental storage period.
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(Pe3rome)

EnexpudHaTa MMIiejaHCHA CIIEKTPOCKOMHS, KaTo OBbP3 M HEACCTYKTHBEH METOJI, € M3I0JI3BaHa 3a MPOCIeAsSBaHEe Ha
CBOWCTBaTa Ha SOBIKUTE TPU cTapecHe. To3u MeTon naBa MH(opanus 3a pU3HYHUTE CBOWCTBA HA AOBIKUTE, KOUTO ca
TSICHO CBBP3aHU C XUMHUYHHTE. J[Be pa3iuvYHN aHAJMTUYHU TEXHUKH 32 NPOCJe/sIBAHE Ha MPOMEHUTE B CBOMCTBATA Ha
S0BIKATE ca mpemIoxkend. EqHara ce 0a3upa Ha eIMHUYHO W3MEpBaHEe B HUCKOYECTOTHHA quara3oH (okomo 100 Hz), a
Bropara ¢ ocHoBaHa Ha Argand nuarpamara. [lomydeHuTe pesynrard MOKazaxa, 4ye HAONIOJAaBAHUTE IPOMEHHU B
HMIICIAHCHUTE CIIEKTPH CE IBJDKAT HAa MPOMSIHA BbB BJIAKHOCTTA HA SOBIKUTE. AMOILUIACTUYHOTO M CHMILIACTHYHOTO
CBIIPOTUBIICHHS, KAKTO W BPEMEHaTa Ha peiakcaius 0sixa IOJIy4eHH 4pe3 MOJENIMpaHe C €KBUBAJICHTHA €JeKTPUYHA

Bepura.
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In the present paper the influence of the concentration of TiO, particles of average size 500 nm on the electret
properties of the polypropylene (PP) composite films were studied. We investigated the PP composite films with
different weight concentrations of the TiO, particles (0 wt., 2 wt.% and 4 wt.%) and thickness of 200 pm. The samples
were charged 1 minute under room temperature by the method of the corona discharge using a point-to-plate three
electrode system in a positive or in a negative corona.

The voltage of the corona electrode was £ 5 kV and the one of the grid was £1 kV with the same polarity. The
surface potential of the electrets was measured by the method of the vibrating electrode with compensation. We studied
the surface potential decay with reference to both time and storage temperature aiming at determination of the particle
influence on the stability of the electret composite films.

The results obtained showed a significant change in the electret behaviour of the composite films after the
introduction of particles with different concentration into the PP matrix. It was established that the surface potential

decay depended on the corona polarity and the concentration of the particles.

Keywords: electrets, composite films, corona discharge

INTRODUCTION

Electrets have been a field of investigations for
many years [1-3]. They have been used in different
areas of science, technology and medicine. The
surface potential values and the lifetime of electrets
are the most important parameters giving rise to the
possibility of their practical usage. Hence over the
years, considerable interest has been shown in the
surface potential decay of corona-charged
polyolefin polymers among which polypropylene is
the most widely used [4-5]. This is due to their low
cost, low density, high thermal stability, resistance
to corrosion, low relative weight. Over the last few
years, however, together with these materials
another relatively new direction has been
developed. It is the investigation of different
composite electret films with specific features. New
structural elements that influence the electrets’
properties occur when filling the polymers with
dispersive-distributed fillers such as metallic oxide
(ZnO, CuO, TiO,) [6-7]. In such a way polymer

composite films have attracted wide interest
because of changing polymer electrets’ properties
and extending their applications.

The aim of the present paper is to investigate the
influence of the concentration of TiO, particles (0
wt., 2 wt.% and 4 wt.%) on the electret properties
of the PP composite films.

EXPERIMENTAL
Fabrication of the PP composite films

Compositions of PP and 500 nm TiO, particles
were prepared on Brabender® measuring mixer
with controlled electrical heating. Mixing occurred
for 5 minutes at 190 °C. Polymer composite
samples were prepared as 200 pm films on
hydraulic press. Molding temperature was 190 +
5°C. Compositions were heated for 10 minutes,
molded for 5 minutes at 140 kg/cm” clamping force
and then cooled for 5 minutes as long as samples
obtained structural stiffness temperature.

* To whom all correspondence should be sent:
E-mail: asia83@uni-plovdiv.bg
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Corona charging and surface potential
measurement

The charging of composite electrets in the
corona discharge was carried out by means of a
conventional three-electrode system (Fig. 1),
consisting of grounded plate electrode, corona
electrode and a grid placed between them.

1l 1

Fig. 1. Arrangement of the corona charging set-up. 1 —
sample on a metal pad; 2 — corona electrode; 3 — grid; 4
— grounded plate electrode; Ug — grid voltage power
supply; Uc —corona voltage power supply.

The distance between the corona electrode and
the grid was 10 mm and the distance between the
grid and the grounded plate electrode was 3 mm.
The samples were charged for 1 minute under room
conditions. Positive or negative 5 kV voltage was
applied to the corona electrode. Voltage of the same
polarity as that of the corona electrode was applied
to the grid and its value was 1 kV. Electrets surface
potential was measured by the method of the
vibrating electrode with compensation by which the
estimated error was better than 5%.

RESULTS AND DISCUSSION

Influence of time storage on electrets surface
potential decay

The dependences of normalized surface
potential on the time of storage under room
conditions for positively and negatively charged PP
composite  films  with  different  weight
concentrations of the TiO, particles (0 wt.%, 2
wt.% and 4 wt.%) have been studied for 70 days.
The surface potential was measured once a week
except for the first 15 days when it was measured
more often because the charge was rapidly
decaying. After this period, steady state values of
the surface potential were established for all of the
samples.

Time dependences of the normalized surface
potential for positively and negatively charged PP
composite films are presented in Figs. 2 and 3
respectively.
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Fig. 2. Time dependences of the normalized surface
potential for positively charged PP composite films.
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Fig. 3. Time dependences of the normalized surface
potential for negatively charged PP composite films.

The results illustrated in Figs. 2 and 3
demonstrate the following:

e The final values of the normalized surface
potential for the samples charged in a positive
corona are higher than those for the samples
charged in a negative corona for all concentration
of the TiO, particles as has been observed earlier
[81;

e For all samples investigated the normalized
surface  potential are  initially  decaying
exponentially for the first 15 days and then are
decreasing slowly and are practically stabilized to
70™ day;

e The normalized surface potential of PP
composite films with concentrations of the TiO,
particles (2 wt.% and 4 wt.%) decays faster than the
one of the pure PP films independently of the
corona polarity. This might be due to conductivity
enhancement with incorporation of the TiO,
particles into the PP matrix, resulting in easier and
faster charge transport in the bulk.
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e The decay of the normalized surface potential
becomes faster with increasing the concentration of
the TiO, particles. When the concentration of the
TiO; particles is higher (4 wt. %), the normalized
surface potential of the composite film decays very
fast and reaches a stable state value depending on
the polarity of the corona as shown in Figs. 2 and 3.
This behavior may be attributed to the fact that the
partial injection of the deposited charges depends
on the level of concentration of the TiO, particles.

Therefore, the incorporation of TiO, particles
with a greater concentration in a matrix of PP leads
to a decrease of the electrets surface potential value.

Influence of different concentration of the filler on
electrets surface potential decay

The dependences of the steady state value of the
normalized surface potential on the different
concentration of the TiO, particles for positively
and negatively charged PP composite films were
presented in Fig. 4.

[ positive
0.8+ 77 negative

0,6
;Q
~
N 0,44

0,21

0,0-
C, %

Fig. 4. The dependences of the steady state value of the
normalized surface potential on the different
concentration of the TiO, particles for positively and
negatively charged PP composite films.

The results illustrated in Fig. 4 show that:

e The stable state values of the surface
potential decrease with increasing concentration
independently of the corona polarity;

e The stable state values of the surface
potential for positively charged PP composites are
higher than those for negatively charged
irrespectively of the concentration of TiO, particles.

Influence of the temperature on electrets surface
potential decay

The dependence of the normalized surface
potential on the temperature for positively and
negatively charged PP composite films with
different weight concentrations of the TiO, particles
(0 wt.%, 2 wt.% and 4 wt.%) was investigated. The
surface potential measurements were performed by

means of the surface potential measurement set-up
at elevated temperatures. The surface potential was
measured every two minutes for 1 hour at a
constant temperature increase.

The dependences of normalized surface
potential on the temperature for positively and
negatively charged PP composite films are
presented in Figs. 5 and 6 respectively.
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Fig. 5. Temperature surface potential decay curves for
PP composite films after positive corona charge.
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Fig. 6. Temperature surface potential decay curves for
PP composite films after negative corona charge.

The experimental results (Fig. 6) show that the
curves of the PP composites are shifted slightly to
higher temperatures with the increase of the particle
concentrations. Probably the introduction of TiO,
particles with different concentration leads to the
creation of new charge traps that require higher
energies for charges release and leads to the curves
shift toward higher temperatures. When the
temperature increases, the transport processes
through the bulk will play a determinant role
because of the increase of both the injection of the
carriers from the surface into the bulk and the
generating of the carriers in the bulk as well as the
increase of their mobility.
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CONCLUSION

The surface potential decays of polypropylene
composite films with different concentration of the
TiO, particles (0 wt., 2 wt.% and 4 wt.%) were
investigated. It was established that there was a
significant change in the electret behavior of the
composite films after the incorporation of particles
with different concentration into the PP matrix. The
normalized surface potential of PP composite films
with concentrations of the TiO, particles decayed
faster than that of pure PP films and the stable state
values of the surface potential decreased with the
increasing concentration independently of the
corona polarity. Therefore, the incorporation of
TiO, particles with a greater concentration in a
matrix of PP leaded to a decrease of the electrets
surface potential value. This might be due to
conductivity enhancement with incorporation of the
TiO, particles into the PP matrix, resulting in an
easier and faster charge transport in the bulk.
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BJIMSIHUE HA KOHLIEHTPAIIUATA HA TiO, YACTUIL BbPXY EJIEKTPETHUTE CBOMCTBA
HA KOPOHO 3APEJIEHU ITOJIUITPOITMJIEHOBUY KOMITIO3UTHN ®UJIMU
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B nHacrosimiara pabora Oeire u3ciaenBaHO BIMSHUETO HAa KOHIEHTpanuaTa Ha dyacTuim oT TiO, cbe cpeleH pa3mep
500 nm BBpXy eNieKTpeTHUTE cBoiictBa Ha nojunporwieHoBd (I1I1) xommosutHu ¢wimu. bsixa mscneasanu [1I1
KOMITO3UTHH (DMJIMH C Pa3IMYHO TETJIOBHO ChAbpxaHue Ha yactuiy ot TiO, (0 wt., 2 wt.% and 4 wt.%) u nebenuna
200 pm. OOpasmure 0s5xa 3apexJaHd MO METoJa Ha KOPOHHMS pPaspsiyi C IOMOIITa Ha TPHUENEKTPOJHA CHUCTEMa B
MIOJIOKUTETIHA W OTpHUIaTeJIHA KOPOHA 33 €HAa MHHYTa IpH cTaifHa Temmneparypa. Ha xopoHupamms enekrpon Oerre
rojaBaHo Hampexenue = 5 kV, a Ha pemerkata +1 kV cbc cbmara moisipHOCT. [IOBBPXHOCTHUST NMOTEHIMAT Ha
MIOJY4YEHHUTE ENIEKTPEeTH Oelle M3MEpeH M0 METOAa Ha BHOpHpaIus eNeKTPOJ C KOMIIEHCAls. 3a OIpenessHe Ha
BIMSHHETO HA YaCTHUIUTE BbPXY CTAOMIIHOCTTA Ha €JIEKTPETHUTE KOMIO3UTHU (HUIMH Oellle M3CIEeIBAaHO CIIaJaHETO HA
MOBBPXHOCTHHS MOTEHIMAI C BPEMETO M TeMIepaTypaTa Ha CbXpaHeHHe. [loimydeHHTe pe3yiTaTH I0Ka3BaT
3HAUYUTEITHO M3MEHEHHE B EJICKTPETHOTO MOBEACHHE HAa KOMIIO3UTHTE CIE] BKapBaHETO HA YAaCTHIM C pa3IMYHA
koHueHTpauust B marpuna ot III. Beme ycranoBeHo, 4e cnagaHeTo Ha MOBBPXHOCTHHSA IOTEHLHAN 3aBHCH OT

TOJIAPHOCTTA HAa KOPOHAaTa M KOHIECHTpauATa Ha YaCTUIIUTE.
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The paper presents the results of the investigation of the surface refractive index and the contact angle analysis of
poly(methyl methacrylate) (PMMA) films. The following two PMMA trademarks, Vedril (Italy) and Plexigum
(Germany) with different molecular weights were used. Films of PMMA were prepared by the drop casting technique
using 10 wt.% solution of PMMA in 1,2-dichlorethane. The surface refractive index was measured by the method of the
disappearing diffraction pattern using a laser microrefractometer at wavelengths of 405 nm, 532 nm and 656 nm. The
experimental uncertainty was 1.5x10™. The obtained experimental data were used for dispersion analysis following the
Sellmeier and the Wemple DiDomenico one term models. The differences between the surface refractive index values
of the upper and lower side of the samples (the sample-air interface and the sample-substrate one) were observed. The
influence of the polymer molecular weight on the surface properties of the lower and upper film’s side was estimated
based on the free surface energy values, calculated with the help of the contact angle technique and the Bickermann’s
method. The refractive index differences observed are analyzed on the basis of the molecular refraction and the free

surface energy components changes.

Keywords: Refractive index, Poly(methyl methacrylate), Contact angle, Molecular weight

INTRODUCTION

Polymethylmethacrylate (PMMA) is an
amorphous thermoplastic which is derived by
addition polymerization of methylmethacrylate.
The polymer has very good optical properties but
has poor scratch resistance. It has the best
transparency of commercially available plastics.
PMMA is versatile material and has been used in
wide range of fields and applications. It can be
purchased in one of several molecular weights. The
refractive index is a basic optical property of
materials and its accurate value is often needed in
many branches of physics and chemistry. The
optical parameters of PMMA depend on its
molecular structure and they can be modified in
different ways [1].

Previously, the refractive index and the
birefringence dependence on molecular weight are
reported for polymer blend films coated on glass
substrates via spin coating [2].

The aim of the present paper is to determine the
influence of the polymer molecular weight on the
refractive index and the surface properties of

* To whom all correspondence should be sent:
E-mail: bodurov@uni-plovdiv.net

PMMA films measured on the two sides of the
films — upper and lower.

EXPERIMENTAL PROCEDURES
Sample preparation

PMMA with trademarks Vedril (Italy) and
Plexigum (Germany) with molecular weights M,, =
115 000, and M,, = 495 000 respectively were used.
10 wt.% solutions of PMMA, weighted with 0.0001
g accuracy in 1,2-dichloroethane were used to
obtain films, coated by casting technique on
suitably cut and cleaned rectangular glass
substrates. The thickness of the films was 160 pum,
measured by Mitutoyo digimatic micrometer with £
1 pm uncertainty. The samples were dried at room
conditions for 24 hours. After drying, the films
were separated from the substrates. All the
measurements were carried out on the upper and
lower side of the samples (on the sample-air
interface and the sample-substrate one).

Refractive index measurement

The surface refractive index of the samples was
measured by the method of the disappearing
diffraction pattern using a laser microrefractometer.

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 77
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Three diode lasers generating at 405 nm, 532 nm
and 656 nm wavelengths were used as light
sources.

The samples were placed between a glass prism
and a metal diffraction grating. To reduce the
Fresnel losses the immersion oil was used as a
contact liquid. At angles smaller than the critical
angle the laser beam passed through a glass prism
and diffracted from the metal grating. The critical
angle value (¢.,) was measured in the air at a
chosen wavelength, and the refractive index of the
sample (n) was calculated by the formula:

n= Nsin{A —arcsin (%ﬂ (1)

where 4 = 65° is the refraction angle of the prism
and N is the refractive index of the prism for the
used wavelengths 1.7347 (656 nm), 1.7480 (532

RESULTS AND DISCUSSION

For all the samples prepared by their separation
from the substrate the refractive indexes of the top
(n,) and bottom (n,) films side were measured.
Table 1 presents the measured values.

The obtained refractive index values were used
to obtain the oscillator (Ey) and dispersion (E,)
energies, as well as the Sellmeier dispersion
coefficients (s) and (A,) using the following
relations [3, 4]:

n—1= L”Z (Wemple DiDomenico)(2)
£: ~(ha)
2
n—1= %,12 (Sellmeier) (3)

where 7 is the Planck constant, w is the angular
frequency and 4 is the wavelength.

nm nd 1. 4 nm). In th resen . . .
) 2 d 7880 (405 ) . the p eser t The obtained values of the dispersion

experiments, a rotary stage with 1 arc min . . .

. . . coefficients are given in Table 2.
resolution was used. The experimental uncertainty
of the refractive index, based on ¢, and 4¢,.,, was
estimated to be less than 1.5x10™.

Table 1. The refractive indexes of the air-film and the film-substrate interfaces.
A =405 nm A=532nm A =635 nm
Sample
n, I B n, I
Vedril 1.5035 1.5045 1.4934 1.4944 1.4889 1.
Plexigim 1.4958 1.4973 1.4854 1.4869 1.4806 1.48219
Table 2. Dispersion coefficients.
Sampl Interfa Sellmeier Wemple and DiDomenico
pic eriace s A, nm E,, eV E,, eV
. upper 1.191 94.68 13.10 15.60
Vedril lower 1.194 94.60 13.11 15.65
Plexioum upper 1.166 97.41 12.73 14.84
g lower 1.170 97.28 12.75 14.91

The dispersion dependences for the samples
constructed by Sellmeier one-term equation are
presented in Fig. 1.

Using the group contributions we can obtain the
refractive index of PMMA structural unit with the
following relation [5]:

n=1(-CH,-)+2(-C00-)+1(,C/)=1475  (4)

which is in fair agreement with the experimental
value (np = 1.490).

According to the Lorentz-Lorenz relation after
differentiation we can obtain the relation between
the refractive index and the changes of the
polarisability, the polymer density and the
molecular weight:
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an_ (w7 -1)(n +2) A_a+A_p_ﬂj )
n 6n° a yo, M

The obtained relation confirms the obtained
experimental results. Optical properties of polymers
are preliminary related to the polymer chain
orientation which significantly depends on the
molecular weight. If we suppose that the
polarizability and the density of the films, remains
unchanged it becomes clear from eqn. (5) that the

refractive index decreases with increase of the
molecular weight.
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Fig. 1. Dispersion curves of the PMMA samples.

In order to investigate the influence of the
substrate on the surface properties of the films,
polar and dispersion components of the free surface
energy of the upper and lower films side were
obtained.

Owens and Wendt [6], and independently of
them Kaelble and Uy [7], proved that the total
surface energy of a solids y;, can be expressed as
the sum of contributions from different inter-
molecular forces at the surface. Thus, the free
surface energy and the polarity P of the solids can
be expressed as:

h
p=L ©)
7,

yvo=ri+y!

where the subscript d refers to the non-polar
London-dispersion force component and % - to the
polar force component which includes dipole-
dipole interactions,  dipole-induced  dipole
interactions, hydrogen bonds, ® bonds, charge

transfer interactions, etc. The dispersion ]/Sd and

y! force components can be determined from the
contact angle 0, data from polar and non-polar
liquids with known dispersion j/li and ;/f: parts of
their surface energy, via the equation [8]:

1+cos@ =24y’ ﬂ +2\/% @ (7)
Iv

}/IV

In our study contact angles of distilled water and
diiodomethane were measured by the sessile drop
method, proposed by Bickermann [9].

Contact angles are closely related to the
wettability and the lower value of the contact angle
means a greater wettability. The wettability is most
often used to determine the suitability of a plastic
polymer surface for bonding. Surface energy is
sensitive to the chemistry of the surface, the
morphology and the presence of adsorbed
materials.

The obtained data is shown in Table 3.

From the data shown in Table 3 we can see that
the water contact angle is less than 90° for both
investigated PMMA films and the polymer surface
is partially wettable. The polarity of the top films
side is changed as opposed to the bottom side in
both PMMA films with different molecular
weights.

The free surface energy for the investigated
samples is presented on Fig. 2.

45
44 | OVedril (Italy)

o 43 -+ EPlexigum (Gemmany) —
g 42
=41

=
" F
39

upper side Lower side
PMMA films

Fig. 2. Free surface energy for the PMMA films with
different molecular weights.

As it is seen from Fig. 2 the free surface energy
of the upper films side is unchanged as opposed to
the lower side in both PMMA films with different
molecular weights.

Table 3. Polar and dispersion components of the free surface energy of PMMA films.

P d

Sample Side 0,0 Oct,, Vs 7s Vs P
[°] [°] [mJ.m?] [mJ.m™] [mJ.m™]
Vedril air 77.6 £1.5 304 +£1.1 5.05 36.41 41.46 0.12
substrate 71.2+23 38.3+0.6 7.99 35.81 43.80 0.18
Plexigum air 83.8+0.8 36.3+0.7 2.40 39.30 41.70 0.06
substrate 73.6+1.4 432 +0.7 7.53 33.63 41.16 0.18

Surfaces with high surface energies display a
strong tendency to adsorb particles (e.g. water
molecules or dust particles) from the atmosphere,

which leads to a reduced wettability. Therefore,
contact angle measurements offer a method for
studying surface aging.
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into account in the optical elements construction.

[IOBBPXHOCTHU CBOMICTBA HA ®UJIMU OT IIMMA C PA3JIMYHA MOJIEKYJIHA MACA

. Boz[ypOBl, W. Bnaesa’, T. Mosuesa’, B. I[parocmHOBal, C. Coitnos'

"Hnemumym no onmuuecku mamepuanu u mexnonozuu ,, Axao. Hopoan Manunoscxu*, BAH, yn. “Axad. [eopeu
bonues”, bnok 109, 1113 Cogus, Pvreapus
’Vuusepcumem no xpanumennu mexnonozuu, 6yn. “Mapuya” Ne 26, 4002 ITnoedus, Buieapus
3 [Tnosouscku yrusepcumem “laucuii Xunenoapcku”, yn. “Llap Acen” 24, 4000 I1noeous, bvizapus

ITocrbnuna Ha 17 oktomBpu 2013 r.; kopurupasa Ha 25 HoemBpy, 2013 r.

(Pesrome)

CratusiTa IpecTaBst pe3ysTaTUTE OT M3CJICABAaHUATA HA TIOBBPXHOCTHUTE CBOMCTBA, MOKA3aTeNsl HA MIPEUyIBAHE U
KOHTaKTHUS BI'b Ha (Guimu ot [IMMA. M3nonssanu ca aBe ThproBcku Mapku [IMMA, Bempun (Uranums) u
[Tnexcurym (I'epmanusi), ¢ pasnuyHa MoJieKyiHa Maca. DuiMuTe ca NONyYeHH MO0 METOZA Ha W3JIMBaHE OT pa3TBOP
ype3 u3nonsBaHeTo Ha 10 wt.% pasrBop Ha [IMMA B auxsopoeraH. IIOBBpPXHOCTHUAT IOKa3aTeNl Ha MpEeUYyNBaHE €
U3MEpEH N0 METOoJla Ha n34e3Bamiarta Ju(pakiMoHHa KapTHHA Ype3 Jla3epeH MUKPOpedpakTOMEThbp MPH ABIDKHHU Ha
BbiHata 405 nm, 532 nm u 656 nm. ExcriepuMeHTaNHaTa HeONpeeneHOCT Ha u3MepBanusaTa ¢ 1.5%10™. Tlomyuenure
eKCIIEpUMEHTAITHH Pe3YJITaTH ca aHAJM3UPaHU Ype3 AUCIIEPCHOHHHUTE MojaenH Ha 3enaMaep n Yemsa u Jn/lomeHuKo.
KoHcratnpanu ca pa3nukd B TOKaszaTeldss Ha NpedylnBaHEe MeXIy ABETe CTpaHW Ha ¢(uiMa — ropHa W JOJHA
(KOHTaKTyBaIla C Bb3AyXa M IOJUIOKKATa, ChOTBETHO). BIHMSHMETO HAa MOJIEKYJHAaTa Maca BbPXY MOBBPXHOCTHHTE
CBOHMCTBa Ha JBETE CTpaHM Ha (HUIMa ca OLEHEHHW OT TIJEeJHAa TOYKa Ha CTOWHOCTHTE Ha CBOOOIHATa EHEpIHf,
M3CIIeBaHa 110 METO/]a Ha KOHTAKTHHS BI'bJI, IPEUIOKEH OT bukepmaH. Pa3nukure B mokasaresuTe Ha MpedynBaHe ca
aHAIM3MPaHU OT IJIE[HA TOYKa HA NPUHOCHTE HA MOJEKyJIsIpHaTa pedpakuus U M3MEHEHHsTa Ha KOMIIOHCHTHUTE Ha
cBOOOHATA TIOBBPXHOCTHA EHEPTUSI.
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Quantification of olive oils is an important issue because of frequent adulteration With cheaper oils such as
soybean, sunflower or canola. The standard chemical methods used to determine the chemical content of the oils are
usually time-consuming, laboratory intensive and expensive. Therefore, we have tested three physical methods
measuring refractive indices and their dispersion curves, fluorescence spectra and DSC spectra that are related to the
chemical structure and content of the olive oils. These methods are fast, easy to perform and do not require any
additional chemical agents. Two groups of olive oils — pure and adulterated, were investigated.

Keywords: refractive index, fluorescence, DSC, olive oils, adulteration

INTRODUCTION

Olive oil is one of the best vegetable oil used in
nutrition, medical treatment and cosmetics. The
accumulated clinical data prove the beneficial
effect of olive oil as a nutrient reducing the risk of
heart diseases, skin diseases, breast, prostate and
gastrointestinal cancer formation, etc. and is
included as an ingredient in a number of
pharmaceutical and cosmetic mixtures. Due to its
higher price virgin olive oil is often adulterated
with cheaper vegetable oils. Olive oil contains a
lower level of saturated and higher level of non-
saturated fatty acids [1], basically oleic acid (64%),
while vegetable oils have a higher level of linoleic
acid [2]. Additions of vegetable oils in extra virgin
olive oil are usually detected using gas or liquid
chromatographic methods [3-4]. The latter methods
are expensive, using numerous chemical agents,
demanding lengthy analysis and qualified personnel
which poses the need for other fast, cheaper and
real time methods. An alternative to
chromatographic methods are spectroscopic
methods which are fast, cheap but with lower
sensitivity [5]. Infrared spectroscopy also needs
preliminary preparation of sample [6-7]. On the
other hand, refractive index and the FTIR spectra of
virgin coconut and virgin olive oil were

* To whom all correspondence should be sent:
E-mail: bodurov@uni-plovdiv.net

successfully used to determine purity of olive oils
[8] and adulteration with sunflower or corn oils [9].
The analysis performed in [10] showed that the
refractive index of the olive oils treated by the
different enzymes slightly changes.

In recent years fluorescence spectroscopy has
been intensively used to study the origin and
contents of olive and vegetable oils [11-12] as well
as the detection of soy and sunflower oils in olive
oil [13].

The objectives of the present work are: to study
the capabilities of a group of physical methods such
as fluorescence spectroscopy in the visible spectral
range, differential scanning calorimetry (DSC) and
laser refractometry to discern extra virgin from
adulterated olive oil without the use of chemical
agents; to propose improved non-traditional
fluorescence and refractometric methods for olive
oil analysis using low-cost light emitting (LED) and
laser diodes (LD).

MATERIALS AND METHODS

Three types of commercially available extra
virgin olive oils (EVOO) from Italy, Spain and
Greece were chosen for analysis and their
characteristics were compared with three different
salad mixtures of olive oil (SMOO) with sunflower
and soy bean oils. The samples were measured
immediately after opening the bottle to avoid
accelerated oxidation processes.

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 81
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Three methods were used: DSC, refractometry,
and fluorescence.

A differential scanning calorimeter SETARAM
141 (France) was used for thermal analysis of the
olive oils. The samples were cooled at a rate of
5°C.min”", from room temperature to -40°C and
were kept for 3 minutes to crystallize the sample.
After this procedure, melting curves were recorded
to 75°C at a heating rate of 5°Cmin™'. The resulting
DSC thermograms were analyzed by SETARAM
software, melting temperature and enthalpy were
determined. Melting temperature was considered as
the temperature of the extreme.

The refractive index (RI) values of the samples
were measured with a total experimental

uncertainty of less than 2x10™* by the method of
the disappearing diffraction pattern [14] for three
laser wavelengths — 405 nm, 532 nm and 635 nm at
a temperature of ¢ = 20°C. The data obtained from
the three wavelengths RI measurements were used
for the construction of dispersion curves using the
one-term Sellmeier equation far from the
fundamental absorption band [15]. By the one-
oscillator ~ Sellmeier’s model used for 3
combinations of RI pairs measured at three
wavelengths we can determine the Sellmeier’s
coefficients from the systems:
2
nj-l:%, i=1,2%i=13i=23 (1)

Then we can calculate the average Sellmeier’s
coefficients s and A for all the samples in order to

obtain more accurate dispersion dependences for
the studied liquids.

Fluorescence spectra were measured using a
fiber optic spectrometer (AvaSpec-2038, Avantes)
and the samples were excited by LEDs at 370 nm,
395 nm, 425 nm and 450 nm using the set-up,
shown in Fig. 1. The spectrometer’s sensitivity is in
the 200 — 1100 nm range with a resolution of about
5 nm. The oil samples were placed in a 10mm x
10mm cuvette and irradiated by LDs or LEDs.
Fluorescence spectra were taken from a direction
orthogonal to the line of transmission (Fig. 1).

The pigments have been determined without
diluting the sample with a cuvette of 1 cm thickness
by using the Lovibond PFX 880 instrument
(Tintometer Limited, UK). Special software of the
equipment has been used to process the data from
the red-yellow-blue (RYB) color scale and to
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calculate the contents of f-carotene and clorophyll
in the samples.

LEDAD Transmitted

Tt Avantes 2043

9

Seattering
Auorescence

Cptical
Fiber
200 wm

Fig. 1. Experimental set-up for the observation of
fluorescence spectra.

All analysis were carried out in triplicate and the
average data are presented in tables. Differences
between means at the 95% (p < 0.05) confidence
level were considered statistically significant.

RESULTS AND DISCUSSIONS

Fluorescence peaks for olive oils are the highest
in the spectral range 671 nm - 675 nm and are
associated with the presence of chlorophyll [15].
For all salad mixes this peak is weaker due to the
higher contents of vegetable oils which have less
chlorophyll. It is known that if chlorophyll is less
than 1 ppm, olive oils contain a large quantity of
sunflower or soy bean oils. Their presence causes a
stronger peak at around 500 - 550 nm, related to the
increase of oxidation products caused by the
increased content of linoleic acid. The fatty acid
content was independently measured by traditional
chemical methods and the results were compared.
The comparison shows that the adulterated samples
contain a lower level of oleic and a higher level of
linoleic acid.

The content of B-carotene is rather high, while
for salad mixtures it decreases. It is comparable to
that of olive oils for only one sample possibly due
to artificial vitamin E enrichment (Table 1).

Since fluorescence spectra are similar, to better
discern extra virgin olive oils from salad mixtures
we calculate the first derivatives of the averaged
fluorescence intensities (dI/dA) results for the three
natural olive oils and the three salad mixtures. The
dependences of the first derivatives of fluorescence
intensity on the wavelength for two types of olive
oils are presented in Fig. 2.While the fluorescence
peak in the first derivative caused by chlorophyll is
clearly observable for the EVOO, for SMOO we
observe mostly noise with weak peaks in the range
from 430 nm to 550 nm due to oxidation products
in the vegetable oils.
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Table 1. Data on the pigments and Sellmeier’s coefficients in olive oils.

Type B-carotene, ppm Chlorophyll,ppm s As
EVOO 1 48,74 4,656 LI11 112
EVOO 2 52,64 3,744 1,114 113
EVOO 3 51,21 7,152 1,111 111
SMOO 1 3,18 0,07 1,134 106
SMOO 2 47,45 0,175 1,132 107
SMOO 3 35,67 0,155 1,133 108
Table 2. Data from DSC analysis of the olive oils samples.
Type T, °C T,, °C Ts, °C Ty, °C Ts, °C AH, J/g
EVOO 1 -4.57 5.31 66.79
EVOO 2 -4.99 5.80 80.92
EVOO 3 -4.12 4.67 82.56
SMOO 1 -29.72 -22.41 -9.22 59.41
SMOO 2 -28.97 -22.67 59.20
SMOO 3 -24.16 -10.47 89.30
EVOO 1.495
600 - 671;?36 A EVOO 1
1.4904 : s EV0O2
4004 1.485 - = EVOO3
w 14831 & SMOO |
200+ 427:268 = | 480 H4n 55 SMOO 2
S o ) i 't;; ; SMOO 3
2t 04 bemnendy : e i .
= R | 2 1475
-200 - 434.268 E 1.4704
-400- & 14651
600 _ | & 1.460-
80— oo — 1433+ ' ' ' '
200 400 600 800 1000 1200 400 500 600 700 800
wavelength,nm Wa\-’ele“gth, nm
a)
200 - Fig. 3. RI dispersion curves of the olive oil samples.
427.269 SMOO . .
150 AesiEE agreement with the results announced in [8]. It was
1004 found for extra virgin olive oils that the refractive
519.562 . ., .
. index and the Sellmeier’s coefficients are
= 50 530.255 734366 . L .
S ] il M : W J obviously lower and the Sellmeier’s coefficient A,
= ] W bl iy (M‘H\“ Ay . . . .
© 5 ' I M are obviously higher than ones for salad olive oils
] ‘ as shown in Fig.3 and Table 1. These changes could
~100 1 be associated with the presence of adulterants in
1504 salad olive oils. Similar increase of the extra virgin
0 A% F0 oh Gmn 3% olive oil refractive index with addition of an

wavelength,nm

Fig. 2. First derivatives of the fluorescence spectra of
salad and natural olive oil for an excitation wavelength

of 425 nm.

Using the Sellmeier’s coefficients - s and A,

(Table 1) obtained from the RI data we calculated
the dispersion curves of RI for all samples in the
spectral range (400-800) nm and plotted them in
Fig.3. The refractive indices of the virgin olive oils
measured at room temperature are in very good

adulterant as refined olive oil, refined olive pomace
oil, sunflower oil and corn oil was estimated in [9].
Melting range and DSC curve shape result from
combined effects between fatty acid composition,
polymorphism and thermal history (Fig. 4). The
extra virgin olive oil has characteristics melting
range from -20°C to 10°C with 2 melting
temperatures of the order of T,=-5°C and Ts=5°C.
In contrast the salad oil melts in the range of -35°C
to 5 °C and there are three endotherm extreme of
the order of T,=-29°C, T,=-22 °C and T;=-10°C
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melting
samples

respectively. All the wvalues for
temperatures and enthalpies of the
examined are presented in Table 2.

# Exo

& & A

SMOO 1

Heat Flow, mW
=

0 0 20 40 60
Temperature, °C
Fig. 4. DSC thermograms of the olive oil samples.

-40 -2

The results obtained for the melting
temperatures of extra virgin olive oils are in good
agreement with previous researches [16-17]. The
low temperature melting is due to presence of
adulterants — most probably sunflower oil, which
has melting temperatures at -29°C and -22°C. The
absence of the highest melting temperature could be
explained by the decrease of the lipid fraction with
higher saturation degree (disaturated
triacylglycerides, monosaturated triacylglycerides,
palmitic and stearic acid) that is expected to melt in
the temperature range of the minor shoulder peak
[18]. The shift of the major peak to lower
temperature could be associated with the presence
of adulterants. It may be hypothesised that the
change of the chemical composition of the salad
olive oils induced by increasing percentages of
sunflower oil may have influenced the formation of
different and less stable polymorphic crystals than
those of pure oil, which also may melt at lower
temperature [18].

CONCLUSIONS

Comparative analysis shows that all pure olive
oils exhibit a higher fluorescence peak at 670 nm
while the adulterated have a higher peak in the 490
nm — 540 nm range. Correspondingly the refractive
indices of pure olive oils are lower compared to the
adulterated. The melting temperatures of the pure
samples were of the order of -5°C and +5°C while
those of the adulterated ranged in the -10°C to -
29°C temperature interval.

These preliminary results suggest that all the
presented physical methods are correlated and
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could be useful for a fast detection of adulteration
and discriminating among olive oils of different
commercial categories.
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OTKPUBAHE HA ITPUMECH B 3EXTHH YPE3 OIITUYHU 1 TEPMWUYHIN METO/I1

n. Boz[ypOBl, . BnaeBaz, M. Mapyz[OBa3 ,T. ﬁOBHeBa3, K. HI/IKOJ'IOBaZ, T. E(bTI/IMOB3 , B. [Tnaukosa’

"Hnemumym no onmuunu mamepuanu u mexnonozuu, Bvneapeka axademus na naykume, yi. Axao. I'. Bonues, 61.109,
1113 Coghus, bvreapus
’Vuusepcumem no xpanumennu mexnonozuu, 6yr. Mapuya 26, 4002 ITnosous, Bvreapus
3 Mnosouscku Yuueepcumem ,,I1. Xunenoapcku”, yn. Llap Acen 24, 4000 I[1rosous, Bvacapus

Iocrpnuna Ha 17 oktomBpu 2013 r.; kopurupana Ha 25 HoemBpH, 2013 .

(Pe3rome)

KauecTBOTO Ha MacIMHOBOTO MAaclio € BayKeH IMpoOJIeM, 3alllOTO MHOTO YeCTO TO CE€ MPHUMECBa C HIKOW €BTHHHU
PACTHTEIHM Ma3HHHU KAaTO  COEBO, CIIBHUOTIICJIOBO WM pamuvHo onno. CTaHTapTHUTE XUMHYECKH METO.H,
M3II0JI3BAHU 32 OTpe/AessiHe Ha XMMUYHHSA ChCTaB HA MacjiaTa ca 0aBHH, CKBIIM M M3HCKBAT CIIEIIHAIHO 00OpyIBaHE.
3aroBa Hue mpeajarame Tpu (U3MYHA METOJa, M3MEPBAIlY MOKa3aTelsl HA MpevynBaHe U JUCIHEPCHOHHUTE KPUBH,
¢dnyopecuentaute crekrpu U DSC cnekTtpure, KOUTO ca CBbP3aHH C XMMHYHATA CTPYKTYpa W ChAbPXKAHUE Ha
MacJIMHOBOTO Macyo. Te3u MeTou ca Obp3H, JIECHH 3a yrnoTpeda U He M3UCKBAT XUMHYECKU PEareHTH.
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In this paper the silver mobility in thin chalcogenide films is investigated. The diffraction gratings in 96 nm thick
As,S; films are holographically recorded using evanescent wave, created by total internal reflection and normally
incident plane one. The grating step A is 447 nm and corresponding spatial frequency is 2237 mm™. 5 kV corona
discharge is applied during the holographic recording. The maximum measured value of the diffraction efficiency is
greater than 8%. The mobility of silver, u, at temperature 17°C is calculated by the Nernst-Einstein equation. The
diffusion coefficient D is obtained using the method of holographic grating spectroscopy (Forced Rayleigh Scattering).
The dependence of the diffusion coefficient and the mobility of silver on corona charge polarity are investigated.

Keywords: Chalcogenide glasses, Forced Rayleigh Scattering, Silver electromigration, Diffusion coefficient, Silver ion

mobility

INTRODUCTION

Seven years after the pioneer work of Kostyshin
and co-workers [1], the conductivity increase of the
As,S; bulk samples was observed in an electric
field [2]. As a result of this investigation, one quite
natural question is raised: How the external electric
field will influence the silver transportation into the
chalcogenide glasses? As far as we know, the
answer was given for the first time by Lebedev and
co-workers [3, 4] in 1975. For As,S; samples it was
found that the migration of the noble atom in singly
charged ionic form was accelerated by the
application of the external electric field.

The main futures of these investigations are:

1. The ionic mobility was obtained in high
temperature region 120 °C — 180 °C.

2. The time-consuming radioactive tracer is
applied for the diffusion coefficient determination.

3. The investigations was carried out in bulk
As,Se; samples.

In the present work the electromigration of
silver is studied in following different conditions:

1. The nanometer thick samples are used.

2. The electromigration is studied by corona
discharged electric field.

3. The diffusion is studied by holographic

*
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method of Forced Rayleigh Scattering.

4. The experiments are carried out at
temperature, 17 °C.
EXPERIMENTAL
Sample preparation

We performed holographic recording in an
As,S3/Ag/Cr multilayer system. Firstly, a thin
transparent chromium electrode with 10 nm
thickness was deposited on a glass substrate by
radio-frequency sputtering in argon plasma. A thin
silver layer (dag ~20 nm) was sputtered over the
chromium film in the same vacuum cycle. Thin
As,S; films with thicknesses 96 nm were deposited
on the silver coating by high vacuum thermal
evaporation in a Leybold Heraeus A 702 Q
depositing system. The chalcogenide films were
prepared in a vacuum of 10~ Pa, at a deposition rate
of 0.1 nm.s’'. The constant thickness of the
obtained layers was guaranteed by the planetary
rotation of the substrate holders.

Optical arrangement

The general optical arrangement for holographic
recording is given in Fig. 1.

In the optical system a crown K-8 glass 45-90-
45 prism for the holographic recording was used.
The refractive index of the prism at wavelength A =
442 nm was n = 1.526 and the calculated critical
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angle was ¢, = 40.9°. Therefore the incidence
angle ¢ = 41.5° was selected for the experiments.

Corona electrode—
\ . +5kV

Ag _ // ;KLFY

Cr
Glass substrate
Matching liquid

Glass prism
442 nm

Fig. 1. Optical set-up for evanescent-wave holographic
recording.

The total light intensity of the recording He-Cd
laser was 10 pW.cm™ For real-time diffraction
efficiency monitoring a He-Ne laser with 23
uW.cm™ intensity was used. The reconstructed red
light beam was measured with “Thorlabs” PM 130
powermeter. Signal to noise ratio was higher than
100:1. Microscope oil with refractive index 1.53
was used as a matching liquid between the substrate
and the prism’s reflecting wall. When the exposure
was switched off at the maximum point of the
diffraction efficiency (DE), high voltage with
different polarity (+ 5 kV) was applied to the
corona electrode (needle), situated at a distance of
10 mm from the As,S; film. The Cr sub-layer was
used with a spring —contact as a second electrode
and to improve the adhesion of the silver to the
glass substrate. The corona discharge occurred
between the needle and the grounded electrode (Cr
sub-layer).

Auger characterization

The AES analysis is performed with a
microprobe (including a cylindrical mirror analyzer
with a coaxial electron gun), mounted in a stainless-
steel bell year at a working pressure 1.3x10™ Pa.
The analyzer’s energy resolution is about 0.3%. It
uses 0.08 pA current and 3 keV electron beam with
a diameter 10pm, directed normally to the surface.
The spectra are differential; the modulation voltage
is 4 V,., The profiling is performed with a 3 keV
Ar'-ion sputtering at an angle of 79° to the surface
normal. The following Auger peaks were monitored
S (152 eV), C (272 eV), Ag (356 eV), O (510 eV),
Cr (529 eV) and As (1228 eV). Their intensity was
measured peak-to-peak.

Previous results of As-S-Se/Ag [5] showed that
the electron beam induced additional silver
diffusion  into  the  chalcogenide  glasses
composition. In order to avoid the phenomenon the
time of electron-beam interaction with matter

should be as short as possible. Therefore instead of
the conventional, the crater-edge profiling was
utilized. The latter approach consists in etching a
crater in the studied specimen and successively
scanning the fabricated edge by the electron beam.
Thus, the duration of irradiation at each scanned
spot is reduced to less than 1.5 min and the
accumulation of silver is prevented.

RESULTS AND DISCUSSION

Fig. 2 presents Auger profiles of Ass S layers
after holographic recording in the presence of the
negative and positive corona electric field. The
AES profiles reveal uniform distribution of all the
elements in the depth (Figs. 2, 3). The AES analysis

1.0
=5
X 08} Az
= « —Cr
= L v As
E 0.6
a = L B | -
R = S <
8 L] .! L] : ¥
L] L] L -
g 02R°* oy v
[=] L]
U A L]
0.0

0 20 40 60 80 100 120 140
Depth, nm

Fig. 2. Auger profiles of silver doped AsgS¢o films
obtained by negative corona discharge treatment.
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Fig. 3. Auger profiles of silver doped AsyS¢o films
obtained by positive corona discharge treatment.

showed presence significant amount of embedded
carbon (it is not shown in figures), due to the
immersion fluid used in the process of holographic
record. The ratio of S/As for negative electric field
treated sample is 2:1, while this ratio varied from 1
(to the surface) to 1.7 in the case of positive electric
field treated samples. The results showed that the
silver is approximately homogenous distributed in
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the samples, independently from the electric field’s
polarity. The composition analysis showed that the
ratios (S+As)/Ag are 4.3 and 2.8 for positively and
negatively charged samples, respectively.

The time dependencies of the diffraction
efficiency during the holographic recording in the
presence of negative or positive corona discharge

are shown in Fig. 4.
As S /[ Ag |

0.6¢

1®
0,4-§

0.2 Positively charged

.
-®

o :
j ® Negatively charged
0

Diffraction efficiency, a.u.

0.0

100 200 300 400
Time,s

Fig. 4. Normalized diffraction efficiency of holographic
recording in the presence of a corona discharge.

The experimental results show that the
diffraction efficiency changes more drastically in
the first (50-60) s of the holographic recording. The
time-dependent decay of the diffraction efficiency
is proportional to the interference term and its time
constant T can be obtained by fitting of the
experimental data with time dependent expression
described in [6].

The diffusion coefficients D are calculated with
the help of the method of the holographic grating
relaxation  spectroscopy  (forced  Rayleigh
scattering) [7] by the following relation using
already obtained values of the time constant t:

D= ﬁ10_” cm’.s!
T

forA=442nm (1)

and they are found to be D = 5.1x10™"° cm’s™ and
1.7x10"° cm’s™ for negatively and positively
charged samples, respectively.

With the obtained values of the diffusion
coefficient, the mobility of silver ions is calculated
using the modified Nernst-Einstein relation:

q e
DL _pli+a >
u=Drr =D (1+4) @

where e is the elementary charge of the electron; q
is the silver ions charge; k£ is the Boltzmann
constant; 7 is the absolute temperature; A is the
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correction coefficient [8] and in our case it is
defined as:

A= (,-1) 3)
2(2¢, +1)

For As;S; the constant ¢y is 7.8 [9, 10] and the
correction coefficient was calculated from eqn. (3)
to be A = 0.205. This result is in very good
agreement with the experimentally obtained value

of the silver ions charge g = (1 2+ 0.2)6 reported

in [3].

The values of the silver ions mobility are
calculated from eqn. (2) to be 2.4x10™"" cm’V''s™
and 0.8 x10"" cm’V's' for negatively and
positively charged samples, respectively.

In our room temperature experiment the
mobility of silver’s ion is about three orders of
magnitude smaller, compared with the high
temperatures value of the silver’s ion mobility in
bulk chalcogenide glass samples. The temperature
dependence of the mobility of silver’s ion is
presented by Lebedev [3] by the following relation:

U
U= 9exp(—k—Tj “4)

where U is the
electromigration.

It should be noted that in [3] Lebedev and co-
authors have accepted that U = 0.80 eV. Most
common ionization state of silver is +1. The

activation energy of the

activation energy in our case is
U 0.80

U =—Lebeder — "~ — (.67 eV. So, for T=290 K
(1+A) 12

from eqn. (4) we have u = 2.1x10"" cm?/Vs, that is
in good agreement with the experimentally
obtained value for 100 nm thick film.

CONCLUSION

The combination between the holographic
grating spectroscopy (Forced Rayleigh Scattering)
and corona charging seems to be a useful
experimental method for electromigration study of
nanometer-thick materials. It should be noted the
main advantaged as:

1. Negligible Joule heating.

2. The measurements are express.

3. One contact plate electrode is needed.

4. The sub-layer (Cr) electrode could be used

for the sample heating for high temperature
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OTHOCHO EJIEKTPOMUI'PALIMATA HA CPEEPO B HAHOPA3MEPHUN ©®UJIMU OT AS,S;

. BOI[ypOBl, P. TO,I[OpOBl, T. Mosuesa®, I'. Cracos' u C. Chitros'
"Hnemumym no onmuuecku mamepuanu u mexnonozuu ,, Axao. Hopoan Manunoscxu ', BAH, yn. “Axao. Ieopeu
bonues”, bnox 109, 1113 Cogpus, bvacapus
?[Tnosouscku ynusepcumem “Ilaucuii Xunenoapcku”, yu. “Llap Acen” 24, 4000 ITnosous, Bvacapus

Ilocrbnuna Ha 17 okromBpu 2013 r.; kopurupasa Ha 25 HoemBpy, 2013 r.

(Pestome)

B Hacrosiara pabota e u3ciieiBaHa OABHKHOCTTA Ha CPEOPOTO B THHKU XaJIKOTeHUHHN (hriiMu. BB dpunmu As,S;
¢ nebenuHa 96 nm Osxa 3amucaHu xonorpadcku AUGPaKIUOHHU PELIeTKH Ype3 M3I0I3BaHeTO Ha HOPMAJIHO IMaJjalia
BBJIHA M Ha 3aTHXBallla BbJIHA, Ch3/IaJIeHa IPY IIBJIHO BBTPEIIHO oTpaxkeHue. CThlKaTa Ha penierkara /4 Oemre 447 nm
ChC CHOTBETCTBAIIA IPOCTPAHCTBEHA YecToTa 2237 mm'™'. 3amuchT Gellle OCHIIECTBEH ¢IHOBPEMEHHO C MpHIAraHe Ha
eJIEKTpUYHO 1ojie Ha 5 kV kopoHeH paspsia. MakcumanHara nu3Mepena qudpaxkunonHa eeKTHBHOCT Oerle Mo-roisMa
ot 8%. IlomBmwxHOCTTa Ha CcpebpoTO, i, mpu Temmneparypa 17°C, Oeme H3UMCIeHAa C ypaBHeHHEeTOo Ha HepHct-
Attamaitn. Koepummentst Ha mudy3ms D Oeme TOTydeH IO MeToJa Ha Xojorpadckara pellakCaloHHA
cnekTpockonust (Popcupano pasceiriBane Ha Perneit). M3cienBana e 3aBrcuMOoCTTa Ha KoeduienTa Ha audy3us u Ha
MOABI)KHOCTTA Ha cPeOPOTO OT MOJPHOCTTA HA KOPOHHUS Pa3psil.
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The possibilities for modification of sol-gel ZrO, thin films by excimer laser radiation with respect to their potential
application in heterogeneous catalysis are studied. It is established that as a result of laser irradiation, the film
microstructure is strongly modified and a higher specific surface area is obtained. It is observed also that amorphous to
crystalline phase transition occurs in the exposed film areas. The excimer laser modified surface is found to be active in
promoting of electroless metallization with Ni and Cu. The results obtained are very encouraging for further catalytic

applications of the thin sol-gel zirconia films.

Keywords: ZrO, thin films, sol-gel, excimer laser processing, electroless plating

INTRODUCTION

Thin films of ZrO, (zirconia) have beneficial
ceramic properties [1] which offer various
possibilities for technological applications as, for
example, optical coatings, thermal barrier as well as
catalysts or catalytic supports [2]. As known, the
active part of the contemporary catalysts represents
highly dispersed nanostructured metal clusters on
proper  catalyst supports.  Therefore, the
metallization  process is of great importance for
development of advanced materials on the base of
ceramics. However, reliable and reproducible
deposition of metals on thin ceramic films still
remains a key problem that needs to be optimized
since the experience on the metallization of bulk
ceramics can not be directly applied to thin film
materials.

Variety of methods and techniques for
modification of ceramic thin films and their
properties are described in the literature [3-5]. In
that respect, the excimer lasers are among the most
powerful and efficient tools. Recent investigations
show that laser irradiation of sintered alumina
induces extremely fast melting/quenching processes
resulting in the evolution of y-Al,O; [6]. On the
other hand, microstructure modification and

* To whom all correspondence should be sent:
E-mail: julita@iomt.bas.bg

separation of metal phase in ceramic thin films
under excimer laser exposure is also found to take
place [7, 8]. Both types of phase transitions are
known to be responsible for the catalytic activity of
some oxide ceramics towards electroless metal
plating. That approach could be applied for
functionalization of zirconia films with respect to
their application in heterogeneous catalysis.

Since the construction of three way catalysts for
exhaust gases conversion, attempts for substituting
ceramic supported noble metal catalysts by
inexpensive transient ones or theirs oxides have
been made. In this respect copper (Cu) and nickel
(Ni) as well as their oxides are among the most
intensively studied systems. The other way to
produce a cheaper catalyst is to decrease the price
of the catalyst support. A promising low cost
technique for preparation of thin zirconia films is
the sol-gel method, which has the advantage of
being able to form homogeneous thin ceramic films
at low temperatures onto complex shapes [9].

In the present paper the possibilities for surface
modification of sol-gel ZrO, thin films by excimer
laser processing are studied. Besides, the catalytic
activity of exposed samples toward Ni and Cu
electroless plating is investigated. The results
obtained are discussed in the view point of potential
application of the sol-gel ZrO, films in
heterogeneous catalysis.
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EXPERIMENTAL

The experiments were carried out on sol-gel
710, thin films with thicknesses between 400 and
1000 nm. The samples were prepared via multiple
spin coating from zirconium propoxide solution,
stabilized by acetyl-acetone, at room temperature.
The substrates used were preliminary cleaned Ca-
Na silicate glass plates or sheets of chemically
roughened stainless steel. The preparation
procedure consisted in consecutive spin coating of a
single layer followed by thermal treatment at 350
°C. Thus, multilayered ZrO, films with different
thickness were obtained. These samples were
exposed to excimer laser radiation and after that
chemically treated in electroless baths for metal
deposition. The irradiation was carried out by a
KrF™ (=248 nm) or ArF" (A =193 nm) excimer
lasers applying single shots or multiple pulses in
repetitive rate of 1 Hz. During the exposures the
pulse energy density was in the range between 0.4
and 1.7 J/em® and was always kept below the
ablation threshold of the material. For metallization
of the exposed layers two commercial baths were
chosen — one for Ni- and the other for Cu-plating.
The surface morphology of the samples was imaged
under Philips 515 scanning electron microscope
after each stage of experimental process. The phase
composition of irradiated and non-irradiated ZrO,
films were followed under SEM and by means of
XRD analysis.

RESULTS AND DISCUSSION

Fig. 1 presents SEM micrographs of the surface
of non-irradiated (a) and irradiated by ArF" laser
with 10 pulses at pulse energy density of 0.88 J/cm®
(b) 400 nm thick ZrO, sol-gel film as well as the
corresponding Zr X-ray mapping (Fig. lc, d). As
seen, due to the laser absorption, the microstructure
of the films is strongly modified and is distinctly
different from that of the non-illuminated sample.
Besides, an appearance of fine morphological
details like bubbles and pores in the exposed
ceramic films is detected. Obviously, these changes
are due to the occurrence of fast melting/re-
solidification processes in the samples thus
increasing their specific surface area. Moreover, the
Zr X-ray maps evident that the ceramic film is
uniformly distributed on the substrate and after
laser irradiation remain unchanged. Therefore, the
laser energy density is below the ablation threshold
of the material and the radiation used do not causes
films damages.

Fig. 1. Scanning electron micrographs (a, b) and
corresponding Zr (K,) (c, d ) elemental X-ray maps of
non-irradiated (a, ¢) and irradiated (b, d) 400 nm thick

710, sol-gel films deposited on stainless steel substrates.

c-ZrO2

X-ray intensity

Fig. 2. X-ray diffraction spectra of 400 nm sol-gel ZrO,
film deposited on glass substrate, before (a) and after
irradiation (b).

Fig. 2 presents XRD spectra of 400 nm sol-gel
ZrO, film, deposited on glass substrates, before (a)
and after irradiation (b). Evidently, as a result of
laser irradiation a phase transition from amorphous
to crystalline state takes place. The crystalline
phase was identified as high temperature cubic
modification of zirconia, c-ZrO,, known as a
promising catalyst [2]. Unlike those deposited on
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glass substrates, the sol-gel films coated on
stainless steel plates comprise both amorphous and
orthorhombic zirconia phase. Under conditions of
single shot irradiation of 800 nm thick films, a
complete amorphous to orthorombic zirconia phase
transition takes place.

Fig. 3. SEM micrographs (a, b) and corresponding Ni
(Ky) (c, d ) elemental X-ray maps of non-irradiated (a, c)
and irradiated (b, d) 400 nm thick ZrO, sol-gel films
deposited on stainless steel substrates after electroless
plating.

Further, the excimer laser modified surface was
found to promote both the electroless plating of
nickel and copper. Fig. 3 presents scanning electron
micrographs of the surface of as deposited (a) and
laser irradiated (b), processed in Ni-electroless bath
as well as the corresponding nickel X-ray maps (c,
d). As can be seen from the SEM micrograph in
Fig. 3a, regularly distributed aggregates are formed
on the surface of the laser-irradiated and chemically
treated sample. In this case the X-ray map (Fig. 3d)
evidences a high density of Ni (K,) X-ray counts,
which follow the distribution of the electroless
deposited aggregates. It is thus clear that the laser-
modified zirconia surface activates the process of
the Ni-electroless plating. The micrograph in Fig.
3¢ displays Ni background signal that is consistent
with the absence of metal aggregates on the surface
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of non-irradiated and chemically treated sample
(Fig. 3a). It should be noted here that the EDS
analysis performed reveals a uniform Zr
distribution in both as-deposited and laser irradiated
sol-gel films after the chemical treatment. This is an
evidence for the relatively good chemical stability
of laser-modified samples in the Ni bath used.

Fig. 4. SEM micrographs of irradiated by KrF* excimer
laser 800 nm stainless supported ZrO, sol-gel film after
Cu-electroless plating.

Similar experiments were performed in order to
study the possibilities for electroless deposition of
Cu on the surface of laser irradiated sol-gel ZrO,
films. An example for the coatings obtained is
demonstrated in Fig. 4, where a SEM micrograph
of the surface of 800 nm stainless supported ZrO,
film, irradiated by KrF' laser at pulse energy
density 1.7 J/em® is presented. It was also
established that both irradiation and plating
conditions can be efficiently optimized with respect
to the size of deposited Cu clusters, which is an
important prerequisite for practical application of
the results obtained.

CONCLUSIONS

The results of the present study show that the
excimer laser processing modifies significantly the
structure of ZrO, thin films, obtained by the sol sol-
gel method. The evolution of the specific surface
area as a result of laser absorption combined with
opportunity for electroless plating of catalytic
active metals reveals possibilities for the
development of both catalytic supports and
catalysts, based on thin sol-gel zirconia films.

Acknowledgements: The authors are grateful to
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(Pesrome)

W3cnenBanu ca BB3MOKHOCTHTE 3a MOAMGUKAIWs Ha 30i1-redl ZrO, TBHKH CJ0eBe Ype3 €KCUMEPHO Ja3epHO
O6J'IT)‘IBaHe 10 OTHOLICHUE HAa MOTCHUUAIHUTEC UM IMPUIIOKCHHA B XCTCPOICHHUSA KaTalInus. YcTaHOBEHO €, uc
B pE3yJITaT Ha JIAa3€PHOTO OOJ'bYBAHE MUKPOCTPYKTYpATa Ha CJIOEBETE CE MPOMEHS 3HAYUTEIIHO, KOETO BOJU
J0 yBenWuyaBaHe Ha creruduyHata UM MOBBPXHOCT. CBHINO Taka € YCTAHOBEHO, Ye B CKCIOHHPAHHUTE
obnmactTy HacThIBa (a3oB Ipexoa OT aMOp(PHO KBM KPHCTATHO ChCTOsTHHE. HamepeHo e, 4e masepHo
MOﬂI/I(l)I/IIII/IpaHI/ITe MOBBPXHOCTU MPOABABAT AKTHBHOCT IO OTHONICHWE Ha OTJIAraHC Ha Ni u Cu npu 06pa60TKa B
CHOTBETHHTE XuMHUYecku Ganu. [lodydeHHMTE pe3yNTaTH ca MHOToOO€maBallld C OTJIE] Ha MO-HATATHIIHU
KAaTATUTHYHH TPUIIOKEHHS HA THHKHU CJIOEBE OT UPKOHHUEB OKCHUJI, TIOJTYYCHH IO 30JI-Te METOI.
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Inorganic micro-fibers of alumina are successfully produced by the method of electrospinning. A simplified
procedure of the solution preparation is applied. It is based on single organic precursor dissolved alcohol and excludes
the use of assisted polymer usually added to facilitate further fiber formation. Thermal treatment of the as-spun fibers is
applied to remove the rests of organic components and for final inorganic mat synthesis.

The morphology of the as-spun and thermally treated fibers is imaged by scanning electron microscopy. Their phase
composition is studied by XRD and SAED. The potential for ecology applications of the mat prepared is discussed.

Keywords: alumina fibers, electrospinning, catalytic materials

INTRODUCTION

AlLOj; is known as a functional material in many
applications, due to its exceptional physical and
chemical properties like high electronic
conductivity of some alumina phases, chemical
inertness and mechanical stability. Thin films,
nanoparticles, micro- and nanofibers of ALOs;,
together with the bulk material, are applied in
electrical and electronics industries, catalysis,
medicine, ecology etc. [1-4].

The method of electrospinning is discovered at
the beginning of the 20 century by Zeleny [5,6].
Now, it is one of the main bottom — up approaches,
used for the nanomaterials preparation. The
electrospinning is the most versatile and simplest
one between all methods for preparing micro- and
nanofibers, as drawing with a micro-pipette,
template synthesis, phase separation, chemical
vapor deposition, and melt blowing [7-9]. It is also
potentially scalable and requires little equipment.

In the method, a precursor solution of the fiber
material is enclosed in a syringe, putted in a
mechanical pump, ensuring a uniform supply of the
solution. A high voltage is applied between the
needle of the syringe and a metal plate, serving as a
fibers collector. The electric field charges the
solution. At certain value of the electric force, the

surface tension of the precursor solution is
overcome, the drop elongates and a jet is formed.
The jet dries during the flight to the opposite
electrode and solid fibers are collected on it. The
process of fiber formation could be controlled by
several  essential  parameters —  solution
concentration and viscosity, strength of the applied
voltage, distance between the drop and the
collector, ambient temperature and humidity.

In the years, the method of electrospinning has
been applied for preparation of fibers of polymers,
hybrid materials and inorganic substances. In the
last decade many experiments have been carried out
for the production of ceramic fibers by this method:
Al,O; [10], ZrO, [11], TiO, [12], SiC [13], ZnO
[14], CaP [15]. The classical receipt for inorganic
fibers preparation by the method of electrospinning
includes from one side a precursor solution of the
Al and from the other - a polymer component,
aiming to facilitate the fiber formation process. For
preparation of Al,O; fibers, Azad et al. use Al 2,4-
pentanedionate and polyvinylpyrrolidone in ethanol
as a polymer component of the electrospinning
solution [16]. In other research, Panda and
Ramakrishna apply two different precursors —
aluminium acetate and aluminium nitrate, as well as
two types of polymers — polyvinyl alcohol and
polyethylene oxide in the process of the Al,O;
fibers formation [17].

* To whom all correspondence should be sent:
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The aim of the present work is to synthesize
successfully Al,O; fibers, using only an organic
precursor for Al. Thus, we eliminate the additional
polymer component, used by other authors and
simplify the procedure for Al,O; fibers formation.

EXPERIMENTAL

High purity (99.995%) aluminum sec-butoxide
(AI(OCH[CH3]CyH3)3) from Sigma-Aldrich Co,

USA was used as a precursor for the synthesis of
ALO; fibers. As the viscosity of the pure butoxide
was very high, thus obstructing the electrospinning
process, a butanol (CH3(CHp)30H, Sigma-Aldrich,

99.9%) was added as a solvent. Experiments were
carried out with 3 different solvent to precursor
mixing ratios: 3:1, 5:1 and 7:1. In all 3 cases, a
stirring for few minutes with a magnetic stirrer was
applied and homogeneous solutions were prepared.
After that the solutions were drawn into 5 ml
syringes, supplied with stainless steel needles. The
syringes with the different butoxide contents were
mounted successively on the mechanical pump of
the electrospinning installation and different mats
were collected.

The electrospinning apparatus is home made
vertical realization of the set-up. It consists of three
main parts — a DC power supply with maximal
voltage 30 kV, mechanical mechanism for pumping
the solution with constant rate and grounded
collector electrode from aluminum foil. At the
beginning of the electrospinning process, the pump
is started. The piston moves and presses uniformly
the solution in the syringe. When the high voltage
is not applied yet, the liquid from the syringe drops
on the collector. After connecting the needle to one
terminal of the power supply and the collecting
electrode to the other, under the voltage of about 15
kV, the drops from the electrospinning solution
transform into a long jet. When the distance
between the tip of the needle and the collecting
plate is big enough, the jet accomplishes a
movement by spiral trajectory and dries. At the end
of its path on the collector, it was completely
transformed in a solid fiber. The totality of fibers
form so-called non-woven mat. One part of the as-
spun fibers is separated for different analysis —
Scanning Electron Microscopy (SEM),
Transmission Electron Microscopy (TEM), X-ray
difractometry (XRD). The remaining fibers are
thermally treated in a programmable oven
Dentamatic 6000, Tokmet -TK Ltd. and also
analyzed after calcination.

The calcination procedure of the fibers,
produced from aluminum sec-butoxide aims to
eliminate definitively the rest of the organic
precursor and solvent, to stabilize the fibers, to
increase  their crystallinity and to create
predominantly one or another of the crystalline
phases of the alumina, depending on the
temperature. The as-spun fibers are thermally
treated up to 800°C, starting from room
temperature and following a special three-step
procedure. At the first stage the samples are heated
at 120°C in order to eliminate the volatile organic
compounds. Fibers calcination is accomplished
during the second stage when they are held at
360°C. The third step leads to complete
crystallization of the fibers applying thermal
treatment at 800°C. Duration of each stage is one
hour and the heating rate from one to other stage is
1.6°C/min. The fibers annealing is carried out in a
quartz tube with pure dry air flow for better
elimination of the volatile components and for
complete oxidation of the aluminum to alumina.

The study of the fibers morphology is
performed by digitalized scanning electron
microscope Philips 515 at accelerating voltage 25
kV. The microstructure of the fibers is carried out
by transmission electron microscope JEOL JEM
2100 at accelerating voltage 200 kV. The phase
composition of the mat is determined by X-ray
powder diffractometer Philips PW 1710/00 and by
selected area electron diffraction (SAED) mode of
the transmission electron microscope.

RESULTS AND DISCUSSION

Three types of electrospinning solutions, with
butoxide to butanol ratios: 3:1, 5:1 and 7:1 were
examined. Visually, the best quality fibers and the
best electrospinning process were produced at the
ratio 5:1. All further results presented in this paper -
morphology, microstructure and phase
composition, will be referred to this ratio.

Except the properties of the solution, the process
of the electrospinning and the quality of the fibers
produced depend on the electric field parameters.
The SEM micrographs of the as-spun fibers,
prepared at three different strengths of the electric
field: E<1 kV/cm, E=1 kV/cm and E>1 kV/cm are
presented in Fig. 1 a), b) and c), respectively. It is
seen that when the strength is E<1 kV/cm or E=I
kV/cm, the fibers growth defectless, while at E>1
kV/em, the defects like beads appear in the
structure of the fibers. More over, in the last case,
the fibers are fragile and crushed. In all these
experiments, the applied voltage is kept at 15 kV,
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but the distance between the needle tip and the
fibers collector is varied. At the beginning it is
equal to 20 cm, thus ensuring a strength of the
electric field E<1 kV/cm. After that, the distance is
diminished consecutively to 15 cm and 10 cm for
E=1 kV/em and E>1 kV/cm, respectively. The
distance of 10 cm is insufficient for the solvent to
leave completely the jet of the solution. Its
evaporation continues and after that the jet reaches
the collector, thus causing the formation of crushed
web.
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Fig. 1. SEM micrographs of as-
spun fibers, prepared at
strengths of the electric field:
a) E<I kV/cm, b) E=1 kV/cm
and ¢) E>1 kV/cm.

Fig. 2. Diameter
distribution of as-spun
fibers, prepared at
electric field: a) E<1
kV/em, b) E=1 kV/cm
and ¢) E>1 kV/em.

The morphology of the fibres after additional
thermal treatment at 800°C during 1 hour is imaged
in Fig. 3. The micrographs for the different
strengths of the electric field are presented, as
follows: a) E<1 kV/cm, b) E=1 kV/cm and c¢) E>1
kV/em. The fibrillose morphology is stable and
remains unchanged after the thermal treatment
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which indicates that the applied scheme of
annealing is suitable for the samples studied.

Fig. 3. SEM micrographs of
annealed at 800°C fibers,
prepared at strengths of the
electric field: a) E<1 kV/cm,
b) E=1 kV/cm and c) E>1
kV/cm.

Fig. 4. Diameter
distribution of
annealed at 800°C
fibers, prepared at
electric field: a) E<1
kV/em, b) E=1 kV/cm
and ¢) E>1 kV/cm.

The micrographs in Figs. 1 and 3 are processed
with the computer program Imagel [18] and the
distribution of the fibers diameters is presented as
histograms in Figs. 2 and 4, respectively. The
diameters of the as-spun fibers lie in the interval
from 1.5 to 7 um. Their mean values d,,, differ for
the different strenght of the applied electric field.
When E<1 kV/cm, d,, = 3.5 um, at E=1 kV/cm, d,,
= 4.5 ym and at E>1 kV/cm, d,, = 4.0 um. The
diameters of the fibers annealed at 800°C are
situated in the interval from 1 to 5.5 um. For the
annealed fibers, the values of the mean diameter at
the three strengths of the electric field are equal to
3 wm. It is seen that, as a result of the thermal
treatment, the fibers fold and the values of their
diameters diminish with 15% - 25%.
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The XRD pattern of the annealed at 800°C
Al O; fibers, prepared at electric field E>1 kV/em
is presented in Fig. 5. The peaks are identified and
a presence of the 6-Al,O3 with crystalline structure,
characterized by monoclinic lattice and Ilattice
parameters a=11,79A, b=2,91 A, c¢=5,62 A,
B3=103,79° [19] is established. These results
coincide with the data of other authors [20]. The
fibers, studied by XRD are subjected to TEM
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Fig. 5. XRD spectra of annealed at 800°C Al,O; fibers,
prepared at electric field E>1 kV/cm.
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Fig. 6. TEM and corresponding SAED patterns of
annealed at 800°C Al,O; fibers, prepared at electric field
E>1kV/em.

analysis. The TEM micrograph and the
corresponding SAED patterns are presented in Fig.
6. The indexation of the polycrystalline diffraction
patterns confirms the formation of 0-phase Al,Os.
This phase of Al,O; is suitable for catalytic
application as catalyst support, due to its low
surface energy. Combined with suitable metal or
ceramic nanoparticles, Al,Os fibers could be used
as catalyst in ecological monitoring.

CONCLUSION

AlLO5 fibres were successfully produced by the
method of electrospinning. A simplified procedure
for preparation of the initial solution was proposed.
The surface morphology, microstructure and phase
composition of the fibers were examined by
scanning and transmission electron microscopy and

X-ray difractometry. The diameter distribution of
the fibers was presented. It was demonstrated that
the applied procedure leads to the formation of
stable, free of structural defects and well defined
ALO; fibers with diameters below 10 um. After a
precise thermal annealing, catalytically active ® —
phase was identified, that is a prerequisite for
potential ecological applications of the fibers.

REFERENCES

1. N. Alagappan, N.T. Kumar, in: Engineering
Materials, Tata McGraw-Hill Publishing Com.
Ltd., New Delhi 1988, 21-st Reprint 2007.

2. C. Kemball, D. A. Dowden, G. J. K. Acres, A. J.
Bird, J. W. Jenkins and F. King, in: Catalysis, C.
Kemball, D.A. Dowden (eds.), vol.4, RSC
Publishing, London, 1981, p.1.

3. T.V. Thamaraiselvi, S. Rajeswari,
Biomater. Artif. Organs, 18, 9 (2004).

4. Y.C. Sharma, V. Srivastava, A.K. Mukherjee, J.

Chem. Eng. Data, 55, 2390 (2010).

J. Zeleny, Phys. Rev., 3, 69 (1914).

J. Zeleny, Phys. Rev, 10, 1 (1917).

7. K. Nakata, K. Fujii, Y. Ohkoshi, Y. Gotoh, M.
Nagura, M. Numata, M. Kamiyama, Macromol.
Rapid Commun. 28, 792 (2007).

8. V. Bansal, R.L. Shambaugh, Ind. Eng. Chem.
Res., 37,1799 (1998).

9. JM. Deitzel, J. Kleinmeyer, D. Harris, N.C.B.
Tan, Polymer, 42, 8163 (2001).

10. R.W. Tuttle, A. Chowdury, E.T. Bender, R.D.
Ramsier, J.L. Rapp, M.P. Espe, Appl. Surf. Sci.,
254, 4925 (2008).

11. B. Ksapabutr, M. Panapoy, in: Fabrication of
Ceramic Nanofibers Using Atrane Precursor,
Nanofibers, Ashok Kumar (ed.), InTech, 2010, p.
367.

12. D.Y. Lee, B.Y. Kim, S.J. Lee, M.H. Lee, Y.S.
Song, J.Y. Lee, J. Korean Phys. Soc., 48, 1686
(2006).

13. D.G. Shin, D.H. Riu, HE. Kim, J. Ceram.
Process. Res., 9,202 (2008).

14. N.E. Zander, Polymers, 5, 19 (2013).

15. K. Starbova, E. Krumov, D. Karashanova, N.
Starbov, J. Opt. Adv. Mater., 11, 1319 (2009).

16. AM. Azad, M. Noibi, M. Ramachandran,
Bulletin of the Polish Academy of Sciences:
Technical Sciences, 55, 195 (2007).

17. PK. Panda, S. Ramakrishna, J. Mater. Sci., 42,

Trends

AN

2189 (2007).
18. W.S. Rasband, ImageJ, U.S. National Institutes of
Health, Bethesda, Maryland,USA,

http://imagej.nih.gov/ij/, 1997-2012.

19. JCPDS International Center for Diffraction Data,
PDF 86-1410, 2001.

20. S. Cava, S.M. Tebcherani, I.A. Souza, S.A.
Pianaro, C.A. Paskocimas, E. Longo, J.A. Varela,
Mater. Chem. Phys., 103, 394 (2007).

97



Dimitrova et al.: Simplified procedure for Al,O; microfibers preparation...

OITPOCTEHA TTPOLUEAYPA 3A ITIOJIYUHABAHE HA MUKPOBJIAKHA OT AJIYMHWHUEB OKCUJ]
1O METOA HA EJIEKTPOOBJIAKHABAHE

M.M. JTumutposa™’, E.JI. Kpymos®, 1.5. Kaparmanosa’

“@axynmem no xumus u gpapmayus, Couiicku ynusepcumem “Ce. Knumenm Oxpuocku”, 6yn. “Iocetime Bayuep” 1,
1164 Coghua, bvreapus
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Hncmumym no onmuuecku mamepuanu u mexvoaozuu “Axad. Hopoan Manunoscku”, bvreapcka akademus na
naykume, yi. “Axao. I'eopeu Bonues™”, 6n. 109, 1113 Cogus, bvreapus

ITocrbnuna Ha 17 oktomBpu 2013 r.; kopurupasa Ha 25 HoemBpy, 2013 .

(Pesrome)

VYcrnenHo ca nojay4yeHd HEOPraHUYHY BIIaKHA OT [yMHHHEB OKCH]l 10 METOJa Ha eJIeKTPOOBIAKHABAHE. 3a LenTa e
NPUIOKEHA ONPOCTEHA NPOLelypa 3a IPUTOTBSHE Ha NMPEJUIHUS pa3TBOp. TsI ce OCHOBaBa Ha Pa3TBapsSHETO B aIKOXOJ
Ha OpraHuueH MpeKypcop, 0e3 Ja ce J00aBs acUCTUpAILl OJIUMED, CIYKElll 32 yJeCHsIBaHe 00pa3yBaHETO Ha BIIAKHATA.
3a OTCTpaHsABAaHC Ha OCTAaTbUMW OT OpraHM4HaTa KOMIIOHCHTAa B IIOJYUCHHUTC BJIAKHAa W 3a MNPEBPHIIAHCTO UM B
HEOpPraHWYCH MAT € MPUIIOKEHO TEPMUYHO TPETHPAHE.

Mopdoornorusara Ha HOJyYCHHTE BJIaKHA, KAKTO M HAa TEPMUYHO TPETHPAHHTE € BHU3yalW3MpaHa ChC CKaHHpAIla
eNIEKTPOHHA MHKpOckonusi. Da3oBUAT CHCTAB HA BIAKHATA € HM3CICOBAH C MOMOIITAa Ha MPaxoBa PEHTICHOBA
audpakius U eNekTpoHHa qudpakuus. JucKkyTupaHa e Bb3MOKHOCTTA 32 IPUIIOKEHHE Ha TaKa IIOJYYCHUTE MaTOBE OT
QIlyMHHHEB OKCHJI 32 KOJIOTHYHH LIEIIH.
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In this work ZnO nanostructures were prepared on glass substrates without any ZnO seeds by a simple thermal
evaporation of high purity metallic Zn powder. ZnO nanostructures with different morphologies and sizes were
synthesized at atmospheric pressure at low temperature of glass substrates (390°C) by the oxidation of Zn vapour in a
flow of Ar and O, gas mixture. The morphology, phase composition and crystallinity of the nanostructures were
investigated by scanning electron microscopy and X-ray diffraction analysis. The electrical properties of ZnO/glass
system were investigated via current-voltage (I-V) characteristics. XRD demonstrates that the wurtzite phase of ZnO
with preferred c-axis orientation is formed predominantly. The results obtained reveal that the gas flow rate and oxygen
content during the layer deposition influence strongly the morphology and electrical resistance of the produced ZnO
nanostructures. The layers grown at low gas flow rates were built by ZnO nanotapes, while the other layers consisted of
ZnO nanorods with tripod morphology. The increase in the resistivity of the nanostructures was observed with
increasing amount of oxidizing agent in the currier gas. All structures exhibit a strong near-band-edge emission at 380
nm.

Keywords: ZnO nanostructures, thermal evaporation, SEM, XRD, electrical properties, photoluminescence

horizontal quartz furnace by the thermal

INTRODUCTION : :
evaporation of metal zinc powder under oxygen

In recent years, ZnO has gained much more
interest because of its potential use in many
applications, ranging from transparent conductive
contacts, solar cells, sensors, laser diodes,
ultraviolet  lasers, thin film  transistors,
optoelectronic and piezoelectric applications to
surface acoustic wave devices [1-5].The tendency
of ZnO to grow in a variety of exotic morphologies
such as nanowires, nanorods, nanostars, nanotubes,
nanobelts, nanosprings, nanopropellers, etc has
induced great interest to explore simple
methodologies to grow such nanoarchitectures.
Many methods have been developed to produce
ZnO nanostructures such asvacuum thermal
evaporation and condensation, metalorganic
chemical vapor deposition, solution phase method,
electrochemical deposition, etc. [1, 6-9]. Different
types of ZnO nano- and microstructures were
reported in the literature, synthesized by the
thermal evaporation processes using metallic zinc
powder as source materials for zinc. ZnO micro and
nanorods were synthesized on silicon substrates in a

ambient [10-13].

In the present paper, we report the synthesis of
different kinds of ZnO nanostructures on glass
substrates at relatively low temperature (390 °C)
without use of any seeds, via a simple thermal
evaporation of zinc powder at atmospheric
pressure. The influence of the Ar flow rate and
oxygen content in deposition atmosphere on the
phase  composition, morphology, electrical
resistance and  photoluminescence of the
nanostructured layers obtained has been studied.

EXPERIMENTAL

ZnO nanostructures were grown on glass
substrates using a metal vapour deposition method.
The schematic diagram of the experimental setup
for the fabrication of ZnO nanostructures is shown
in Fig. 1. Zinc powder (99.9999 %) was placed in a
quartz boat as the Zn source in the center of a
quartz tube in a furnace. The quartz tube was kept
at atmospheric pressure by flowing high purity Ar
(99.99%) with a flow rate of 300 sccm and heated
up to 710 °C. Ar carrier gas mixed with different O,

* To whom all correspondence should be sent:
E-mail: skitova@iomt.bas.bg
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Fig. 1. Schematic diagram of the experimental setup for
fabricating ZnO nanostructures by thermal evaporation
of Zn.

content from 0.5 to 20 vol.% flew through the
quartz tube at reaching the synthesis temperature.
The flow rate, R, of gas mixture varied from 200 to
700 sccm. All gas flows were controlled by mass
flow meters controllers. The substrates were placed
horizontally at the downstream side of the Zn
source at a distance of about 25 cm. The
temperature of the substrate, controlled by a
thermocouple, was 390 °C. The growth time was set
to 30 min before terminating oxygen flow and
cooling down to room temperature. The thicknesses
of the layers were measured by a profilometer type
Talystep. The thickness varied within the range 500
— 2500 nm in dependence of deposition conditions.

The layers were deposited on carefully cleaned
glass substrates. The cleaning procedure first
involved washing with a 1% detergent solution and
then with deionized water in an ultrasonic cleaner.

The crystal structure of the layers was
characterized by XRD diffraction (XRD), using a
Philips (PW 1710) apparatus with Cu-Ka radiation,
separated by a graphite focusing monochromator.
The 26 range used in XRD measurements was from
20° to 80° in step of 0.05° s and fixed counting
time of 5 s per step. The surface morphology of the
layers was examined by a scanning electron
microscope (SEM Philips 515).

The measurement of resistivity was provided
with 2 mm planar narrow strip Al electrodes, 200
nm thick, with a distance of 2.9 mm between each
other. Al was vacuum deposited through a precise
stainless steel mask on the ZnO surface. Current —
voltage (I-V) measurements were performed in
dark at 25 °C with Keithley 230 voltage source and
Keithley 617 electrometer.

The optical properties of these layers were
studied by means of room-temperature
photoluminescence (PL) spectroscopy using pulsed
Nd:YAG laser (third harmonic at 355 nm ) as the
excitation source and Ocean Optics HR2000+
spectrophotometer as a detection system.
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RESULTS AND DISCUSSION

All deposited layers were white in color. The
phase of the layers and their crystallographic
orientation were determined by XRD spectra. Fig. 2
shows XRD patterns of the layers deposited on
glass plates at different flow rates of Ar gas mixed
with 1 vol. % O, during their deposition. The XRD
results show that the ZnO layers consist of ZnO
crystalline phase. Five peaks observed at 31.55,
34.2, 36.0, 47.30, 56.4, 62.69 and 72.5° match the
values given in powder diffraction file 80-0074 [14]
while the relative intensities of these peaks are
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Fig. 2. XRD spectra of ZnO layers deposited at indicated
flow rate of Ar gas mixed with 1vol. % O, gas.
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distinct from those of ZnO powder. These peaks
can be indexed to (100), (002), (101), (102), (110),
(103) and (004) planes of the hexagonal wurtzite
structure of ZnO crystal. The analysis of spectra
indicate that the increasing of gas flow rated leads
to deposition of ZnO layers with predominant c-
axis phase, while the layers grown at low flow rate

%
N
R
-
7

U 188E4 354770

of 200 sccm exhibit more random orientation with
formation of a-axis phase. No peaks of metallic Zn
is observed which means that 1% O, in gas mixture
is sufficient for complete oxidation of Zn
independently of gas flow rate and no additional
thermal annealing in oxidation atmosphere is
needed.

Fig. 3. Top-view SEM images of ZnO layers deposited at Ar/O, (1 %)gas flow rates of: a) 200 sccm; b) 300
sccm; ¢) 500 scem; d) 700 scem.

Fig. 3 shows top-view SEM images of the same
layers. It is seen that the layers have different
morphology which depend strongly on gas flow
rate. The layers grown at low flow rate of 200 sccm
are built by ZnO nanotapes, while the other layers
consist of ZnO nanorods. At middle flow rate of
300 and 500 sccm all the observed nanorods are
produced regularly on a whole substrate (30 mm x
20 mm) and they exhibit hexagonal surfaces
throughout their length with hexagonal facets.
Further increasing of gas flow rate however leads to
destroying the uniformity of the layer and the
substrate is covered with small drops consisting of
randomly distributed ZnO nanorods.

SEM images presented in Fig. 4 illustrates the
influence of the oxygen content in deposition
atmosphere on the morphology of the obtained ZnO
layers. It is seen that the layers deposited at O,
content up to 10 % in the gas mixture consist of
ZnO nanorods grown perpendicular to the substrate
surface. It is seen that layers exhibit tripod

morphology with feet in different lengths and
diameters depending on O, content. A further
increase in the amount of oxidizing agent up to 20
% in the carrier gas destroys the uniformity of the
layer. The substrate is covered with small drops
consisting of randomly distributed ZnO nanowires
shown in the Fig. 4f.

The XRD and SEM analysis shed some light on
the growth mechanism. The formation of ZnO
nanostructures with different morphologies is
obviously due to the different Zn and O vapour
pressure since the morphologies of ZnO layers are
influenced by the gas flow rate and concentration of
oxygen gas. Most probably on pure glass plates the
growth of ZnO nanorods followed a self-seeding
vapor—solid (VS) growth mechanism [15]. In the
initial growth stage, the self-seeding occurred on
the glass substrate and then the ZnO nanorods grew
on the seeds by feeding with the evaporated zinc
and oxygen elements. ZnO will grow preferentially
on the ZnO nuclei that have been formed during the
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20BE4

Fig. 4. Top-view SEM images of the layers grown at constant gas flow rate of 500
sccm and different O, content in gas mixture: a) 0.5 %; b) 1%; ¢) 2.5%; d) 5%; ) 10%;
) 20%.
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Fig. 5. Resistivity (p) of the ZnO layers grown at
constant gas flow rate of 500 sccm in function of
O, content in the gas mixture.

beginning of the layer growth. Growth of tripod
structures on pure plates can be explained by the
formation of a zinc blende nucleus, out of which
wurtzite legs grow [16]. The formation of such
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highly anisotropic shapes as tripods requires a
kinetic growth regime, where the rate of the
monomer arrival is greater than its diffusion on the
surface [16].

Fig. 5 depicts the resistivity of layers in
dependence of the O, content in the gas mixture. It
is seen that the resistivity of ZnO nanostructures
increases from 4.2x10° Q cm to 1.2x10° Q cm as
the oxygen content in carrier gas increases from 0.5
to 20 %. This result is in correspondence with the
data of other authors published in the literature
[17]. As it was well known undoped ZnO thin films
have n-type conduction which is caused by a
deviation from stoichiometry due to native defects.
Various kind of native point defects are present in
ZnO layers [18]. They include oxygen vacancies
(Vo), zinc vacancies (Vz,), Zn interstitials (Zn),
oxygen interstitials (O;), Zn atoms at oxygen anti-
sites (ZnO), and oxygen atoms at Zn anti-sites
(Ogz,). Previously, (Vo) and Zn; have been assumed
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to be the main sites of donors in ZnO crystals.
However, recent first principles calculations
verified that Vo is a deep donor and it cannot be the
origin of n-type conduction [18]. In contrast, Zn;
can act as a shallow donor. The high value of p
obtained for ZnO layers deposited at high O,
content in gas mixture indicates that the number of
defects in ZnO layers have diminished. More
probably in our case with the increase in oxygen
content in the gas mixture during the deposition
some oxygen vacancies and especially interstitial
Zn disappear thus causing the increase in film
resistivity.

Intensity

| T I T S T T SO T N T I
282 376 470 564 658 752 846 940
A (nm)

Fig. 6. PL spectrum of ZnO layer grown at 500 sccm
flow rate of gas mixture of Ar with 2.5% O,.

The optical properties of ZnO layers were
studied by means of room-temperature
photoluminescence (PL) spectroscopy. The spectra
of all samples showed a single strong, dominated
and high intensity peak in the UV region at 382—
388 nm as illustrated in Fig. 6. In addition of these
peaks, no emission in the visible range was
observed. The peak at 355 nm is due to emission of
the excitation source. The UV emission is also
referred to as the ‘‘near band edge’ emission,
generated by the recombination of the free excitons
between the conduction and valence bands through
an exciton—exciton collision process, while the
visible light emission is ascribed to the structural
defects such as zinc vacancy, oxygen vacancy,
interstitials of zinc and oxygen and antisite oxygen
[2]. Disappearance of visible emission implies that
the as prepared ZnO nanostructures have very low
defects density and good optical quality.

CONCLUSION

The polycrystalline nanostructured ZnO layers
with different morphology were obtained at low
temperature of glass substrates without the use of
any seeds at atmospheric pressure. The XRD data
indicated that all layers exhibit the hexagonal
wurtzite structure. It was found that c-axis phase

was most predominant in layers deposited at higher
flow rates.

Scanning electron microscopic observations
revealed that the morphology of layers strongly
depended of gas flow rate and O, content in gas
mixture. The layers grown at low flow rate were
built by ZnO nanotapes, while the other layers
consisted of ZnO nanorods. The layers exhibit
tripod morphology with feet in different lengths and
diameters depending on O, content. The further
increase in amount of oxidizing agent up to 20 % in
the carrier gas destroyed the uniformity of layer.

The results by I-V measurements showed that
the resistivity of the nanostructures increased with
increasing O, content in the gas. The room-
temperature photoluminescence spectra of all the
deposited structures displayed a strong near-band-
edge emission without visible light emission
implying the formation of ZnO nanostructures with
very low defects density and good optical quality.

It can be expected that due to their
characteristics these nanostructured layers may be
used as building blocks for preparing chemical and
biosensors as well as photocatalysts where
inherently large surface to volume ratio of
structured materials are important prerequisite for
enhanced sensitivity.
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ZnO HAHOCTPYKTVYPU ITOJIYUEHU BbPXY CTBKIIEHU ITOJIOXKKW YPE3 TEPMHUYHO
N3IMAPEHUE HA IUHK [TPU ATMOC®EPHO HAJISITAHE

Cu. Kurosa, U. Kanarnapcku, P. Ctoumenos, P. Kazakos u B. Mankos
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(Pesrome)

B Ta3u pabora e W3cCiie[IBaHO OTJaraHeTo Ha HaHOCTPYKTypupanu ZnO ciioeBe BBPXY CTBKICHH MOJIOKKH, Oe3
MIPEBAPUTEIIHO HAHACSIHE HA 3apOJHUIIN BBPXY TAX, Ype3 OOMKHOBEHO TEPMUYHO M3NApEeHHEe Ha LUHKOB mpax. ZnO
HAHOCTPYKTYPH C pa3inyHu MOP(HOJIOTHS U Pa3MEpH ca U3paCHATH IPU aTMOC(EPHO HAIIATaHE IPU HUCKA TeMIIepaTrypa
Ha cTHKIECHH MonoKKU (390 °C ) upe3 okucieHne Ha Zn mapy B Ta30B MOTOK OT aproH W Kuciopon. Mopdosorusra,
(a3oBusl ChCTaB M KPUCTAIHOCTTA HA TOJYYSHUTE HAHOCTPYKTYPU Ca M3CIIE[IBAaHM 4pe3 CKaHUpalla eJIeKTPOHHA
MHUKPOCKOTIHST ¥ DPEHTIeHOB AU(PaKIMOHCH aHanm3. EJeKTpudeckute cBoiicTBa Ha cuctemata ZnO/CTBKIO ca
M3CIICIBaHU Ype3 CHEMaHEe Ha TOK - HAIPE)KEHUE XapaKTepHCTUKU. [1odydeHnTe pesyiaTaTh moka3Bart, 4e ce Gpopmupa
MPEeIUMHO BIOpHuTHaTa (a3za Ha ZnO ¢ IpeArnoYnTaHa OPUCHTAIHS [0 C-0CTa. Y CTAHOBEHO €, 9¢ CKOPOCTTa Ha Ta30BHUS
MOTOK M ChIbPXKAHWE HA KHUCIOPOJ MO BpEME Ha OTJIAraHeTO BJIMAT CHUIHO Ha MOPQOJIOTHATA M EIECKTPUYECKO
CHIIPOTUBIICHHE Ha nody4eHuTe ZnO HaHOCTPYKTYypHu. CloeBeTe, U3pacHaTH PH HUCKH CKOPOCTH HA ra30BUsl MOTOK ca
M3rpajicHd OT HAHOJEHTH, JIOKATO OCTaHAIWTe ca m3rpajgeHu or ZnO HaHOMPBYKH C TpU pameHa. [lokaszaHo e, de
CBIIPOTUBIICHUETO Ha IMOJY4YE€HHTE HAHOCTPYKTYPH HApacTBa C yBEJIMYaBaHE KOJIMYECTBOTO HA OKHCIISBAIIWS areHT B
ra3oBUsl IOTOK. BCHYKKM HAHOCTPYKTYpPH UMAT CHJIHA (POTONYMUHECIICHTHA eMucHs 1ipu 380 HM.
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Photocatalytically active ZnO nanosized films were deposited by polymer modified spray pyrolysis method. The
influence of the polymers and the type of zinc precursor on the chemical composition, surface morphologies and the
photocatalytic properties towards Malachite Green dye degradation were investigated. The amount of oxygen in the
lattice (O) and oxygen total (Or) as well as the atomic ratio of Zn/O1 were evaluated by means of X-ray Photoelectron
Spectroscopy (XPS). The ZnO films are non-stoichiometric. The addition of polymers to both zinc salt solutions does
not change significantly the oxygen concentration in the films. After photocatalytic test the ratio Op/O1 decreases,
showing that the amount of adsorbed hydroxyl groups is increased.

The films obtained from zinc acetate possess higher photocatalytic activity than those, obtained from zinc nitrate.
The highest efficiency is achieved with the films obtained from zinc acetate with ethylcellulose addition.

Keywords: ZnO, thin films, XPS surface analysis, spray pyrolysis, photocatalytic properties

INTRODUCTION

The growth of the world’s industry and
population has increased the demand for water
supply. The textile industries are among the
industries that consume largest volumes of water in
the processing operations including pre-treatment,
dyeing, pattern printing and finishing. It has been
reported that some of the dyes used in this industry
are toxic, mutagenic and carcinogenic [1]. In
general, photocatalysis is used as a pre-treating step
to degrade non-biodegradable organic pollutants to
biodegradable compounds. As a well-known
photocatalyst, ZnO has received much attention in
the degradation and complete mineralization of
environmental pollutants [2].

The spray pyrolysis process, as a simple and
easy thin films deposition method is one of the
versatile methods to prepare thin nanosize films.
The studies on the ZnO sprayed films surface by
XPS analysis before and after pfotocatalysis are
quite scarce in the available literature. This
information is important because it elucidates the
changes on the surface of the photocatalysts. Data
about the effects of the polymeric modifier, added
to the spray solution composition, and the nature of
the zinc precursor in regard to the effectiveness of

* To whom all correspondence should be sent:
E-mail: shipochka@svr.igic.bas.bg

tuning of some physicochemical characteristics of
the ZnO films and their correlations with the
catalysts efficiency are quite a few.

In this paper we aimed at obtaining
correlations between the type of polymer additive
in the =zinc precursor spray solution, some
physicochemical characteristics and the
photocatalytic properties of the ZnO films.

EXPERIMENTS

Two types of zinc precursor solutions have
been prepared for the purpose of spray pyrolysis
deposition. Zinc acetate (Zn(CH3;COO),) and zinc
nitrate (Zn(NO;),) were diluted in an ethanol-water
mixture to obtain 0.4 M/L solutions of Zn and these
were denoted as “sol A” and “sol B”, respectively.
The ethanol-water volume ratio in the solutions was
3:1. Polyvinyl alcohol (PVA) was prepared in
ethanol-water mixture under stirring (sol C). A
defined quantity of “sol C” was added to sols A or
B in order to prepare the final spray solutions with
30 wt% PVA. The obtained solutions were denoted
as “sol AC” and “sol BC”, respectively. In parallel
to this the solution of ethyl -cellulose
[C¢H70,(OC,H5);], in ethanol was prepared under
stirring for 2h (sol D) (40wt%) and then added to
“sol A” and “sol B” in order to obtain the final
solutions “sol AD” and “sol BD”. The aerosol was
transported to the aluminum foil plates heated at
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300-400°C. Finally the films were treated at 400°C
for 1h. The evaluated amount of deposited ZnO was
17 mg/cm’.

The surface composition, type of crystalline
phase and morphology have been analyzed by X-
ray Photoelectron Spectroscopy (XPS), X-ray
diffraction (XRD) and Scanning Electron
Microscopy (SEM). The photocatalytic experiments
have been carried out using an ultraviolet light
source UV-A mercury lamp. Malachite Green
(MG) oxalate dye has been used as the model
organic pollutant. The photocatalytic degree of
degradation of 5ppm MG oxalate was measured
using spectrophotometer type Jenway 6400 at
regular time intervals.

RESULTS AND DISCUSSION

The XRD spectra show that all films possess a
wurtzite structure and the diffraction peaks (100),
(002), (101) can be indexed to hexagonal ZnO. The
average crystallite sizes of the thin films are
determined using the Scherrer’s equation. The
nitrate films possess smaller crystallite sizes (8-
10 nm) in comparison to the acetate films (15-
20 nm). It can be seen that in the case of nitrate the
chemical nature of the zinc precursor does not
influence the crystallites size. It was observed with
the films, prepared from acetate solutions, that the
polymer modifier PVA decreases slightly the
crystallites size (10-11nm).

SEM micrographs of the zinc oxide films,
prepared either from zinc acetate or from zinc
nitrate solutions, exhibit different morphologies.
The film, obtained by spray pyrolysis from zinc
acetate, shows compact granular morphology
without any visible pores and cracks, and it follows
the substrates surface. It is observed that the films
obtained from acetate - PVA solutions possess
more developed surface with ganglia-like
morphology [3] (Fig. 1b). The ethylcellulose
modifier leads to highly porous morphology
(Fig. 1c). The nitrate films possess fine grains with
spherical shapes. In the case of nitrate solution
modified with PVA or with ethylcellulose, the
morphology preserves its granular character, but
then it becomes more porous (Fig. le, f).

The surface composition and chemical state of
the ZnO films have been investigated by XPS. The
Zn2p spectra obtained from sol A and sol B are
sharp and symmetric and have a maximum at
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Fig. 1. SEM images on the surface of the ZnO films
deposited from sol AC (b), sol AD (c), sol BC (e) and sol
BD ().

1021.7 eV, typical for ZnO. When polymers are
added to the sols, the shape of the Zn2p peaks does
not change. The binding energies of the peaks are
almost the same: 1021.6 eV when PVA is used and
1021.8 eV with ethylcellulose and they are ascribed
to zinc atoms in ZnO lattice. After the
photocatalytic reaction, the Zn2p photoelectron
peaks become wider compared to these of fresh
sample (Table 1). Probably the reason for this is the
formation of several phases during the
photoemission. Certain quantity of ZnO formed to
Zn(OH),. The deconvolution of the Ols
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Table 1. XPS data of O and Zn elements on the surface of ZnO films

ZnO samples  Binding energy Atomic ratio FWHM of  Atomic ratio  Atomic ratio
of two kinds of of Oy, O7 Zn2ps), of Zn/Oy, of Zn/O7
Ols [eV]
a)sol A 530.1,531.8 0.60 23 0.85 0.51
b) sol AC 530.3,531.8 0.62 24 0.81 0.50
¢) sol AD 530.1, 531.6 0.64 24 0.82 0.53
d) sol B 530.2,531.5 0.60 24 0.95 0.57
e) sol BC 530.5,532.0 0.52 2.3 1.19 0.62
f) sol BD 530.1,531.9 0.32 2.4 1.44 0.47
b'") after test 529.7,532.0 0.21 2.9 2.05 0.43
c') after test 529.4,531.8 0.16 3.6 1.99 0.32
ZnO powder 530.3,531.8 0.70 2.3 1.05 0.74

O — crystal lattice oxygen; Ot — total oxygen

525 528 531 534 537
Binding Energy (eV)

Fig. 2. Ols core level spectra of the ZnO films obtained
from: sol AC (b), sol AD (c) and after photocatalysis b',
c'.

photoelectron spectra of the ZnO films shows that
the Ols peaks are wide and asymmetric and
different oxygen states are to be distinguished.
They are deconvoluted by Lorentzian—Gaussian
curve fitting to two components, having the binding
energy values shown in Table 1. These values are
in accordance with those registered by Ayochi ef al.

for ZnO sprayed films [4]. The first component
with the lower binding energy is attributed to O*
ions in the ZnO lattice and the second one with the
higher binding energy is ascribed to oxygen atoms
in hydroxyl groups. The shape of Ols peaks for the
films, prepared from unmodified and modified zinc
acetate or zinc nitrate solutions, is similar. After the
photocatalytic tests, the Ols photoelectron peaks
showing that the amount of adsorbed OH™ groups is
increased (Fig. 2). The XPS analysis indicated that
the ZnO films are non-stoichiometric, which was
proved by the deconvolution of the Ols peaks and
the calculated Zn/Or atomic ratio. The oxygen
concentration was influenced slightly by the
addition of polymers in both solutions.

Table 1 shows the XPS data of O and Zn
elements on the surface of the ZnO films. It has
been found out that the atomic ratios of Zn to total
oxygen (Or) for the films, obtained from different
sols, are almost one and the same. This indicates
that the Or amount does not change, comparing
with that of Zn. The atomic ratio of Zn to crystal
lattice oxygen (Op) for the samples, obtained from
zinc nitrate, increases when polymers are added.
Respectively, the amount of Op decreases, while the
amount of adsorbed OH™ species increases. In the
case of pure or modified zinc acetate solutions, the
atomic ratios of Zn/Op almost do not change. The
ratio Zn/Op is higher than 1 for the polymer
modified nitrate films, which could be attributed to
the presence of oxygen vacancies on the surface
and the formation of some more surface hydroxyl
species. After photocatalytic test the ratio Op/Or
decreases, attributed to the increased amount of
hydroxyl groups at the outermost surface and
adsorbed water from air moisture.

Figure 3 represents the course of dye
discoloration with the time of illumination of ZnO
films, using A, AC and AD solutions. The
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discoloration of Malachite Green dye is 73% after
3h of UV irradiation. The films prepared from
unmodified solutions manifest lower activities than
those of the modified films. It is probably due both
to more compact structure and to slightly larger
crystallites. The addition of ethyl cellulose or PVA
in the solution enhances strongly the discoloration
rate of Malachite Green dye. The highest
photocatalytic activity is achieved with the films
obtained from zinc acetate with ethylcellulose
addition. The experiments showed also that the type
of the zinc precursor is an important parameter for
the effective discoloration of the MG. The films,
obtained from zinc acetate, are more active
photocatalysts than those, obtained from zinc
nitrate. There are two possible explanations for this
behavior: (i) the size and distribution of particle
aggregates can influence both the light absorption
and the light scattering mechanisms that determine
the degree of photon interaction with photocatalyst
surface. The scattered light intensity is probably
stronger on the surface of nitrate films in
comparison to the acetate films. (ii) the existence of
a certain optimal value of the crystallites size; as a
result below this optimal size the possibility for the
electron-hole recombination increases, which is
detrimental to the photocatalytic activity [5].
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Fig. 3. Discoloration of MG with the time by ZnO films,
deposited from: sol A (a"), sol AC (b") and sol AD (c").

time [min]

The polymer addition to the spray solutions
improve significantly the photocatalytic behavior of
the films, which could be explained by changes in
the morphology: from compact it becomes porous
with increased surface area. The films obtained
from modified zinc nitrate solutions reveal lower
activity than that of the modified acetate films. The
Zn/O;, ratios of nitrate films are different from
those of the acetate films. The Zn/O;, atomic ratios
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for modified nitrate films are slightly higher than in
the case of unmodified films, respectively the
amount of Op is decreased (probably due to the
formation of oxygen vacancies) (Table 1). It is
known that the oxygen vacancies can trap electrons,
leaving holes in the lattice. The decrease in electron
density leads to an increase in the amount of the
hydroxyl groups, which improve the photocatalytic
activity. Salvador et al. [6] have also found out that
the oxygen vacancies acts as effective electron
scavengers for the oxidation of H,O on the TiO,
surface. According to the results it is obvious that
in our case the films morphology affects more
significantly the photocatalytic activity than the
Zn/Oy ratio.

CONCLUSIONS

Thin nanosize ZnO films have been prepared
by polymer modified spray pyrolysis. The films
morphology and the crystallites size are influenced
by the nature of the zinc precursor and the presence
of polymer modifier in the spray solution. The
addition of polymers into spray solution leads to a
more developed surface morphology and enhance
significantly the photocatalytic properties of the
ZnO films. According to the XPS analysis the ZnO
films are non-stoichiometric, which is evidenced by
the Zn/O atomic ratio. The addition of polymers to
both =zinc salt solutions does not change
significantly the oxygen concentration in the films.
After photocatalytic test the ratio OL/Or decreases,
showing that the amount of adsorbed hydroxyl
groups is increased.

The films obtained from ethylcellulose
modified acetate solution showed the highest
discoloration degree of the dye and could be
promising photocatalysts for degradation of organic
dyes in waste waters.
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PEHTTEHOBO ®OTOEJIEKTPOHHO CITEKTPOCKOIICKO M3CJIEJIBAHE HA ITIOBBPXHOCTTA
HA ZnO ®OTOKATAJIMTUYHU ®UJIMU, TIOJTYUYEHU YPE3 [TOJUMEPHO MOJU®HULIMPAHA
CIIPEU ITUPOJIN3A

M. I'. lllumouka, U. . Cram6onoBa, B. H. babckos, I1. K. Credanon
Hnemumym no obwa u neopeanuuna. xumus, bAH, yn. "Axao. I'. Bonueg", 6n.11, 1113 Cogus, Bvreapus
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(Pe3rome)

®DOTOKATATUTUIHO AKTHBHU HaHopasMmepHH ZnO ¢uiMu 0sixa OTIOKEHH Ype3 MOJIMMEPHO MOAM(HIIUpaHa CIIpei
nuponu3a. M3cnensaHu ca BIMSHHETO HA TOJNMMEpPA M BUJAA HA LIUHKOBHUS MPEKYPCOP BBPXY XUMHUYECKHS CHCTaB,
MOBBPXHOCTHAaTa MOP(OJOrusi U (HOTOKATATUTHYHU CBOMCTBA [0 OTHOLICHHE HAa Pasrpa)<IaHETO Ha MAallaXUTOBO
3eneHo Oarpmiio. C peHTrenoBa ¢goroenekrponHa criekTpockonus (POC) ca u3dnciaeHn KomrdecTBaTa Ha KHCIOpoaa B
pemerkara (Op) m obmms kuciaopox (O), kakTo W orTHomeHueTo Zn/Op. I[MHKOBO OKCHUAHHTE (QHIMH ca
HecTexruoMmeTpuuHu. He ce HaOnronaBa 3HauyMTeNHA NPOMSHA HAa KOHIEHTpALMATa Ha KHCJIOpOJa BbB (QUIMHTE NpPU
M00aBsSHETO HAa TMOJIMMEPU KbM JBaTa IMHKOBH pa3TBopa. CroiHoctTa Ha OTHOIIeHHeTo Op/O HaMansBa cien
(OTOKATATMTUYHUS TECT, KOETO IIO0Ka3Ba, Y€ C€ YBENIWYaBa KOJHMYECTBOTO Ha aJCOpOMpaHWTE HAa IOBBPXHOCTTA
XUJIPOKCWIIHU rpynu. OUiaMuTe, MOTYyYSHH OT IIMHKOB aleTaT MPUTEKABaT MO-BUCOKA (JOTOKATATUTHYHA aKTHBHOCT B
CpaBHEHHE C TE€3M MOJYyYeHH OT IIMHKOB HUTpaT. Hali-BHCOKa e(eKTHBHOCT ce MocTura ¢ (GpuiIMuTe, MOIyYeHH OT
LUHKOB alETAT C CTUIIEIYII03a.
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This study is focused on ZnO nanowires, synthesized by chemical bath deposition method and spin-coating
technique. The dimensions of nanowires growth (diameter and height) are controlled by adjusting of zinc nitrate and

methenamine concentrations in the precursor.

The crystallite size, surface morphology and photocatalytic efficiency are determined by X-ray diffraction, scanning
electron microscopy and UV-vis spectroscopy. The ZnO nanowires, grown on glass substrate have average diameter of
100-150 nm and height of approximately 3—-3.5 um. The nanocrystallites size is of 70 nm. The photocatalytic action of
ZnO nanowires is checked in photodegradation of two pharmaceutical drugs, Paracetamol (PCA) and Chloramphenicol
(CA), in aqueous solutions under UV-light irradiation. The experimental results show that the films exhibit better
photocatalytic activity in the degradation of CA, compared to that of PCA.

Keywords: Photocatalysis, ZnO nanowires, UV, Paracetamol, Chloramphenicol

INTRODUCTION
One-dimensional (1D) semiconductor
nanostructures such as nanowires, nanorods,

nanofibres, nanobelts and nanotubes are of a great
interest in both academic research and industrial
applications because of their potential as building
blocks for other structures [1]. 1D nanostructures
are useful materials for investigating the
dependence of electrical and thermal transport or
mechanical properties on dimensionality and size
reduction (or quantum confinement) [2]. They also
play an important role as both interconnects and
functional units in the fabrication of electronic,
optoelectronic, electrochemical and
electromechanical nanodevices [3]. Among the
one-dimensional (1D) nanostructures, zinc oxide
(ZnO) nanowire is one of the most attractive
nanomaterials for nanotechnology in modern
research [4]. ZnO is a semiconductor material with
direct wide band gap energy (3.37 eV) and a large
exciton binding energy (60 meV) at room
temperature [5]. ZnO is also biocompatible and
biodegradable for medical and environmental
applications [6].

ZnO nanowires are attractive candidates for
many applications such as UV lasers [7], light-

* To whom all correspondence should be sent:
E-mail: nina_k@abv.bg

emitting diodes [8], solar cells [9], nanogenerators
[10], gas sensors [11], photodetectors [12] and
photocatalysts [13]. Among these applications, ZnO
nanowires are being increasingly used as
photocatalysts to inactivate bacteria and viruses for
the degradation of environmental pollutants such as
dyes, pesticides, pharmaceutical products and
volatile organic compounds under appropriate light
irradiation [14, 15].

There are many fabrication methods for 1D ZnO
nanostructures, such as the vapor phase transport
deposition, pulsed laser ablation, chemical vapor
deposition, electro deposition and thermal
evaporation [16-20]. Most of these methods are not
suitable for controllable synthesis. Moreover, the
complex processes, sophisticated equipment and
economically prohibitive high temperatures are also
required. Compared with those methods, chemical
bath deposition method (CBD) can be controlled
easily, and no sophisticated equipments are
required. The most important advantage is that the
experiment can be carried out under low
temperature. Temperature is an important
thermodynamic factor that plays a key role in
controlling the growth rate and aspect ratio of ZnO
1D nanostructure [21]. It is well known that the
properties of ZnO are dependent on preparation
parameters such as growth temperature, precursor
concentration and time.
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In this paper we investigate the photocatalytic
efficiency of low-temperature grown well-aligned
ZnO nanowires. The films are deposited on glass
substrates by spin coating technique and chemical
deposition growth. Then their structure and
morphology are investigated. The decolorization
kinetics of two pharmaceutical drugs —
Paracetamol (PCA) and Chloramphenicol (CA) are
studied in aqueous solutions.

EXPERIMENTAL
Materials

Zinc acetate dihydrate, 2 methoxyethanol, zinc
nitrate hexahydrate (>99.9%) and commercial ZnO
powder were from Fluka. Methenamine (>99.9%)
were from Reidel de Haen. The pharmaceutical
drugs — Paracetamol (CgHoNO,, Actavis) and
Chloramphenicol (C;1H;,CI,N,Os, Actavis) were
used as model contaminants in the photocatalytic
experiments. All chemicals were of analytical
reagent grade and without further purification. The
glass plates (50x50x20 mm) used as substrates were
subsequently cleaned with acetone, ethanol and
distilled water for 20 min, respectively. Then, the
substrates were dried in an oven for several
minutes. Finally the thin films were thoroughly
cooled to room temperature, washed with water and
dried in air.

Preparation and characterization of ZnO
nanowires

Zn(CH,C00),.H,0 + C,H,OH
i B
Spin coating, 2200 rpm for 20 sec

i &
Rinsing, drying

<2 |

Annealing at 320°C for 20 min

i B
Seeded substrate

i

Heating at 87°C for 3 h,

in 25 mM solution (Zn(NO,), + C,;H,,N,)

X

Rinsing with distilled water and
placing in fresh batch of precursor

I

ZnO nanowires

Fig. 1. Synthesis procedure of ZnO nanowires, coated
onto glass substrates by wet chemical method.

ZnO nanowires used in the experiment were
grown on the glass slides by wet chemical method
(Fig. 1). The procedure consists of two steps [22]:

(1) modification of the substrates with a thin layer
of densely and uniformly dispersed ZnO by spin
coating, and (2) hydrothermal growth of ZnO
nanowires in aqueous solution. Zinc acetate
dihydrate was dissolved in pure ethanol with
concentration of 5 mM. Commercial ZnO powder
was suspended in pure ethanol to form 25 wt%
suspension. The resulting solution of zinc acetate
was coated on glass by spin coating with rate 900
rpm for 10 sec and then at 2200 rpm for 20 sec (one
cycle). The substrates were coated by four cycles
and rinsed with water. The substrates were dried at
room temperature and annealed at 320 °C for 20
min. The above procedure was repeated twice. The
seeded substrates were placed in 25 mM aqueous
solution of zinc nitrate hexahydrate and
methenamine and heated up in a closed vial at 87
°C for 3 h. Then the samples were removed from
the solution, rinsed with distilled water and placed
in a new batch of precursor solution. The growth
process was repeated eight times and finally the
samples were dried in air. Figure 2 shows
schematic illustration of preparation scheme for
ZnO nanowires on glass substrate.

Zn0 seeded c_rystal

Zn0O nanowires

Glass substrate

Fig. 2. Schematic illustration of the growth process of
the ZnO nanowires on glass substrate.

The morphology and crystallite size of ZnO
nanowire films were characterized using Scanning
Electron Microscopy (SEM) and X-ray diffraction
(XRD).

The SEM images were obtained by scanning
electron microscope (JSM-5510 JEOL) operated at
10 kV of acceleration voltage. The investigated
samples were coated with thin film of gold by fine
coater (JFC-1200 JEOL) before observation.

The XRD spectra were recorded at room
temperature by powder diffractometer (Siemens
D500 with CuKa radiation within 20 range 25-75
deg at a step of 0.05 deg 20 and counting time 2
s/step).

Photocatalytic measurements

The photocatalytic efficiency of ZnO nanowires
was investigated and compared in photo oxidation
of Paracetamol and Chloramphenicol from
aqueous solutions. The measurements were
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conducted in glass reactor, equipped with magnetic
stirrer and UV lamp (Sylvania BLB, 315-400 nm of
emission range, 18 W). The distance between the
sample and the lamp was 15 cm. The light power
density of the sample position was 0,66 mW/cm® as
measured with research radiometer (Ealing Electro-
optics, Inc.).

The volume of PCA and CA solutions was 150
ml with initial concentration of 15 and 8 ppm
respectively. The decolorization processes of the
pharmaceutical drugs was measured by UV-vis
absorbance  spectroscopy  (spectrophotometer
Evolution 300 Thermo Scientific, wavelength range
from 200 to 400 nm) after aliquot sampling at
regular time intervals. Each aliquot sample was
returned back to the reaction reactor immediately
after the spectrophotometrical measurement. All
photocatalytic tests were performed at a constant
stirring rate of 500 rpm and at room temperature
(23+2°0C).
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——5ppm

T 5 ppm
— 10 ppm
— 125 ppm
15 ppm

.
o

i
=]

o
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e
o

500 200 300 400 500
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Fig. 3. Absorbance spectrum of PCA (a) and (b) CA in
water solutions. The initial concentrations are 15 and 8
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Fig. 4. Change in the absorbance maxima of PCA and
CA at wavelength 243 and 278 nm versus the drugs
concentration.

Paracetamol and Chloramphenicol exhibit one
maximum of absorbance at 243 and 278 nm,
respectively. The absorption spectra are measured
at various concentrations of the pollutants (Fig. 3
and 4).

The photocatalytic efficiency of decomposition
D (%) of PCA and CA were calculated using the
equation:
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D%=(Cy-Cy)/C.100 (1)

where C, represents the initial concentration, C,
represents the drugs concentration after ¢ min of
photocatalysis.

RESULTS AND DISCUSSION
Structure characterization

The morphology of ZnO nanowires with
hexagonal crystal structure and density, alignment
and size is shown in Fig. 5. The films obtained by
wet chemical method (shown on Fig. 1) are with
density about 3 pm. The diameter of nanowires is
100-150 nm and length 3-3.5 um. The nanowires
grow perpendicular to the glass substrate. This is
due to the two stage preparation method (seeding
and growing process separately).

JSM-5518

Fig. 5. SEM images of ZnO nanowires grown on
glass substrate (a) plain view and (b) cross-
section.

XRD patterns are taken to examine the crystal
structure of ZnO nanowires. Figure 6 shows the
typical XRD patterns of the well-ordered ZnO
nanowires grown on glass substrate. The sample
gives XRD spectra indicating the nanowires are of
high crystallinity. The three characteristic peaks
clearly proof the existence of ZnO, which
correspond to different crystallographic orientations
of the crystal lattice of wurtzite (from left to right)
(100) - at (26 = 31.76°); (002) - at (206 = 34.39°)



Kaneva et al.: Photocatalytic Oxidation of Paracetamol and Chloramphenicol...

and (101) - at 20 = 36.24°. The most intense peak is
in charge of the crystallographic orientation (002).
002

100 {101

-~

Fig. 6. XRD spectra of ZnO nanowires.

This means that the crystal growth of the resulting
nanowires of zinc oxide is z-axis, 1.e. nanowires,
and the other axis is negligible. The average size of
crystallites is 70 nm as calculated by the Scherrer
equation.

Photocatalytic activity

The decomposition of model pharmaceutical
products, Paracetamol (analgesic) and
Chloramphenicol (antibiotic), in aqueous solutions
are investigated using ZnO nanowires under UV-
light illumination. The initial concentrations of
PCA and CA are 15 and 8 ppm.

s i

k= 10,1327 min”
g 03 ]
£92
01 I k = 01,0084 min
00 T e
0 1 2 3 4
Time, hours
@

Fig. 7. Photodegradation kinetic of PCA and CA in the
presence of ZnO nanowires (a) and (b) schematic
illustration of photocatalytic action ZnO nanowires
under UV-light illumination.

The reaction kinetics is revealed by plotting the
natural logarithm of concentration ratio, In(C/C,),
versus the irradiation time, ¢. Straight lines are
obtained, indicating that the reaction is of pseudo
first-order expressed by In(C/Co)=—kt. The

slope of logarithmic scale linear fits represents the
rate constant of photocatalysis k. As seen from Fig.
7, the ZnO nanowires exhibit higher photocatalytic

efficiency (k = 0.1327 min"") in the degradation of
CA compared to of PCA (k = 0.0084 min"). The
degradation of drugs is calculated using equation 1
and the results are presented in Figure 8.

* (@)
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Time, hours
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Degradation of
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Fig. 8. Photocatalytic activity regarding the degradation
of PCA and CA by ZnO nanowires for 4 hours UV
illumination.

Figure 8 compares the photocatalytic activity of
ZnO nanowires with respect to the degradation of
pharmaceutical ~ products  under  UV-light
illumination. Nanostructure films have the higher
decolorization percentage of Chloramphenicol
(36.08% for four hours) compared to Paracetamol
(3% for four hours).

CONCLUSIONS

ZnO nanowires with hexagonal structure are
successfully prepared on glass substrates by
chemical bath deposition technique. The optimal
method for synthesis of ZnO nanowires with high
density and uniformity and aligned along the z-axis
is a seed deposition by spin coating on glass
substrates. This synthesis route has a good
reproducibility. The as-obtained ZnO nanowires are
used for photocatalytic degradation of the
pharmaceutical drugs —  Paracetamol and
Chloramphenicol. The experimental results show
that the films have higher activity and faster
decolorization Chloramphenicol in comparison
with Paracetamol. This is confirmed by the values
of the rate constants and degree of degradation.

Acknowledgements: This research is financially
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OOTOKATAJIMTUYHO OKNCIIEHUE HA ITAPALIETAMOJI 1 XJIOPAM®EHUKOJI
YPE3 ZnO HAHOXNYKH

H. B. KbpneBa, JI. K. Kpscrepa, A. C. boxxunosa, K. U. [1anazosa, /1. L. Jlumutpos

Jlabopamopus no nayka u mexmono2uu Ha Hanouacmuyu, kameopa "Obwa u HeopeaHudHa XUMUSL,
@akynmem no Xumus u @apmayus, Coguiicku ynusepcumem, Cogus 1164, Bvreapus

ITocrbnuna Ha 17 oktomBpu 2013 r.; kopurupasa Ha 25 HoemBpy, 2013 r.

(Pestome)

ToBa u3ciensane ¢ GoKycHpaHO BbPXY HAHOKHUYKK 0T ZnO, CHHTE3UPAHU Ype3 METOA 3a XUMHUYHO OTJaraHe u
TeXHHUKa 3a HaHacsHe. Pa3MephT 3a pacTerka Ha HAaHOXKHUYKUTE (JUAMETHP M BHCOYMHA) C€ KOHTPOJIHpPA MOCPEICTBOM
KOHILIEHTPALMUTE HA IMHKOB HUTPAT U METCHAMHH B IIPEKYPCOPBT.

PasmepbT Ha KpHCTaIMTHTE, NMOBBPXHOCTHATa MopQosorus U GoToKaTanuTHYHATa €(EeKTHBHOCT Ca yYCTAaHOBEHHU
ype3 PeHTreHoBa nudpaxnus, cKaHUpamia eleKTpoHHAa MHKpockonus W YB-Buc cnekrpockomnus. Hanoxxuukure ot
ZnO, u3pacHaNu BHPXY CTBHKJICHA MOJUIOKKAa mMaT cpeaeH aumameTsp 100 — 150 nm u Bucoumna okomo 3 — 3.5 pm.
PasmepsT Ha HaHokpuctanutute € 70 nm. DoTokaTanuTHYHATA aKTUBHOCT HA ZnO HAHOXKUYKH € yCTAaHOBEHA Upe3
(hOTOKATATUTHYHOTO pasrpakaaHe Ha ase (apmarneBTHuHU jtekapcrsa, [lapameramon (PCA) u Xiaopampenukon (CA),
BbB BOAHHM pa3TBOPH Ipu oOapuBaHe ¢ YB cBernmHa. ExcliepuMeHTanHUTE pe3yiTaTd IOKas3BaT, 4ye (QUIMHTE
MPOSBSBAT 1MO-100pa (OTOKATATMTHIHA aKTHBHOCT Ipu pasrpaxaane Ha CA, B cpaBaenue ¢ PCA
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Surface plasmon polariton (SPP) is an electromagnetic excitation that propagates along the interface between a
metal and a dielectric medium and is generated by resonant interaction between the surface charge oscillation and the
electromagnetic field of light. This excitation decays exponentially with increasing distance from the surface and for
this reason cannot be observed in far-field experiments unless the SPP is transformed into light. Three methods are
mainly applied to couple light on a metal-dielectric interface and observe SPP — using a prism, a non-periodic or
periodic structure (e.g. diffraction grating) on the surface. In this article a study of surface plasmon resonance is
presented using a diffraction grating to couple light on the dielectric—metal interface. Surface relief gratings
holographically recorded in azopolymer film are used as a substrate and are subsequently coated with thin film of
aluminum (Al). The presence of SPR is experimentally verified by the observed resonance peaks in transmission of TM

polarized light.

Keywords: Surface plasmon polaritons, Holographic gratings, Azopolymers

INTRODUCTION

The proximity of the SPP to the interface leads
to an extraordinary sensitivity of SPP to surface
conditions [1], which is extensively used for
sensing applications. That is why SPP are of
interest to a wide spectrum of scientists from
physicists, chemists and materials scientists to
biologists. Surface plasmon polariton-based devices
exploiting this sensitivity become increasingly
popular as a label-free method for measurement.
Previously we have studied resonant optical
transmission and surface plasmon polariton
resonances with 1D periodic metal-coated relief
structures [2-4]. The main goal of these
investigations was to demonstrate how the position
of the resonance peak in transmission can serve as a
very sensitive probe of the optical properties of
symmetric structures consisting of an upper layer
and a continuous metal film on top of a relief
grating acting as a substrate. As a model system for
substrate, we used polycarbonate relief diffraction
gratings. On the relief structure, an Al film was
deposited in a vacuum installation, by dc
magnetron sputtering. For an upper layer we used
different contact liquids (all grade pro analysis,

* To whom all correspondence should be sent:
E-mail: dimana@iomt.bas.bg

transparent in the wavelength region of the
resonance peak) and a cover glass. With the
increase of the refractive index of the contact fluids,
the resonance peak was red shifted. Thus, a
calibration curve was plotted and it allows to
determine an unknown refractive index of a given
compound. Development of new kind of devices
was proposed and the potential of the SPP
techniques in  holographic  sensing  was
demonstrated [4-8].

The aim of this paper is to show that surface
relief structures, or surface photopatterning, in
azopolymers can be applied for design and
fabrication of sensing devices based on surface
plasmon polariton resonance phenomenon.

Holographically recorded relief gratings are
suitable for investigations of resonances because of
their high sensitivity, high diffraction efficiency,
and low cost. The main advantage of holographic
recording of gratings is the possibility to obtain
relief gratings with different characteristics. In such
way, the conditions to observe a resonance can be
controlled and optimized. For this study relief
diffractive structures have been prepared by
holographic recording in azopolymer synthesized in
Institute of Optical Materials and Technologies
(IOMT). The material used for holographic
recording is capable to form relief in specific

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 115
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conditions, depending on the polarization of the
recording laser beams.
EXPERIMENTAL
Azopolymer

The azopolymer used in our experiments is a
side-chain azobenzene-containing polymer and its
chemical structure is shown in Fig. 1.

h

i

. (CH)q )
N~ \OQN

\_|__,;

Fig. 1. Structure of the azopolymer used in the present
study.

CH—CH

It was synthesized by process consisting of three
stages: preparation of the azo dyes; preparation of
the chromophore monomers and radical-type
polymerization of the chromophore monomers.
Two types of azo dye were synthesized: (A) 4-(4-
hydroxy-phenylazo) benzonitrile and (B) 4-[4-(6-
hydroxyhexyloxy) phenylazo] benzonitrile. Dye A
was  synthesized by  dissociation of 4-
aminobenzonitrile and coupling with phenol using
standard technology. Dye B was synthesized from
dye A by etherification with 6-bromo-1-hexanol.
By etherification with acryloyl chloride azo dye B
was transformed in monomer [9]. Polymer, used in
our experiment and shown on Fig.1 is a
homopolymer obtained from monomer of the dye
4-[4-(6-hydroxy-hexyloxy) phenylazo] benzonitrile.
The differential scanning calorimetry (DSC) data
indicate glass transition temperature 7, =35 °C.
The polymer is liquid-crystalline and its average
molecular weight is M, = 2.05%x10° g/mol, as
measured by gel-permeation chromatography
(GPC).

Holographic recording

In Fig. 2 the holographic set up for recording of
relief azobenzene gratings is shown. Argon laser
with wavelength 488 nm was used. In order to
obtain two laser beams with orthogonal linear
polarizations, a Wolaston prism was placed
splitting the beam into two linear polarizations —
horizontal and vertical.
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Fig. 2. Set-up for holographic recording.
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Fig. 3. AFM image of relief holographic azobenzene

grating with 50 nm surface relief amplitude and spatial
frequency of 150 I/mm.

AFM imaging of the holographic azopolymer
gratings

Atomic force microscope (AFM) surface scan of
the relief holographic grating recorded in the
azopolymer film was made. It is shown in Fig. 3.
As it can be seen from this plot, the spatial
frequency of the grating is 150 1/mm, and the
surface relief amplitude is 50 nm.

Metal thin films coating

For metal-coating of the azopolymer gratings
only aluminum was used, because of their specific
features. Azopolymers are reversible materials for
holographic recording and the relief structures
formed in them can be erased thermally at
temperatures above 100 °C. Therefore, the metal-
coating with silver and gold by a thermal
evaporation method is not suitable for these
materials. Thin aluminum film was deposited by dc
magnetron  sputtering technique in  argon
atmosphere with pressure 0.25Pa in thin film
deposition system Leybold Heraeus 2700 P2. The
low energy of the Al ions ensures that there is no
interaction between them and the gratings.
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RESULTS AND DISCUSSION

Azo dyes are compounds that are characterized
by the presence of one or more azo groups -N = N-,
linking the aromatic radicals. The azoaromatic
group exists in two configurations — frans and cis.
Irradiation of a polymer system containing
azochromophores with a wavelength within the
absorption band, leads to a trans-cis isomerization
of the dye molecules. Reverse cis-trans
isomerisation can be induced thermally or optically,
and after it the molecule can be randomly oriented.
The trans molecules oriented in direction parallel to
the polarization of the light beam are subjected
again to the trams-cis isomerization. The process
continues until the azomolecules are oriented in
such way, that light has minimal influence on them
i.e. in direction perpendicular to light polarization.
As a vresult of the reorientation of the
azochromophores, anisotropy is induced in the
medium as well as surface relief.

The formation of surface relief in amorphous
side-chain azobenzene copolymer was reported for
the first time by Rochon et al. [10] and Tripathy
and coworkers [11]. In both cases, the surface relief
was obtained by scalar holographic recording
(when only the intensity of the light field is
modulated) and sinusoidal form of relief was
observed with AFM. Several types of polymers
have been studied [12], and it was shown that
cross-linking of the polymer is not required for the
formation of a surface relief. Later it was found that
the higher intensity of the recording beams leads to
more effective formation of the relief [13]. Surface
relief was observed also in the case of polarization
holographic recording (when the intensity of the
light field is constant, but the polarization is
spatially modulated) in azopolymer recording
medium[14]. The dependence of the spatial
frequency of the relief grating on the geometry of
the polarization recording is described in Ref. 15.
When the recording beams are with s and p
polarizations, relief grating with doubled frequency
compared to the frequency of the anisotropic lattice
is observed. This method is also used in our
experiments in order to achieve higher amplitude of
the surface relief and in the same time higher
spatial frequency. Many materials have been
studied for use in recording holographic gratings
[16-19]. In some of them like acrylamide -based
photopolymers it is shown formation of
photoinduced surface relief and the use of this
feature for sensors application [20,21].

Fig. 4 depicts the transmission ratio TM/TE for
the azopolymer gratings coated with Al. TM

corresponds to light polarization perpendicular to
the grating vector and TE to light polarization
parallel to the grating vector. The spectra are
measured with Varian CARY S5E precision
spectrophotometer. A high-quality Glan-Taylor
prism providing extremely pure linear polarization
with a ratio 100 000:1 in the optical range of 250-
3000 nm is used as a polarizer. The experimental
data show no difference in transmission spectra for
the two polarization states before metal-coating.

1,6 T T T T T T

15+ 1
1,4
1,3
1,2
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1’0 1 1 1 1 1 1
400 450 500 550 600 650 700 750
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Fig. 4. Transmission ratio TM/TE for the azopolymer
gratings coated with Al.

In contrast, the transmittance of the metal-coated
gratings for TM and TE polarizations is different.
This is clearly seen when we determine the ratio
between them — TM/TE, as shown in Fig. 4. The
observed values of the TM/TE ratio are in good
agreement with the surface plasmon polariton
theory. According to this theory, when such
resonance 1is observed there is a significant
difference in the optical transmission for the two
linear polarizations TM and TE.

CONCLUSION

Our experiments indicate that we can use
holographically recorded relief gratings for surface
plasmon polariton sensor applications. These
applications however require high surface relief and
high spatial frequency. Finding the right conditions
and materials for recording with high relief and
spatial frequency is our goal for future development
of the subject.
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[NOBBPXHOCTHMU INIASMOH-ITOJIAPUTOHHU PESOHAHCHU B METAJIM3UPAHU
XOJIOTPAD®CKU A3OIIOJIMMEPHU PEHIETKU

J1. Y. Hazspoga, JI. JI. Hexgemues, I1. C. Hlapranmkues

Hnemumym no Onmuuecku Mamepuanu u Texnonoauu, bvieapcka Axademus na Hayxume, yn. Axao. I'. bonues, o1
109, 1113 Cogus, Bvreapus

Hocrprnuna Ha 17 oktomBpu 2013 r.; KOpurupana Ha 25 HoemBpH, 2013 .

(Pe3rome)

IobpxHOCTHUTE TUTa3MOH-TIoNapuToHU (ITIIII) ca eneKTpOMarHWTHH BBIHH, KOHUTO C€ pPa3MpOCTpaHSIBAT Ha
TpaHUIaTa MEXJIy MeETalHa M JIUEIIEKTPUYHA CpPEfa M CE TEHEPUpPAT OT PE30HAHCHOTO B3aUMOJICHCTBHE MEXKIY
OCILMJIALIMUTE HA MOBBPXHOCTHUTE 3apsiiy U €IEKTPOMArHUTHOTO CBETIMHHO moje. 3a HabmomaBanero Ha IIIIIT ce
M3II0JI3BAT OCHOBHO TPHU METOJA: YPE3 MPU3Ma, HENEPUOIUYHHU HIIU IEPUOJNYHU CTPYKTYPU HA MOBBPXHOCTTA.

B Tasu crarus Hue npezacraBsme m3ciensane Ha [T, w3mon3Baiiku MeTanu3upaHa penedHa AudpakimoHHA
pewerka. V3non3BaHaTa penedHa pemerka e 3anicana 1o xojorpadcku MeTos, ciiell KOeTo € MeTallu3ipaHa ¢ ThHBK
cioii anmymunuii (Al). Hanmnumero na I1I1IT pe3oHaHC € eKCIIEpUMEHTAIHO YCTaHOBEHO B PeXXUM Ha mporryckaHe Ha TM
MOJIIpU3MpPAHATa CBETIMHA.
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Herein we present surface plasmon polariton (SPP) main characteristics of Al, Au and Ag layers. SPP wavelength,
propagation length, and penetration depths (into the dielectric and into the metal) are evaluated. The resonant coupling
of two excited SPP on both metal/dielectric boundaries of a very thin metal layer is of great importance in the synthesis

of new generation sensors and optoelectronic devices.

Keywords: Surface plasmon polariton, Thin metal layer, Al layer, Ag layer, Au layer

INTRODUCTION

Surface plasmon polariton (SPP) is an
electromagnetic excitation that propagates along the
interface between a metal and a dielectric medium
and whose amplitude decays exponentially with
increasing distance into each medium from the
interface [1]. Surface plasmon polaritons are
generated by resonant interaction between the
surface charge oscillation and the electromagnetic
field of light.

As early as 1950s Ritchie introduced the concept
of SPP [1]. Recently the interest in them was
renewed for various reasons [2]. The use of lasers
in optical experiments also opens up new
opportunities for researchers. Development of
techniques for structuring surfaces with submicron
resolution, allows production of high-quality
devices, working in the visible spectrum. Various
sensors based on SPP resonance were developed
[3-6]. They are one of the possible ways for the
development of nano-optics [7, 8]. The length of
propagation of SPP in certain metals is sufficient to
connect two optical devices in a chip. It is possible
to make optical elements with very small losses,
and hence to permit the propagation of SPP over
several centimeters [9, 10].

The aim of this paper is to present an evaluation
of SPP main characterictcs of SPP with an
emphasis on those aspects that underlie the recent
research interest. Attention will be focused on the

* To whom all correspondence should be sent:
E-mail: dimana@iomt.bas.bg

different length scales that are of practical interest:
the SPP wavelength — Agpp, the SPP propagation
length — Jspp, the penetration depth of the
electromagnetic field associated with the SPP mode
into the dielectric medium — dy, and the penetration
depth of the field into the metal — J,,. Although the
approach we use here is based on some simplifying
assumptions, the presented results clearly indicate
the potential that SPPs offer for subwavelength
optics.

THEORY

Optical excitation of SPP at a metal-dielectric
interface requires matching of the momentum of the
incident light and the SPP. The SPP is characterized
by a complex wavevector kspp. Let us first consider
a very thick metal layer and p-polarized (transverse
magnetic or TM) wave, incident at the metal /
dielectric interface.

For such wave the magnetic vector is
perpendicular to the plane of incidence — the plane
defined by the direction of propagation and the
normal to the surface. Solving Maxwell’s equations
under the appropriate boundary conditions yields
the SPP dispersion relation [7, 11]:

w E &
— m<d
c\e, +¢&,

(1)

where ¢, and g4 are the dielectric constants of the
metal and dielectric layers.

When we consider an s-polarized (transverse
electric or TE) wave, it is the electric vector that is
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perpendicular to the plane of incidence. Solving
Maxwell’s equations in this case, it becomes clear
that surface plasmon polariton cannot exist for this
light polarization [11]. Since the momentum of
incident light in air is lower than that given by
Eq. (1), a coupling device is needed. There are
three main techniques by which the missing
momentum can be provided. The first makes use of
prism coupling to enhance the momentum of the
incident light [12,13]. The second involves
scattering from a topological defect on the surface,
such as a subwavelength protrusion or hole, which
provides a convenient way to generate SPPs locally
[14]. The third makes use of a periodic corrugation
on the metal’s surface [15].

Plasmon on the surface of a thin metal layer has
properties that are not observed in SPP propagating
on the interface of a semi-infinite dielectric media.
If the metal is thin enough, then the surface
plasmons of the two surfaces of the metal can
interact and form a connected SPP mode. As we
will show, the thickness of the metal layer must be
of the order of 20 nm or less, in order to observe a
significant binding.

The dispersion relation of SPP for the system:
vacuum ( & =1)/metal layer ( &, )/dielectric (&£, ) in

direction parallel to the interface is given by Zayats
etal [11]:

e k! g, k!

Em T o122

& kI g4 k'

- | - ., - 2)
g_mk_z_l g_mk_z_l o 2k

L& k7 g, kZ

Dispersion relations in the cases metal/vacuum
and metal/dielectric are obtained as special cases of
the equation for a thin layer, when the dielectric
layer thicknessd —> 0.

There are two main approaches to find the
dispersion equation of the SPP. One of them is to
use Maxwell equations and boundary conditions, as
described above. However, in case of complex
systems, consisting of more than one thin layer, it is
better to use a second method based on the Fresnel's
formulas for reflection/transmission. This results in
complex transcendental equations which can be
solved only numerically.

Below we present a numerical analysis of the
following key characteristics:

e the SPP wavelength — Agpp,

e the SPP propagation length — dspp,

120

e the penetration depth of the SPP mode into

the dielectric medium — dq4, and

e the penetration depth of the field into the

metal — Jy,.

Wavelength of SPP depends on the period of
oscillation of the surface charges. The SPP
wavelength and the SPP propagation length, may
be found from the dispersion equation for two
semi-infinite media, by wusing the real and

imaginary part of the wave vector k ;PP and k;PP
[16]. When‘&‘;‘ >> |€d|, the real part of the wave
vector of the SPP is:

k:SPP =k, )
Hence
Aspp =4y @)

The ratio between the wavelength of the
plasmon and the wavelength in vacuum is:

)

The SPP propagation length is another
characteristic and it is calculated from the
imaginary part of the wave vector of the plasmon. It
is the distance in which the power or intensity of
the mode is reduced to 1/e of its initial value.

Taking into account that 6‘;, << ‘gm , from the
dispersion equation Eq. (1) follows that:
3
" g EEq |?
kspp = ko—" (8' m+g j
2(5’” )Z m d (6)

The SPP propagation length Ogpp is given
by Sgpp = 1/2k;PP ,and is:

2re, \ €,€,

m

3
5SPP = ﬁo (8m)2 (gm T éq jz- (7)

The penetration depths of the SPP mode into the
dielectric medium J4, and into the metal J,, are
found similarly and they are:
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1

lle +¢,)2
§d = — m—zd and
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lle +¢,]2
§m I m—zd (8)
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RESULTS AND DISCUSION

The first basic characteristic of SPP is the ratio
between the wavelength of the plasmon Aspp and the
wavelength in vacuum /4y. We can calculate it from
Eq. (5) for metal layer (in this case silver)
bordering either with air or with polycarbonate as
used in [16-18]. Results in the range 400-1200 nm
(VIS and NIR) are shown in Fig. 1.

1,0
0,9 air (e,=1) Ag layer
0,8F

-~

= 0,7+

o

B P
0,6 PR
05|~ polycarbonate (e,~1.57)
0,4 1 1 1

400 600 800 1000 1200

A, [nm]

Fig.1. Dependence of the SPP wavelength on the
wavelength in vacuum. The dielectric is air (solid line)
or polycarbonate (dashed line).

In the case when the dielectric media is air with
e4=1 (solid line in Fig. 1), the wavelength of the
plasmon is very close, but always smaller than the
wavelength in vacuum. When ¢4 # 1 (Fig. 1, dashed
line), the wavelength of the plasmon is always less,
but approaches the wavelength in the corresponding
dielectric. The important conclusion from these
data is that if we want to control the SPP by a
periodic structure, then its characteristic length
should be of the order of the SPP wavelength.

The next characteristic important for the
practical applications of the surface plasmons is the
SPP propagation length O spp - As mentioned in the
theoretical section, this characteristic can be
determined by Eq. (7).

In Fig.2 the dependences of the SPP
propagation length on the wavelength in vacuum
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Al layer
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160000
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Fig. 2. Dependence of the SPP propagation length on
the wavelength for Al, Au and Ag. The dielectric is air
(solid line) or polycarbonate (dashed line).

for three metals: aluminum, gold and silver (Al, Au
and Ag) are shown.

The SPP propagation length sets an upper limit
on the size of the structures that can be used. One

way to increase Ogpp is by using coupled modes

that are present in the thin metal layers. The SPP
propagation length is significantly greater (about
10+ 10° times) than the wavelength of the
plasmon. Hence, diffraction gratings with period on
the order of the SPP wavelength can be used to
control the plasmon propagation, provided that
interaction with the SPP over several periods of the
structure is ensured.

Other basic characteristics are the penetration
depths of the plasmon in the metal and in the
dielectric. Their dependences on the wavelength are
shown in Fig.3 and Fig.4. They are very
important, in order to determine whether coupling
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Fig. 3. Dependence of the SPP penetration depth in the
dielectric on the wavelength for Al, Au and Ag layer.
The dielectric is air (solid line) or polycarbonate
(dashed line).

of plasmons from both sides of the metal layer is
possible. They are calculated using Eq. (8).

The SPP penetration depth into the
dielectric is a measure of the distance at which the
SPP mode is sensitive to changes in the refractive
index of the dielectric layer.

As seen in Fig. 4, penetration of the SPP
into the aluminum layer on the two boundaries is
approximately 16 nm (the value obtained for the
longer wavelengths is used), i.e. coupling between
the plasmons on both sides of the thin layer may be
expected for thickness less than 32 nm. In the case
of gold and for wavelengths above 600 nm
coupling of the plasmons can be expected in films
with thickness below 48 nm.
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Fig. 4. Dependence of the SPP penetration depth in the
metal on the wavelength for Al, Au and Ag layer. The
dielectric is air (solid line) or polycarbonate (dashed
line).

Note that for the  combination
gold/polycarbonate, there is a sharp dip in the
penetration depth around 500 nm, i.e. the SPPs
remain localized. At this wavelength the numerator
in Eq. (8) becomes close to zero, due to the value of
the dielectric constant of polycarbonate. Penetration
on the two boundaries for silver is approximately
22 nm and coupling of the plasmons is possible for
thickness less than 44 nm.

CONCLUSION

We have numerically solved equations that give
some SPP main characteristics. We have shown
that for large wavelengths, i.e. in the NIR region of

the spectrum, O, asymptotically approaches a
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different limit for each metal. In our case, the
penetration depth is smallest for aluminum and
highest for the noble metals especially for gold,
which is also confirmed in the literature.
Knowledge of the basic characteristics of the SPP is
important and necessary for a deeper understanding
of resonance processes in the studied structures. In
this manner, one can optimize the individual
elements in the realization of the various sensing
devices.
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I[NTOBBPXHOCTHU INIABMOH-ITOJIAPUTOHHI PE3SOHAHCHU
TP TBHKU Al, Ag 1 Au CJIOEBE

. Y. Hazsposga, JI. JI. Hexgemues, I1. C. llapnanmxues

Hnemumym no Onmuyecku Mamepuanu u Texnonozuu, bBvieapcka Axademus na Hayxume, yn. Axao. I'. bonues, o1.
109, 1113 Cogus, Bvreapus

Iocrpnuna ua 17 oktomBpu 2013 r.; kopurupana Ha 25 HoemBpH, 2013 .

(Pe3rome)

B Ttasu crartus pasriekigaMe OCHOBHHTE XapaKTePHCTUKU Ha MOBBPXHOCTHHUTE Imia3MoH-mniosiaputonn (III1IT) 3a
cinoeBe oT Al, Au m Ag. JIpmxuHata Ha BbiaHata Ha [IIII1, memxwHATA Ha paslMpocTpaHEHHWE W ABIOOYMHHUTE Ha
MIPOHMKBAHE B MeTaJla U B 1uenekTpuka. Bzaumoneicreuero Ha nsa I1III1 ot aBeTe rpaHULid HA MHOTO THHBK CJIOH € OT
TOJISIMO 3HAYEHHE 32 CHHTE3UPAHETO Ha HOBO TIOKOJIEHUE CEH30PH U ONTOCIEKTPOHHHU YCTPOWCTBA.
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In this article a study of surface plasmon resonance (SPR) is presented using a diffraction grating to couple light on
the dielectric-metal interface. A polycarbonate surface relief gratings obtained from commercially available DVD-R
stampers are used as substrates and are subsequently coated with silver and gold thin films (with physical thickness d =
15-25 nm) . The presence of SPR is experimentally verified by the observed resonance peaks in spectral transmittance
of TM polarized light. Furthermore, the spectral positions of these peaks are determined for the given film thickness —
510 nm for the Ag layer and 760 nm for the Au layer. The results are compared with previous study of SPR peaks in

aluminum thin films.

Keywords: Surface plasmon polariton, Gratings, Resonances

INTRODUCTION

Surface plasmon polariton (SPP) is an
electromagnetic excitation that propagates along the
planar interface between a metal and a dielectric
medium and whose amplitude decays exponentially
with increasing distance into each medium from the
interface [1]. In such way SPP is a surface
electromagnetic wave, whose electromagnetic field
is confined to the near vicinity of the dielectric—
metal interface. This confinement leads to an
extraordinary sensitivity of SPP to surface
conditions which is extensively used for studying
adsorbates on a surface, surface roughness, and
related phenomena. That is why SPP are of interest
to a wide spectrum of scientists ranging from
physicists, chemists and materials scientists to
biologists. SPP-based devices exploiting this
sensitivity become increasingly popular as a label-
free method for measurement and are widely used
in chemo- and bio-sensors based on surface
plasmon resonance (SPR). The large field
enhancement associated with SPR is also the basis
for many surface analytical techniques such as
surface-enhanced Raman scattering [2], surface-
enhanced fluorescence [3,4] and infrared
absorption spectroscopy [5]. SPR sensing has been
exploited in the development of immunosensors

* To whom all correspondence should be sent:
E-mail: dimana@iomt.bas.bg

[6], accelerating drug discovery [7,8], and
detecting protein-DNA interactions [9, 10].

Three methods are mainly used to couple light
on a metal-dielectric interface and observe SPP —
using a prism, a non-periodic or periodic structure
on the surface. Diffraction gratings are a typical
example of the last method.

In our previous work we studied polycarbonate
gratings metal-coated with Al [11] and
extraordinary transmission was observed i.e. a peak
in transmission of linearly polarized light parallel to
the grating vector (denoted as TM). It was shown
that such structures are suitable for sensor
applications. When applying various homogeneous
and inhomogeneous upper layers (over the metal
coating), nature of the resonant curve of
transmission does not change, but a shift of the
peaks towards higher wavelengths is observed with
an increase of the refractive index. This makes it
possible to determine the unknown refractive index
of transparent liquids in a given operating range.
For upper layers consisting of suspensions of
dispersed nanoparticles a shift of the resonance
peak towards larger wavelengths is found with an
increase of the concentration of the nanoparticles.
This allows determining the concentration of the
nanoparticles in the suspension by the spectral
position of the resonance peak. Hillier and
coworkers have also demonstrated that a diffraction
grating consisting of a commercial DVD coated
with a thin metal film supports surface plasmon

124 © 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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enhanced light transmission [12-15]. They
demonstrate the ability to determine film’s
thickness tracking the position of the plasmon peak
and for ex situ sensing by analyzing thin films of
various thicknesses and detecting a model
immunoreaction between bovine serum albumin
and anti-bovine serum albumin. This transmission
SPP device based on metal-covered grating is a
simple and sensitive platform, which can be used
for biomolecular interactions analysis or in the
study of a variety of surface adsorption processes.
Herein we present a study of one-dimensional
metalized diffraction gratings, in which at specific
wavelength resonant optical transmission is
observed. For this purpose, commercially available
polycarbonate DVD stampers used are coated with
a thin layer of various metals (Al, Au, Ag). The
influence of these metals on the behavior of the
resonance peak in transmittance is studied.

EXPERIMENTAL
Polycarbonate substrate preparation.

In the present work we use polycarbonate DVD
stamped gratings. They are factory made relief
gratings with a storage capacity of 4.7 GB. These
structures are high quality plastic diffraction
gratings and are useful as a model for testing,
because they are cheap, readily available and highly
standardized within a certain series. The DVD-Rs
consist of two 0.6 mm thick circular polycarbonate
pieces that sandwich a metal and a dye layer
between them. One of the polycarbonate pieces
possesses a continuous spiral groove that assists in
laser tracking during reading/writing of data. This
is, in fact, the grating used in our experiments. The
other piece is a cover with protective function
preventing physical damage to the metal and dye
layers. For preparation of the gratings, the two
polycarbonate pieces of the DVD-R were manually
separated. The grooved polycarbonate piece useful
for us is easily distinguishable from the smooth one
as it diffracts light. The dye is easily removed from
the surface by washing in ethanol followed by
drying. Details about the grating characteristics are
given in section 3.2.

Metal Thin Films Coating

For metal coating of polycarbonate substrate
various metals were used (aluminum, gold and
silver). Thin aluminum film was deposited by dc
magnetron  sputtering technique in  argon
atmosphere with pressure 2.5.10" Pa in thin film
deposition system Leybold Heraeus Z700 P2. The

low energy of the Al ions ensures that there is no
interaction between them and the polycarbonate
gratings. Thin gold and silver films were deposited
by thermal evaporation in high vacuum 5.10° Pa in
deposition system Leybold Haracus A 702 Q. The
thickness of the layers was controlled by quartz
monitoring technique. The deposition rate was 0.02
nm/s [16]. As a result the substrate was coated with
15-25nm thin metal layers from the above
mentioned metals.

ATOMIC FORCE MICROSCOPE (AFM)
IMAGING.

AFM images of the used sample surfaces were
acquired before and after metal-coating with AFM
DS 40-45 (Danish Micro Engineering).

RESULTS AND DISCUSSION

To understand the nature and origins of the SPP
phenomena in the transmittance spectra, we
investigated the role of surface plasmons. Optical
excitation of SPP at a metal-dielectric interface
requires matching of the momentum of the incident
light and the SPP. The SPP have a complex wave
vector kspp, the real part of which is described by
the dispersion relationship shown below [17,18].
Let us first consider a p-polarized (transverse
magnetic or TM) wave. In a wave with such
polarization the magnetic vector is perpendicular to
the plane of incidence — the plane defined by the
direction of propagation and the normal to the
surface. Solving Maxwell’s equations under the
appropriate boundary conditions yields the SPP
dispersion relation that is the frequency-dependent
SPP wave-vector, kspp:

® | &,&,

kspp =— | —"—"— (1
c\e, +‘9d

where ¢,, and g, are the dielectric constants of the
metal and dielectric layers and o is the angular
frequency.

When we consider s-polarized (transverse
electric or TE) wave, its electric vector is
perpendicular to the plane of incidence. Solving
Maxwell’s equations for s-polarized light, shows
clearly that surface plasmon polariton cannot exist
in this light polarization [17]. Since the momentum
of incident light in air is lower than the one given
by Eq. (1), a coupling device is needed. There are
three main techniques to provide the missing
momentum. The first makes use of prism coupling
to enhance the momentum of the incident light
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[19,20]. The second involves scattering from a
topological defect on the surface, such as a
subwavelength protrusion or hole, which provides a
convenient way to generate SPPs locally [21].

The third makes use of a periodic corrugation in
the metal’s surface [22]. For a periodically
modulated interface such as a grating between a
metal and a dielectric with a period a, the surface
component of the wave vector of incident light can
be increased or decreased. If the light with a wave

vector k is incident on the grating at an angle &,
the components on the surface will have a wave
Vector(a)/ C)Sin 6, tvg, were U is an integer
(0, £1, £2,...) indicating the diffracted order and
g=2n/a. If &,=1, then the dispersion

equation for surface plasmon polariton is given by

&
" ke (2),
e 11 e @

m

X

o . 1)
k :?sm@) tug=—

or

k, =2sin 0, + Ak, = kgp 3)
C

where Ak comes out from any perturbation on the

surface [1]. In the above equations the projections
of the wave vectors on the x direction were used
(on the surface of the boundary between a metal

and dielectric). If Ak =0 the dispersion relation

has no solution. The wave vector of the surface
plasmon polariton is a component of the wave
vector of the incident light in the plane of
propagation. The charges on the surface of the
metal have to maintain the electric field
perpendicular to the surface i.e. must change the
sign of the dielectric permittivity of the border. The
frequency-dependent real parts of the metal and the
dielectric material permittivity must have opposite
signs in order for SPP to exist at such an interface.

This condition is satisfied for metals because &, is

both negative and complex (the latter
corresponding to absorption in the metal). Since in
the visible range dielectrics have positive
permittivity, the permittivity of the metal must be
negative. This condition is fulfilled for metals in the
visible and near infrared regions of the spectrum
(such as aluminum, gold, silver and copper), which
have a large negative real part (small positive
imaginary part is related to the loss due to
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absorption and scattering in the metal). Permittivity
of metals can be found in [23].

The metal-coated substrates used in this study
were obtained by depositing semi-transparent metal
films with 15+25 nm thickness onto gratings
derived from commercial DVDs. In Fig. 1(a) AFM
image of the clean polycarbonate grating before
deposition of thin metal film is presented. Fig. 1(b)
shows the AFM image of the same grating after
coating with gold. As seen, there are no significant
differences in the basic characteristics of the
diffractive grating before and after coating.

Tepography - Scan forward Topography - Scan forward
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H
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§

'b)
Fig. 1. AFM image of the grating before coating

(a), and of the grating coated with 20 nm gold
layer (b).

The grating period is determined to be 750 nm.
The groove profile is neither sinusoidal, nor
rectangular. That means that there are higher
harmonics in the Fourier transform of the grating
modulation. The groove depth is estimated to be
170 nm. Refractive index of the polycarbonate
substrate is 1.57.

The diffraction from clean gratings (not coated
with metal film) was measured in transmission with
He-Ne laser (633 nm) at normal incidence. The
diffraction efficiencies of the +1 orders are 16 and
21 % respectively, and lay in one plane with the
zero order. Thus, the intrinsic conical form of the
grooves can be ignored.

In Fig.2 the transmittance spectra of the
polycarbonate substrate before metal-coating for
TM and TE polarized light are given. TM
corresponds to light polarization perpendicular to
the grating vector and TE to light polarization
parallel to the grating vector. The spectra are
measured with CARY 5E  high-precision
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spectrophotometer. A high quality Glan-Taylor
prism which provides extremely pure linear
polarization with a ratio 100 000:1 in the range
250-3000nm is used as a polarizer. The
experimental data show no difference in
transmission spectra for the two polarization states
before metal-coating.

In contrast, the transmittance of the metal-coated
gratings for TM and TE polarizations is different.
This is clearly seen when we determine the ratio
between them — TM/TE. This ratio is measured for
gratings coated with three different metals (Al, Au
and Ag) and the results are shown in Fig. 3. As we
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0,0

500 1000 1500 2000
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Fig. 2. Transmission of non-coated polycarbonate

can expect from the theory, there is a significant substrate.
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Fig.3. Transmission ratio TM/TE for the gratings coated with Al (a), Ag (b) and Au (¢).

difference in the transmission for the two linear
polarizations TM and TE.

The well-developed resonance peak in the case
of Al is situated at 1090 nm, for the grating coated
with Ag layer it is located at 510 nm and for the Au
at 760 nm.

CONCLUSION

According to the theoretical considerations, for
all three metals resonant structures are observed.
The increased light transmission for these films at
TM polarization represents a considerable
enhancement over the similar spectrum for TE
polarization. Resonances in aluminum and gold are
very well pronounced, the silver film also shows a
75% enhancement over the TE spectra.

The locations of these spectral peaks in
transmittance, as well as their magnitude are found
to vary with the thickness of the metal films for the
same grating parameters. The study of the behavior
of the resonance peaks in the transmission of

gratings coated with silver and gold but with
different upper layers is a subject of future research.
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I[NOBBPXHOCTHMU INTIASMOH-ITOJIAPUTOHHU PEBOHAHCH OT METAJIM3UPAHU
[NOJIMKAPBOHATHU JUOPAKIIMOHHU PEINETKHU

J1. Y. Hazspoga, JI. JI. Henemues, P. H. Togopog, I1. C. lllapianmkues

Hucmumym no Onmuuecku Mamepuanu u Texnonoeuu, Bvaeapcka Axademus na Hayxkume,
yi. Akao. I'. Bonues, on. 109, 1113 Coghus, bvrcapus

Hocrprnuna Ha 17 oktomBpu 2013 r.; KOpurupana Ha 25 HoemBpH, 2013 .

(Pestome)

B ta3u cratus npezacraBsMe H3CIICABaHE HA MOBbPXHOCTHHU Iu1a3MoH-mojapuTonuu (I1I1IT) pe3onancu Ha O6a3ara Ha
TU(PPaKIMOHHYU permeTku. M3moisBan cMe nonukapooHaTHu peneduu pemretkd ot DVD-R cremnepu, Mertanusupanu
¢ ThHKH cioeBe OoT Au u Ag. IIpuchbCTBHETO Ha PE30HAHCU € EKCIIEPUMEHTAIHO JoKa3zaHo 3a TM mossipuzupaHaTa
cBeTNHHA. Pe3ynTaTtuTe ca cCpaBHEHH C TOKJIAABAHUATE TIO-PAHO 32 THHKH coeBe OT Al.
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Scattering response of Au and Ag nanoparticles with different sizes embedded in
azopolymer matrix
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In this article we analyze the scattering response of a realistic model of thin azopolymer film (synthesized in
Institute of Optical Materials and Technologies) with embedded Au and Ag spheres with mean radius 45 nm and 20 nm.
The refractive index of the polymer matrix at 473 nm is 1.628, as determined by spectrophotometric measurement. This
wavelength is commonly used for recording holographic gratings in such materials. Single particle optical behavior is
analyzed using the exact vector equations of the scattering theory. Computer program was developed for estimation of
scattered fields in terms of expansion coefficients. The particles are considered as ensemble of non-aggregated spheres
with normal distribution of sizes, characterized by the mean radius <r> and its standard deviation which is taken as
o, =<r>/4. We ignore multiple scattering by individual particles. Based on these approximations, the angular
dependences of all the matrix elements describing the optical response of the investigated nanocomposite film are

calculated.

Keywords: light scattering, metal nanoparticles, nanocomposite films, azopolymer

INTRODUCTION

The problem of light scattering by particles has
attracted the attention of many researchers. In
optical particle characterization, mainly scattering
by some basic particle shapes such as spheres,
spheroids, ellipsoids, cubes and cylinders have been
investigated. In some early works special cases for
certain types of particles have been resolved using
various approximations [1-3]. Pioneering work of
Gustav Mie and Lorenz provides more
comprehensive view of the problem of scattering of
particles [4].

Perhaps the most important, analytically solved
problem in the theory of scattering by small
particles is that of a sphere of arbitrary radius and
refractive index [4, 5]. The Mie solution was
obtained applying Maxwell's electromagnetic
theory to the problem of light scattering from a
homogeneous spherical particle with separation of
variables.

Herein we present a numerical analysis of the
scattering response of thin azopolymer film
(synthesized in Institute of Optical Materials and
Technologies) with embedded Au and Ag spheres
with mean radius 45 nm or 20 nm by calculations

* To whom all correspondence should be sent:
E-mail: dimana@iomt.bas.bg

of the scattering matrix.

This study is related with recently reported
results for the enhanced photoinduced birefringence
in composite materials [6, 7]. One of the suggested
mechanisms that assist the reorientation of the
azomolecules in presence of nanoparticles is
connected with the light scattered from the
nanoparticles at the recording wavelength, namely
473 nm.

THEORY

The scattering of electromagnetic radiation by
any material is related to its heterogeneity. Each
material is in some sense heterogeneous, and for
this reason all materials scatter electromagnetic
radiation.

When a particle is illuminated by light, the
nature of the particle — its shape, size and material —
determine how much light will be scattered, what is
its angular dependence, as well as how much light
will be absorbed by the particle [8]. The process of
scattering from a particle can be described as
follows: A particle with a certain shape, size and
optical properties is illuminated by monochromatic
plane wave with arbitrary polarization. In order to
determine the electromagnetic field inside and
outside the particle, vector Maxwell’s equations are
solved by separation of wvariables, within and

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 129
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outside the particle, so that they fulfil the boundary
conditions between the particle and the surrounding
environment. Naturally, these equations are solved
for the various separate areas, namely inside the
particle, near and far from the particle.

The connection between the incident (i) and
scattered (s) electric field is presented in a matrix
form as follows:

EHs _eik(r—z) P2 P3 EHz’
EJ_S - _lkr })4 Pl EJ_i (1)

where the elements Pj( j=123, 4) of the

amplitude scattering matrix are complex variables
and depend in general on the angle of scattering 6
and the azimuth angle ¢ and & is the wave vector.
Eq. (1) is valid for polar coordinate system
(r,@,go) and the z-axis is defined as the direction

of propagation of light ahead (forward direction).
The scattering angle 4 is counted from the centre of
the particle and is equal to zero for backscattering
(i.e. in direction opposite to the incident light) and
180° for forward direction.

The intensity and polarization of light are
usually characterized in terms of the Stokes
vector S = (I ,0,U ,V). The Stokes parameters of

light scattered by a single particle are found from
the electromagnetic field inside and outside the
particle. A scattering matrix with 16 elements
converts the Stokes parameters of the incident light

([ 0.0, Vl) into the Stokes parameters of
scattered light (IS,QS U,V ), as seen below [8]:

I B, R, By B\
o|_ 1 |m B B B0
Us kr’ P, P, P, P, |U,
Vs Py P, Py P,\V,

2

This matrix is also sometimes referred to as
phase matrix. The phase matrix in the case of
spherical isotropic particles has much simpler form,
and it is described by only four parameters — Py,
Plz, P33 and P342

P B, 00
P, By 0 0
0 0 P, P,
0 0 -P, Py

)
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Hence, if we find these four parameters (P,
P15, P33 and Ps,) of the scattering matrix, we will
know the scattering response of the system.

So far we considered a single particle. Recently,
materials composed of several nanosized
components, known as nanocomposite materials,
have attracted considerable attention. They consist
of a matrix in which nanoparticles are embedded.
When we have an ensemble of particles, each
particle in addition to the external field is excited
by the resultant field of the scattered waves from all
other particles. This complex case is usually
simplified by two main approximations. The first is
that the density of particles is small enough and
they are at sufficiently large distance from each
other, so that in the vicinity of each particle the
total scattered field from all the other particles is
less than the external field. Then each particle is
affected only by the external field. The second
approximation assumes an incoherent scattering by
particles in the ensemble.

RESULTS AND DISCUSSION

Our model considers a homogeneous spherical
metal (Au or Ag) particle embedded in azopolymer
matrix. The complex refractive indices of gold and
silver are taken from Ref. 9. The calculations are
made for mean radius of the metal spheres 45 nm
and 20 nm, respectively, the ensemble of particles
having a normal distribution of sizes. The
azopolymer used for the matrix of the
nanocomposite material is synthesized in the
Institute of Optical Materials and Technologies.
The refractive index of the polymer matrix is
estimated to be 1.628 at 473nm based on
spectrophotometric  experimental  data.  This
wavelength corresponds to the one commonly used
for recording holographic gratings in such
materials. Single particle optical behavior is
analyzed using the exact vector equations of the
scattering theory. Far-field scattered and near-field
electromagnetic fields are calculated by the method
of separation of variables.

Computer algorithm was developed for
calculation of the scattered fields in terms of
expansion coefficients. The particles are considered
as ensemble of non-aggregated spheres. Further, we
have ignored multiple scattering by individual
particles. We also assume that the spheres,
incorporated in the azopolymer samples, have
normal distribution of sizes, characterized by the
mean radius <r> and its standard deviation o..
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Fig. 1. Angular dependence of the scattering matrix elements Py, Py, P33 and Ps,.

Calculations were done for Au and Ag
nanoparticles with <r>=45nm and <r>= 20 nm.
In both cases the value of the standard deviation is
taken to be g, = <r>/4.

The angular dependences of all the matrix
elements Py, P, P;; and P;4 describing the
scattering  response of the  investigated
nanocomposite film are calculated and graphically
presented in Fig. 1.

As seen in Fig. 1, the behavior of all four
scattering matrix elements for both the gold and
silver particles with radius 20 nm is similar. This is
because they are within the approximation for small
particles. On the other hand, the angular scattering
dependences of the 45 nm sized gold and silver
particles are different.

CONCLUSION

The scattering matrix elements are calculated
and compared for nanocomposite layers consisting
of Au or Ag nanoparticles with two different sizes
(20 and 45 nm) embedded in dielectric azopolymer
matrix. In such a way, the scattering response of the
system can be defined. The angular dependences of
the four scattering matrix elements in the case of
spherical isotropic particles are presented. It is seen,

that the obtained values for gold and silver particles
with size 20 nm are very close, which is explained
by the approximation for small particles. Hence, for
particles with radius 20 nm or below, the scattering
response does not depend on the composition of the
particle.

For particles with radius 45 nm however, the
scattering of the system is different for gold and
silver, and depending on the desired optical
properties, one of these materials can be selected.
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PA3CEMBAHE OT A3OIIOJIMMEPEH CJIOI C BIPAJIEHU Au Y Ag YACTHILY C PA3JIMYHU
PA3SMEPHU

J. Y. Hazbpoga, JI. JI. Hemendes u I1. C. [llaprmanmkues

HucturyT no Ontrnyeckn Matepuanu un Texnonmorun, beiarapcka Axanemust Ha Haykute, yin. Akan. I
Bonues, 611. 109, 1113 Codus, brrrapus

ITocrbnuna Ha 17 oktomBpu 2013 r.; kopurupasa Ha 25 HoemBpy, 2013 .

(Pesrome)

AHanu3MpaHo € pa3celBaHETO Ha peaJruCTHYeH MOJEN Ha THhHBK a30omojuMepeH cioil (cuutesupan B UOMT) ¢
BrpageHu Au u Ag cepudnu HaHOYacTUIM ¢ paguycH 45 aM u 20 M. [TokasarensaT Ha nmpedynBaHe HA MMOJUMEpHATa
martpura 3a 473 am e 1,628 u e onpezeneH OT CEKTPO(YOTOMETPUYHN €KCTIEpUMEHTAIHN aHHU. Ta3u IbIDKUHA Ha
BbJIHATa € MOAXOAALIA 32 XoJorpad)cku 3amuc B u3cienBaHuTe MaTepuanu. [loBezeHMeTo Ha eJIMHMYHA YacThLA €
aHAJIM3MPAHO TIOCPEJICTBOM TOYHUTE BEKTOPHH ypaBHEHHsI Ha Makcyerl.

Pa3paboTeHn ca KOMITIOTHPHU TIpOrpaMy 3a IpECMsTaHE Ha bIJIOBaTa 3aBUCHMOCT Ha pascesiHaTa CBETJIMHA.
YacTumure ce pasriekaaT KaTo ancaMObJl OT Hearperupaiyu cdepr Kato ce npeHeOpersaT MHOTOKPATHUTE OTPaKEHHS
MeXAy dyacTuiure. [Ipuemame chII0, Y€ YaCTUIMTE MMAT HOPMAJIHO paslpeAeieHre 10 pa3MepH U ce XapaKTepu3upar
CbC CpeIHMs CH paguyc <r> W CTaHJApTHO OTKJIIOHEHHEe o,= <r>/4. HampaBeHure w3umcieHus ca 3a Au u Ag
HaHOYACTHUIH ¢ <r> =45 aM u <r> = 20 um. [IpencraBeHu ca BrIIOBUTE 3aBUCUMOCTH 3a 473 HM Ha YeTUPUTE MAaTPUIHU
€JIEMEHTA, OIPEEIAIIN Pa3ceBAaHETO HA U3CIICIBAHUS HAHOKOMITO3UTEH CIIOM.
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The birefringence spectrum An(4) for an amorphous azopolymer synthesized in the Institute of Optical Materials and
Technologies is measured in a wide wavelength region — from 390 to 700 nm. High values of An are established — from
0.02 at the longer wavelengths up to 0.05 close to 400 nm. Hence, the polymer could be used in applications such as
polarization holographic gratings and diffractive optical elements with unique polarization properties usable in the

entire visible range.

Keywords: spectral birefringence, high photoinduced birefringence, azopolymer

INTRODUCTION

Optical anisotropy is a property of the medium
which varies depending on the direction of
propagation of the optical wave. In contrast,
isotropy implies identical properties in all
directions. Anisotropy of absorbance is referred as
“dichroism” (AD) and anisotropy of the refractive
index — as “birefringence” (An). Anisotropy can
also be linear or circular, inherent or photoinduced.
Most interesting for practical applications is the
photoinduced linear birefringence. Based on it,
efficient polarization phase gratings can be
recorded (up to 100 % diffraction efficiency),
whereas for absorption gratings (when dichroism is
used), the maximal theoretical efficiency is limited
to 6.25 % [1].

Photoinduced birefringence has been found in
various inorganic and organic materials, but one of
the most efficient are the azobenzene polymers and
therefore they have numerous applications,
especially in the field of polarization holography
[1-6]. The photoinduced effects in them arise from
two main  processes: selective  trans—cis
isomerization followed by reorientation of the
trans-azobenzenes.

Usually the value of birefringence is measured
at fixed laser wavelengths — either of reading or
recording laser. However there are some cases,
where it is critical to know the birefringence over a
broad spectral range. An example is polarization

* To whom all correspondence should be sent:
E-mail: lian@iomt.bas.bg

diffraction grating used in a device (spectral
Stokesmeter) measuring the polarization state of
light, 1ie. the four Stokes parameters,
simultaneously for a number of wavelengths [7, 8].
Its diffraction efficiency at a given wavelength is
closely related with the birefringence value for the
same wavelength.

Although reports can be found of recording in
azopolymers at wavelengths outside the typical
440-500 nm range — either in the UV [9], or in the
yellow and red [10], very few researchers present
data about the spectral birefringence [11].
Therefore, we believe our study will be of interest
to the scientific community and will clarify the
dependence of An on the wavelength.

EXPERIMENTAL

Azopolymer synthesis and sample preparation

The polymer we use is a side-chain azopolymer
denoted as P;. Its chemical structure is shown in
Fig. 1. The synthetic procedure is briefly described
below.

N-@{N
e

Fig. 1. Structure of the azopolymer P; used in the present
study.

Initially azo chromophore
phenylazo)benzonitrile was

4-(4-hydroxy-
prepared by
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dissociation of 4-aminobenzonitrile and coupling
with phenol using standard technology. Then by
etherification with acryloyl chloride the azo dye
monomer was obtained. Finally, the polymer was
synthesized by radical-type polymerization [12].
The differential scanning calorimetry (DSC) data
indicate glass transition temperature 7, =106 °C.
The polymer is amorphous and its weight average
molecular weight is M, = 1.46x10* g/mol, as
measured by gel-permeation chromatography
(GPC).

In order to prepare thin films for optical testing,
20 mg of the polymer were dissolved in 200 pl of
1,2-dichloroethane, i.e. at concentration of 100 g/L.
Then the solutions were spin coated at 1500 rpm on
glass substrates to produce films with uniform
thickness.

Thickness measurement and spectrophotometric
characterization

As it will be seen in the next section, the
thickness is an important characteristic of the
photosensitive films, as it is directly used in the
calculation of the birefringence. Hence, its value
has to be determined precisely. For this purpose we
employed a high-precision Talystep profilometer
with 1 nm vertical and 0.1 um horizontal

//
T.Distance: 0.727285 um

(a)

Absorption coefficient (um™)

00 350 400 450 500 550 600 650
Wavelength (nm)
(b)

Fig. 2. (a) Thickness profile of a thin film prepared
from the azopolymer Py; (b) Spectrum of
absorption of the same thin film.

resolution, additionally upgraded with a digital
recording device. A typical scan over the film
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surface is presented in Fig.2a. The “valley”
corresponds to a region where the polymer layer
has been removed. Thus the thickness of the film is
d=730nm, assuming uncertainty of the
measurement of 1 %.

The spectral measurements required to
determine the absorbance and also the spectral
variation of the birefringence are performed on a
Varian Cary 5E spectrophotometer. The device has
a spectral range from 200 to 3300 nm, i.e. in the
UV/VIS/NIR parts of the spectrum. Figure 2b
shows the absorption spectrum of a thin film from
P, before irradiation.

Birefringence recording setup

To induce birefringence in the sample, an
expanded vertically polarized beam from a Diode-
Pumped Solid State (DPSS) laser at 473 nm was
used. The beam diameter after the collimator is
8mm and the intensity 1is approximately
25 mW/cm®. The azopolymer film is placed behind
an aperture with 5 mm diameter in order to ensure a
more uniform light distribution over the irradiated
area of the film. To control in situ the birefringence
value An, the sample is placed between two crossed
polarizers with axes oriented at £45° with respect to
the vertical and a probe He-Ne laser beam
(A=633 nm) is passed through this system. The
intensity of the transmitted beam is given by [2]:

mz’.Anj

e—Ne

I=1, sinz( (1)
where [, is the intensity of the probe beam before
the exposure and at parallel polarizers, d is the
thickness of the film and Ay, is the wavelength of
the probe He-Ne beam. From Eq. (1) the value of
birefringence can be easily determined as

An:%-arcsinqll/lo )

The intensity is measured in real time during the
experiment and the irradiation continues until
saturation of / and respectively An is reached. In
our case this time is about 30 min. Shortly after the
exposure has been stopped, the value of the
birefringence at 633 nm is calculated using Eq. (2):
An (633 nm) = 0.0235.

RESULTS AND DISCUSSION

In order to determine the spectrum of
birefringence, three spectra have to be measured,
corresponding to transmission of the sample placed
between:
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1. crossed polarizers after the exposure —
T (A);

2. crossed polarizers before the exposure —
TﬂOl’l—CXp (2{) .

1 )

3. parallel polarizers before the exposure —
7—|v‘n0nfexp (ﬂ,) .

For an isotropic sample we would expect

T (A) = 0. However, although the sample is

isotropic before the exposure, this spectrum has
very small, but non-zero values. They are probably
due to stray light in the spectrophotometer
compartment or scattering from the sample. Thus,
in order to take these effects into account, we have
to subtract this spectrum from the first one (after
the exposure). So finally we can express the
spectral birefringence in terms of the three spectra,
using Eq. (2) as:

exp __ rgrnon—exp
T L T L

non—ex (3)
Ui

An(l) = %'sin1

Note, that in this expression, the wavelength is
not a constant, as it is in Eq. (2).

The birefringence spectrum calculated using the
last equation is shown in Fig. 3. The value of An for
633 nm is indicated by an arrow and is equal to
0.0233. This value coincides very well with the

0,05 i

S o04} 1
(]
[&]
S oosf AN(633)=0.0233 1
(@)]
£ o002} 1
o
m 0,01} T
0,00 L~ . : :
400 500 600 700

Wavelength (nm)

Fig. 3. Spectral birefringence obtained after irradiation
of 730 nm thick film from azopolymer P; with linearly
polarized light (1 = 473 nm, / = 25 mW/cm?) for 30 min.

value obtained at the end of recording (0.0235),
which means the two methods of measuring An — as
time series at fixed wavelength, and in the spectral
domain — give compatible results.

In this case the data for An(1) are given for
visible light (390-700 nm), but the range of
measurement can be easily expanded. To cover the

UV, it is essential to replace the glass substrates
with quartz. Both for UV and NIR, polarizer and
analyzer with broad spectral operating range have
to be used.

We would like to point out that the shape of the
curve for An(1) obtained by us is similar to the one
reported by Lachut et al. [11] in bis-azo polymer, in
spite of the different wavelength region. The trend
in both cases is that the birefringence is higher at
shorter wavelengths and approaches a constant
value at longer wavelengths.

In our further studies, we intend to expand the
range of measurement both in the UV and NIR, in
order to confirm this trend and to address the
telecommunication band (1300—1500 nm), which is
important for many applications as planar
waveguides, optoelectronic devices, etc.

CONCLUSIONS

In summary, we present data for the spectral
dependence of the photoinduced birefringence An
for an azopolymer over a wide wavelength band,
covering the entire visible part of the spectrum
(390-700 nm). As the birefringence at a given
wavelength is closely related to the diffraction
efficiency on holographic recording, this method
gives a fast estimate whether an azopolymer can be
used as a media for polarization diffraction grating
suitable for certain wavelength range.
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IroJisiMO ®OTOMHAYLUNUPAHO ABYJIBYEIIPEUYIIBAHE HABJIIOJTABAHO B IIIMPOK
CIIEKTPAJIEH IMAITA30H B AMOP®EH A30ITOJIMMEP

JI. JI. Hepenues, JI. K. Hazwvposa, I1. IletpoBa
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yi. Axao. I'. Bonues, 61. 109, 1113 Cogpus, bvaeapus
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(Pesrome)

B crarusita ca mpeactaBeHH €KCIEPUMEHTAIHHU JIAaHHU 3a CIEKThpa Ha JBYyibuenpeuynBane An(d) 3a amopden
monuMep, cuHTe3upad B MuctutyTa mo Ontryeckn Matepuamu u TexHonormu kbM BAH. M3mepBanero € B mmpok
criekTpasieH nuana3oH — ot 390 no 700 nm. YcraHoBeHU ca BUCOKH cTOHHOCT Ha An: oT 0,02 3a ABATOBBIHOBATA YacT
Ha cnekTbpa, 10 0,05 B 6imsoct 1o 400 nm. OT ToBa clie/iBa, Ye MOJUMEPBT € MOIXOIAI 3a MPUIIOKEHHS OT TUIA Ha
MOJIIPU3ANMOHHU XOJ0TPadCKU PEMICTKH U AU(PPAKIIMOHHH ONTUYHU €IEMEHTH ¢ paboTHa o0nacT, oOXBamama neims
BHJIUM CIICKTBP.
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We present a study of the photoinduced changes in the absorbance spectra D(X) on illumination with linearly
polarized light for two azo dyes — Alizarin Yellow R (AYR) and Mordant Pure Yellow (MPY) in gelatine matrix. The
spectra of the photoinduced dichroism AD are measured in the UV-visible range. We give an experimental evidence
that the cis-form of the bis-azo dye Mordant Pure Yellow is anisotropic and reorients into direction perpendicular to the
exciting light polarization. It is also shown that the photoinduced dichroism is stable for one month after the

illumination.

Keywords: photoinduced anisotropy, dichroism, birefringence, azo dye, Alizarin Yellow R, Mordant Pure Yellow

INTRODUCTION

During the last two decades intensive research
has been carried out aimed at the development of
new media for high-density optical storage. It has
been established that azobenzenes are promising for
some practical applications in the field of optical
data storage, polarization sensitive elements,
polarization holography, etc. [1, 2]. Different media
based on various organic dyes embedded in a
polymeric or gelatine matrix have been studied
[3, 4]. The values of the photoinduced birefringence
and dichroism are found to strongly depend on the
chemical structure of the dye molecule. The
holographic recording in photosensitive medium
with Weigert effect in the case of linear
polarization of the object wave has been
investigated theoretically and experimentally [3]. A
considerable value of the photoinduced dichroism
(AD=0.6 at A =488 nm) of the azo dye Mordant
Pure Yellow (MPY) in a matrix of polyvinyl
alcohol has been measured [5]. Later MPY in a
gelatin matrix has been proposed as a medium for
stable polarization recording [6, 7]. Relatively high
values of birefringence have been measured (over
An=0.02). High-efficient polarization diffraction
gratings were recorded in this material with two
circularly polarized waves and their characteristics

* To whom all correspondence should be sent:
E-mail: lian@iomt.bas.bg

were investigated [8]. Based on these polarization
gratings, a novel type of compact ellipsometric
device working with white light was built [9]. Two
other types of media for holographic recording are
also commonly used — silver halide based materials
[10-12], and also photopolymers [13-15].

In this paper we present the results of a spectral
investigation of the photoinduced anisotropy in azo
dyes Alizarin Yellow R (AYR) and Mordant Pure
Yellow (MPY) dispersed in a gelatine matrix.

EXPERIMENTAL

In these experiments we use two azo dyes:
mono-azo dye Alizarin Yellow R and bis-azo dye
Mordant Pure Yellow (Fig.1). The dyes were
added to a water solution of gelatin (Rousselot
3552). Their concentration with respect to the
gelatin is 2 wt % for AYR and 2.4 wt % for MPY,

COOH

NaOOC

N

NaOsS SOszH
Fig. 1. Chemical structures of the azo dyes Alizarin
Yellow R (a) and Mordant Pure Yellow (b).

respectively. Films were made by casting the water
solution of gelatin with dyes onto glass plates. The
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films thickness is between 3 and 5 pm. The samples
were dried for 24 h at 20 °C and then for another
2 h at 80 °C to remove the residual moisture.
Linearly polarized light from a 200 W mercury
lamp was used to induce isomerization of the azo-
dyes. The illumination was done directly with the
lamp or through filters transmitting 310-460 nm or
370-530 nm respectively. In the case of direct
illumination the light intensity was 0.05 mW/cm®.
When using the filters, it was 0.03 mW/cm®. The
spectral measurements were carried out with a Cary
5E UV-VIS—NIR spectrophotometer (Varian Inc.)
in the range 300-550 nm where is the absorbance
band of the dyes. From the measured values of
transmittance 7, the absorbance D was easily

determined using the Beer-Lambert law:
D =—log(7).
RESULTS AND DISCUSSION

Curves 1 and 2 on Fig. 2 show the absorbance
spectra of the two types of films before the
illumination. The absorbance maximum of the
Mordant Pure Yellow in gelatin is about 375 nm
and for Alizarin Yellow R in gelatin is at 389 nm.
After the exposure we measured the absorbance
spectra of the samples through a polarizer oriented
parallel and perpendicular to the exciting light
polarization  direction. = The  corresponding
absorbances are denoted as Dy, and D, and the
dichroism is defined as AD = Doy — Dpar.

2,0 T T T T

15¢ 1

1,0t 2 .

Absorbance

0,5} 1

0,0 : : :
300 350 400 450 500 550
Wavelength (nm)

Fig. 2. Absorbance spectra of the MPY/gelatin (1) and
AYR/gelatin films (2) before illumination.

In Fig.3 the absorbance spectrum of the
Alizarin Yellow R/gelatin film before and after
illumination through the filter transmitting light in
the range 370-530nm is shown. D, is the
absorbance before illumination and D, and D, are
the absorbances after 3 h exposure with linearly
polarized light with intensity 7=0.03 mW/cm®.
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Similar spectra were measured after exposure
directly with mercury lamp and through filter
transmitting from 310 nm to 460 nm.

15

1,0

Absorbance

0,5f

0.0 - e
300 400 500

Wavelength (nm)

Fig. 3. Photoinduced changes in the absorbance of the
AYR/gelatin film. D, —absorbance before the
illumination, Do and Dy, — polarized absorbance

spectra, AD = D — Dy, — dichroism.

15 T T

1.0p,

Absorbance

Absorbance

300 400 500
Wavelength (nm)

Fig. 4. Photoinduced changes in the absorbance of the
MPY/gelatin film before and after 2 h exposure,
I=10.05 mW/cm” (a) and measured again after I month

(b).

In Fig. 4a the absorbance spectra of the bis-azo
dye Mordant Pure Yellow in a gelatine matrix
before and after 2 hours illumination with linearly
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polarized light (intensity 0.05 mW/cm?®) are
presented. Significant changes are seen in the
maximum of the absorbance spectrum — anisotropic
bleaching mainly of the frans-band. On the other
hand the absorbance increases at the longer
wavelengths (the cis-band), as indicated by an
arrow on Fig. 4. This is evidence that not only the
trans- but also the cis-isomer of MPY is
anisotropic. = Our  experiments show  that
photoinduced anisotropy in a Mordan Pure Yellow
does not depend on the wavelength of the exciting
light. We do not detect considerable changes in the
photoinduced dichroism AD = Dy — Dy, in the bis-
azo dye during the following one month (Fig. 4b),
but we observe an increase of both D, and D, so
their average value virtually coincides with D,
before the illumination. We attribute this to a
relaxation of the photoinduced bleaching of the azo
dye during the illumination.

The maximal photoinduced dichroism of the
MPY/gelatin film is higher (AD=0.52) in
comparison to the AYR/gelatin film (AD =0.13).
This is related with the molecular structure of the
azo-dyes. As seen in Fig. 4, the dichroism
maximum coincides with the absorbance maximum
of the trans-molecules.

Along with the dichroism, birefringence was
induced in the azo dyes under the action of
polarized light from the mercury lamp. We
measured the birefringence at 633 nm, outside the
absorbance band. Relatively high values of
birefringence were obtained for the MPY/gelatin
film — An =0.01. For the AYR/gelatin film An was
0.001.

It is known that azo dye molecules exist in two
isomeric forms: trans and cis. The trans-form is
stable in darkness. When illuminating the dye, a
process of trans—cis isomerization takes place
together with a thermal cis—trans relaxation. As a
result, a photostationary equilibrium is reached in
which some of the molecules are in cis-form. The
inherent absorbance of the frans-molecules is
highly anisotropic. The absorption of a photon by a
trans-molecule is proportional to a,cos’6),, where 6,
is the angle between the molecular axis and the
electric field (the polarization) of the exciting light.
This leads to a selective depletion of the trans-
molecules parallel to the pump polarization (known
also as “angular hole burning” — AHB). The
competition between the trans—cis optical pumping
and cis-trans relaxation, results in a stationary
angular distribution of frams-molecules (2 is the
solid angle corresponding to the angles 6, ¢):

n(Q)=(N/4r)(1+Icos’6,)" (1)

where 3 =10, D,.7., I is the pump intensity, ot —

the absorption cross section, @rc — the trans to cis
quantum yield and zc is the cis lifetime [16]. Hence,
the change in the concentration of molecules in the
trans-form  after exposure determines the
photoequilibrium cis-concentration.

In our case, for the bis-azo dye Mordant Pure
Yellow it was established that D, at longer
wavelengths (corresponding to the cis-band) is
higher in comparison to D, (indicated by an arrow
on Fig.4). This is an evidence that the cis-
molecules are anisotropic. Therefore, we assume
that not only the frans-, but also the cis-isomers are
reoriented into direction perpendicular to the
exciting light polarization.

CONCLUSIONS

In summary, we have observed considerable
photoinduced changes in the absorbance spectra of
Alizarin Yellow R/gelatin film (AD=0.13) and
MPY/gelatin film (AD = 0.52). We also show that
the photoinduced dichroism is stable in time — the
curves for AD are virtually the same shortly after
the illumination and one month later.

For the first time we experimentally determined
that cis-form of the Mordant Pure Yellow is also
anisotropic. We assume that reorientation of the
cis-isomers occurs into direction perpendicular to
the exciting light polarization.

Acknowledgement: The authors would like to
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for the useful discussion and comments.

REFERENCES

1. L. Nikolova, P. S. Ramanujam, Polarization
Holography, Cambridge Univ. Press, Cambridge,
2009.

2. A. Natansohn, P. Rochon, Chem. Rev., 102, 4139
(2002).

3. S.S. Petrova, V. G. Shaverdova, Opt. Spectrosc.,
101, 549 (2006).

4. V. Shaverdova, S. Petrova, A. Purtseladze, L.
Tarasashvili, N. Obolashvili, Appl. Opt., 48, 2793
(2009).

5. M. Ivanov, L. Nikolova, T. Todorov, N. Tomova,
V. Dragostinova, Opt. Quant. Electron., 26, 1013
(1994).

6. M. Ivanov, T. Eiju, Opt. Rev., 8, 315 (2001).
7. M. Ivanov, T. Eiju, Proc. SPIE, 4580, 664 (2001).
8. L. Nedelchev, T. Todorov, L. Nikolova, Tz.

Petrova, N. Tomova, V. Dragostinova, Proc.
SPIE, 4397, 338 (2001).

139



Nedelchev et al.: Photoinduced anisotropy in azodyes Alizarin Yellow R...

9. T. Todorov, L. Nikolova, G. Stoilov, B. Hristov, 13. 1. Naydenova, S. Martin, V. Toal, J. Eur. Opt.
Appl Opt., 46, 6662 (2007). Soc. Rapid, 4, 09042, (2009).

10. B. Ivanov, M. Shopova, E. Stoykova, V. Sainov, 14. K. Pavani, I. Naydenova, S. Martin, R. Howard,
Opt. Appl. 42, 643 (2012). V. Toal, J. Mater. Sci., 20, 198 (2009).

11. B. Ivanov, E. Stoykova, Ts. Petrova, V. Sainov, 15. K. Pavani, I. Naydenova, S. Martin, V. Toal, J.
Proc. Bulg. Acad. Sci., 64,345 (2011). Opt. A: Pure Appl. Opt., 9, 43, (2007).

12. B. Ivanov, M. Shopova, A. Baldjiev, E. Stoykova, 16. M. Dumont, Z. Sekkat, Proc. SPIE, 1774, 188
V. Sainov, Proc. SPIE, 7747, 77470K (2011). (1992).

OOTOMHAYIMPAHA AHU3OTPOIINA B ASOBAT'PMJIATA AJIM3APUH XBJITO P
N ITPOTPABHO UMCTO XbJITO B MATPUIIA OT XXEJIATUH

A 11 Hﬂueeal, JIJI. Hedefmeez, U Ha3bpoea2

! Meouyuncku ynusepcumem “Ipo. 0-p I1. Cmosnos”’, Kamedpa no meduyuncka usuxa u 6uogusuxa,
oyn. “Llap Oceobooumen” Ne 84, 9000 Baprna, bvacapus
2HHcmumym no Onmuuecku Mamepuanu u Texnonoeuu, bvreapcka Axademus na Hayxume,
yi. Axao. I'. Bonues, 6. 109, 1113 Coghus, Bvaeapus

Ilocrbnuna Ha 17 oktomBpu 2013 r.; kopurupasa Ha 25 HoemBpy, 2013 r.

(Pestome)

B Hacrosiara pabora ca npeicTaBeHH pe3yJTaTHTe OT M3cieqBaHe Ha (POTOMHAYLMPAaHUTE IPOMEHH B CIIEKTPHUTE
Ha noraemade D(L) npu oOnpyBaHe ¢ JIMHEWHO MOJISIpU3MpaHa CBETIHMHA 3a JBe azobarpuia — Anmsapus JKbiato P
(AXP) un IIporpasHo Yucro XKearo (ITHXK) B marpuna ot xenarud. Cnekrpure Ha ¢poroauxponzbm AD = Dort — Dpar
ca u3MepeHu B YB u Buaumara o6macrt. IIpencTaBeHo e eKCriepuMEHTaIHO JJOKA3aTeICTBO, Ye IHC M30MepbhT Ha OHc-
azobarpmwioro I[IporpaBHo Umcro JKBATO € aHM30TPOIEH M Ce NPEOPHUEHTHpPA NEPIeHIMKYJISIPHO Ha MOCOKara Ha
NOJISIpU3anysl Ha BB3/eiicTBaIaTa cBeTinuHa. [loka3aHo € cbIo, 4e (GOTOMHIYLMPAHUS TUXPOU3BM € CTaOWICH eIUH
Mecell clie] 00IBYBAHETO.
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One of the most important parameters for every optical data storage media is the stability of the recorded
information in time. When polarization holography is used for data recording, the information is encoded via the
photoinduced anisotropy (most often birefringence) in the media.

In this article we present a study on the stability of the photoinduced birefringence (Arn) in amorphous (P;) and
liquid-crystalline (LC) azobenzene polymer (P,) with similar structures of the backbone and the chromophore unit, but
different spacers between them. As our experiments indicate, 72 % of the photoinduced birefringence is retained in the
polymer P, and 104 % in the polymer P, one hour after the end of the recording process i.e. the stability of the

birefringence in the LC polymer is considerably higher than in the amorphous.

Keywords: birefringence, time stability, optical data storage, azopolymer

INTRODUCTION

Azobenzene  materials  have  attracted
considerable attention since 1984 when Todorov et
al. established the possibility to record high-
efficient polarization diffraction gratings in layers
of azo dye methyl-orange in polyvinyl alcohol
(PVA) matrix [1]. The observed high values of
reversible photoinduced anisotropy (birefringence
and dichroism) on irradiation with linearly
polarized light are obtained by two main processes:

@N\

N

trans

selective trans-cis isomerization followed by
reorientation of the trans-azobenzenes. The trans-
cis-trans process for reorientation of the molecules
is illustrated in Fig. 1. As the trans isomer is the
stable form of the azo molecule, the trans-cis
isomerization is always photoinduced (4v), but the
cis-trans isomerization can be either photoinduced
("), or can result from spontaneous thermal
relaxation (k7).

hv

hv' kT

cis

Fig. 1. Trans—cis—trans isomerization of azobenzenes.

The process continues until most of the azo
molecules lie in direction perpendicular to the
polarization of the writing beam. In such position
they cease to absorb light [1, 2].

Azopolymers  have found  numerous
applications related with polarization recording and

* To whom all correspondence should be sent:
E-mail: lian@iomt.bas.bg

in particular polarization holography [2] — optical
elements with unique polarization properties can be
inscribed in them [3, 4], as well as surface relief
gratings [5, 6] and chiral structures [7, 8]. They are
also good candidates for reversible holographic
storage [9-13] allowing also polarization
holographic multiplexing [14].

Recording in azopolymers is highly reversible,
as it has been shown by Ramanujam and co-
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workers: more than 10000 cycles of optical
recording and erasure have been realized without
apparent fatigue of the media [15]. This is a certain
advantage, but on the other hand raises the question
about the stability of the recorded information in
time.

In order to optimize the performance, many
different types of azobenzene materials have been
studied — azo dye solutions, azo dyes in polymer or
gelatin matrix [1, 16], azo dyes chemically attached
to the polymer backbone (called azopolymers) [6—
15], even hybrid materials based on azopolymers
doped with inorganic nanoparticles [17-19].

Here we present a study on the stability of the
photoinduced  birefringence  (An) in  two
azopolymers with similar structure of the backbone
and the chromophore unit, but different spacers
between them. As a result, one of them is
amorphous (P;) and the other is liquid-crystalline

(Py).
EXPERIMENTAL

Azopolymer samples preparation and
characterization

The polymers used in our experiments are side-
chain cyanoazobenzene polymers. Their chemical
structures are shown in Fig.2. They were
synthesized by radical-type polymerization, as
described elsewhere [20]. The azopolymer denoted
as P; is amorphous and the polymer P, is liquid-
crystalline (LC). As seen in Fig. 2, the structures of

Pl PZ

= (':H_ CH,— )"
C=0 (‘3=O
|
0 0

I
@ {THZJ('
0

(—CH—CH,— |
I 2 n

CN

CN

Fig. 2. Structures of the azopolymers P,
and P, used in the present study.

their backbone and chromophore units are the
same, but they differ in the spacer between the
backbone and the azochromophore. The amorphous
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character of P, is determined by the short and rigid
spacer, and the LC properties of P, — by the flexible
methylene chain, that allows the chromophore units
to form LC domains.

The glass transition temperatures 7, and
molecular weights M,, of the two polymers were
measured by differential scanning calorimetry
(DSC) and gel-permeation chromatography (GPC),
respectively and the following data were obtained —
P, (M, =146x10*g/mol, T,=106°C) and P,
(M,, = 2.05x10° g/mol, T, = 35 °C).

Thin films from the two polymers dissolved in
1,2-dichloroethane were prepared by spin coating
onto glass substrates. The samples based on the LC
polymer P, were heated above 80 °C and then
rapidly cooled to room temperature; the other
samples were not thermally processed. The
thickness of the films was measured by high-
precision Talystep profilometer and is 0.73 um for
the P, film and 0.80 um for the P, film.

Polarimetric setup for photoinduced birefringence
measurement

The kinetics of the photoinduced birefringence
An is measured by a classical polarimetric scheme
[1,9-11]. Vertically polarized recording beam at
473 nm with intensity 400 mW/cm® is used to
induce birefringence. The sample is placed between
crossed polarizers oriented at +£45° with respect to
the vertical. The intensity / of a probe beam from
He-Ne laser (Aprobe = 633 nm) passing through the
system is measured by a digital optical power meter
(Thorlabs PM100). From this intensity, the value of
the photoinduced birefringence can be easily
determined using the following equation [1]:

1(1)

0

A
An(t) = %be arcsin

(M

where d is the thickness of the film, [, is the
intensity of the probe beam before the start of the
recording and at parallel polarizers.

RESULTS AND DISCUSSION

Data for the time stability of the photoinduced
birefringence can be found already in the first
articles on azobenzenes. For instance, this issue is
addressed by Todorov et al. and there is a comment
that the decay of the birefringence may be slowed
down substantially by preliminary thermal
treatment of the samples [1]. Indeed, after such
treatment more than 50 % of the photoinduced
birefringence (and about 30 % of the diffraction
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efficiency) is retained for a long time after the
acting light is stopped.

Later, Natansohn and co-workers [11]
proposed a model for the birefringence relaxation.
They obtained a good fit of the experimental data
with a biexponential function of the type

y=Cexp(—k.t)+ Dexp(—k,t)+ E, where one

of the exponential terms corresponds to a “fast”
decay process, the other — to a “slow” decay
process and the constant value E, normalized to
E,=E/(C+ D+E) represents the fraction of the
induced birefringence retained permanently in the
polymer film. For the investigated azopolymers the
value of E, was 84 %, calculated however on the
base of relatively short (25 seconds) measurement
of the birefringence decay.

A close correlation has been established
between a short-term (30 min) and long-term
(1 week) stability of the photoinduced birefringence
in a family of amorphous azobenzene polyesters
[12]. The polyester with highest short-term stability
of 89%  demonstrated also highest long-term
stability of 83 % one week after the recording.

The amorphous polymers are usually preferred
for storage applications because of the lower
scattering in them compared to the LC ones. On the
other hand, as our experiments indicate, the
stability of the birefringence in the LC polymer is
considerably higher than in the amorphous. The
results are shown in Table 1 and Fig. 3. The
coefficients r, are defined as r, = An(t)/Any.x, Where
in this case ¢ is the time expired after the end of the
recording process and Any, is the maximal value
of the birefringence reached during the recording.

Table 1. Summary of the time stability data for
azopolymers P, and P,.

AZOPOIYmeT Anmax 710min 730min "Thour
P, 0,030 85% 75% 2%
P, 0,066 102% 102% 104 %

As seen, after 1 hour 72 % of the photoinduced
birefringence is retained in the polymer P;, and
104 % in the LC polymer P,. The fact that the value
of An is even slightly increasing in the LC polymer
after the end of the recording is attributed to the
relaxation from cis to trans state of some of the
chromophores, which tend to orient in direction
parallel to the already optically oriented majority of
the azomolecules. The data for Ang.x and 7jgmin are
in good agreement with our earlier measurements
on the 10 min birefringence stability in polymers P,
and P, [19]. The extended one hour measurement of
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Fig. 3. Time dependence of the normalized
birefringence during the recording and in the
following 1 hour for the amorphous azopolymer P,
(a), and for the LC polymer P, (b).

the time stability in the present experiment is
sufficient for the “fast” decay process to complete.
Therefore we can use the linear relation between
the short-term (30 min) and long-term stability
established in [12] for amorphous azopolymers and
estimate the long-term stability of the recording in
the polymer P; to about 65 %.

CONCLUSIONS

Based on the experimental measurement of the
photoinduced birefringence for one hour after the
end of the recording, we have found the value of
the anisotropy retained — 72 % in the amorphous
azopolymer P; and 104 % in the LC polymer P,.
The long-term stability in P, was estimated as 65 %
using data from the literature.

This results also suggest that a co-polymer of
the amorphous P; and the LC polymer P, may
possess an optimal combination of properties —
amorphous state and in the same time relatively
high time-stability of the photoinduced anisotropy.
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Rochon,

BPEMEBA CTABMJIHOCTHA ®OTOMHAYLIMUPAHOTO ABYJIBYEIIPEUYIIBAHE
B AMOP®EH U TEHHOKPUCTAJIEH A3OITOJIMUMEP

JI. JI. Hepenues, J. Y. HazspoBa

Hnemumym no Onmuuecku Mamepuanu u Texnonoeuu, bvieapcka Akademus na Hayxume,
yi. Akao. I'. Bonues, 6n. 109, 1113 Coghus, bvreapus

ITocrbnuna Ha 17 okromBpu 2013 r.; kopurupasa Ha 25 HoemBpy, 2013 r.

(Pestome)

Enuu oT Hali-BaXHUTE MapaMeTpH Ha BCSIKAa Cpela 3a ONTHYCH 3amuc Ha HH(opManus ¢ cTabWIHOCTTa Ha
3amicaHara uH(poOpManus BbB BpemeTo. Korato 3ammca ce M3BBpLIBA 4Ype3 MOJSPU3ALMOHHA Xosorpadus,
nHpOpMaNHATA ce KOIUpPa Ype3 POTOMHAYIMpAHATa B CpelaTa aHU30TPOITHUS (HA-4eCTO BYTBUYCTIPEUYIIBAHE).

B HacTosmmata craTus € TpEACTABEHO H3CICABaHEe Ha (DOTOMHIYNHMPAHOTO IBYJIbUenpedynBaHe (An) B IBa
azomoynmMepa — amopdper P, m TeuHokpucranieH P, ¢ egHakBH CTPYKTypH Ha TJlaBHaTa Bepura u xpomodopa, HO
pa3iMuHU IBJDKUHM HAa CTpaHMYHHUTE Bepurn. KakTo MOKa3BaT eKCHEePUMEHTAIHWTE JaHHH, CJUH 4Yac Cliel
MpeKpaTsIBaHETO Ha 3amuca B moimMep P ce 3ama3Bat 72 % OT (OTOMHAYLIUPAHOTO ABYIBYCIIPEUYIIBAHE, a B IIOJIUMED
P, — 104 % T.e. ctabmunHOCTTa Ha IBYIBYENPEUYNBAHETO B TEYHOKPUCTATIHHSA TOJIMMEP € 3HAYHTEIHO IO-BHCOKA
OTKOJIKOTO B aMOp(HHUS.
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In order to optimize the parameters of the photoinduced birefringence in azopolymers, we have synthesized and
studied copolymers with different weight ratios of two monomers which differ in the length of spacer between the
azochromophore and the polymer backbone. The polymer P, based only on the first monomer is amorphous, and the
polymer P, which contains only the second monomer is liquid-crystalline (LC). In addition to the homopolymers P, and
P,, five copolymers were synthesized, described by the general formula P;(100 — x)P,(x), where x gives the percent
weight ratio of the second monomer in the final copolymer. As a result the following seven polymers were obtained —
Py, P1(75)P5(25), P1(60)P,(40), P1(50)P(50), P1(40)P,(60), P1(25)Px(75), P».

The main parameters of the photoinduced birefringence in these polymers, such as maximal value, response time

and time stability, have been measured and compared.

Keywords: azopolymer, copolymer, photoinduced birefringence, optimization

INTRODUCTION

The first report on high-efficient polarization
recording in azobenzene material appeared in 1984
by Todorov et al. [1]. The material was solid
solution of methyl orange in poly(vinyl alcohol).
The large photoinduced birefringence and
dichroism are caused by the reorientation of the
azomolecules via trans-cis-trans photo-
isomerization.

The potential of the azobenzenes for reversible
digital and holographic storage including also
commercial applications was realized by Eich and
Wendorff [2, 3]. They used a material, where the
azochromophore was chemically attached to a
polymer chain i.e. the first liquid crystalline (LC)
azopolymer. Later, huge number of azopolymers
have been studied for holographic data storage [4] —
liquid crystalline [5—8] and amorphous [9—11]. As
both states (LC and amorphous) have certain
advantages, some researchers tried to combine
them, synthesizing  copolymers containing
mesogenic and non-mesogenic monomers [12].

Our approach in this study is similar. Earlier, we
have synthesized and investigated three side-chain

* To whom all correspondence should be sent:
E-mail: lian@iomt.bas.bg

azopolymers (two homopolymers and a copolymer)
with similar structures of the main chain and the
chromophore, but different spacer between them
[13]. These azopolymers have also been used as
organic ~ matrix  for  recently  developed
photosensitive hybrid organic/inorganic materials
[14-17].

Two of these polymers are amorphous and one
is LC. In order to optimize the parameters of the
photoinduced anisotropy in azopolymers, we have
synthesized four additional copolymers with
different weight ratios of two monomers and
determined the main characteristics of the
birefringence in the entire azopolymer family.

EXPERIMENTAL
Synthesis of the azo homopolymers and copolymers

All seven polymers (both homopolymers and
copolymers) studied in this article are side-chain
cyan azo polymers containing different ratios of the
monomers shown in Fig. 1. They were synthesized
by a three-step process: (a) synthesis of the azo
dyes; (b) preparation of the chromophore
monomers, and (c) radical-type polymerization of
the monomers. Initially the azo dye (I) 4-(4-
hydroxy-phenylazo)benzonitrile was synthesized by
dissociation of 4-aminobenzonitrile and coupling

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 145
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with phenol using standard technology. Dye (II) 4-
[4-(6-hydroxy-hexyloxy)phenylazo]benzonitrile
was obtained from dye (I) by etherification with 6-
bromo-1-hexanol. At the second step, the two azo
dyes were transformed in the monomers M; and M,
(see Fig. 1) by etherification with acryloyl chloride.
Finally, different weight ratios of the two
monomers have been combined and polymerized
via radical-type polymerization.

Ml MZ
—‘f“— CH,— —(fH—CHz—
° =°
0 ([)
N 0
Il
\ ©
CN
CN

Fig. 1. Structure of the monomers used to
prepare the homopolymers and copolymers.

In addition to the homopolymers P, (obtained
from monomer M; only) and P, (containing only
M,), five copolymers were synthesized, described
by the general formula P;(100 —x)P,(x). Here x
gives the percent weight ratio of the second
monomer (M;) in the final copolymer and has
values x =0, 25, 40, 50, 60, 75, 100. As a result the
following seven polymers were obtained — P,
P1(75)P5(25), P1(60)P,(40), P1(50)P(50),
P,(40)P,(60), P1(25)P,(75), P».

The polymers Py, P;(50)P,(50) and P, have been
studied earlier and it has been established that P,
and P(50)Py(50) are amorphous, P, is liquid
crystalline [13, 16]. Their molecular weights and
glass transition temperatures are also known: P; —
M,, = 1.46x10* g/mol, T, =106 °C, P;(50)P5(50) —
M, =3.60x10° g/mol, T,=102°C and P, -
M, =2.05%10° g/mol, T,=35°C. The other four
copolymers are newly synthesized.

Thin films preparation and FTIR characterization

In order to prepare thin films for optical testing,
20 mg of the polymer were dissolved in 200 pl of
1,2-dichloroethane, i.e. at concentration of 100 g/L.
Then the solutions were spin coated at 1500 rpm on
glass substrates to produce films with uniform
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thickness. The thicknesses of the films were
measured by high-precision Talystep profilometer.
Fourier transform infrared spectra (FT-IR) were
measured by Bruker IR spectrometer for the
homopolymers P; and P,, and also for their
“closest” copolymers: P1(75)P»(25) and
P1(25)P5(75), respectively. They are given in Fig. 2.
As seen, the characteristic peaks of absorption of
the corresponding polymers are similar that

indicates the correct composition of the
copolymers.
0,5
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Fig. 2. FT-IR spectra of: a) P, and P;(75)P,(25);
b) P, and P;(25)P,(75).

Photoinduced birefringence measurement

Birefringence is induced in the samples by a
vertically polarized beam from a DPSS laser at
473 nm (I =400 mW/cm?), inside the absorption
band of the azochromophores. The sample is placed
between crossed polarizers oriented at £45° with
respect to the vertical. The intensity / of a probe
beam (Ayrobe = 633 nm) passing through the system
is measured and the value of the photoinduced
birefringence An is determined by the equation

An(t) = (4,0, /7d) arcsin |/ 1(t)/1, , where d is
the film thickness, /; is the intensity of the probe

beam before the start of the recording and at
parallel polarizers.
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RESULTS AND DISCUSSION

Using the optical scheme described in Section 2.3,
for each sample we have made a 15 min
measurement, consisting of three stages: (i) 1 min
to estimate the background optical noise; (i) 5 min
of recording by which we find the response time z
and the maximal birefringence Any,, and (iii) 9
min of relaxation after the end of the recording to
determine the stability ». A typical measurement is
presented in Fig.3a for the copolymer
P1(75)Py(25). The data for all the polymers from the
series are given in Table 1. The correlation between
Any., and the polymers composition is shown in
Fig. 3b. From the tabulated data is seen that the LC
polymer P, has highest value of the photoinduced
birefringence and it is also most stable, even some
increase is observed after the end of the recording.
This is most likely due to a relaxation from cis to
trans state of some of the chromophores, which
tend to orient in line with the already optically
oriented majority of the azomolecules. On the other
hand, the copolymer P.(75)P,(25) has fastest
response. The choice of particular polymer from
these series can be done depending on the
application.
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Fig. 3. a) kinetics of An for P1(75)P,(25);
b) Anyax vs. ratio of the monomer M,.

Table 1. Summary of data for the series of azobenzene
copolymers P—P,.

.Ma)'umal Stability® Response
Azopolymer Birefringence o .
Aty r, % time 7, sec
P; 0,025 84 25
P1(75)P,(25) 0,038 82 6°
P1(60)P,(40) 0,041 85 11,5
P1(50)P,(50) 0,058 89 12
P,(40)P,(60) 0,052 88 10
P1(25)P,(75) 0,069 86 19
P, 0,102° 110° 25,5

* Stability is evaluated as ratio of birefringence 9 min after the end of
recording to Aftpay.

® The highest values of the maximal birefringence and stability as
well as the shortest response time are outlined in bold.

CONCLUSIONS

We have synthesized a series of seven
azopolymers described by the general formula
P1(100 — X)Pz(X), namely Pl, P1(75)P2(25),
P1(60)P,(40), P1(50)P,(50), P(40)P»(60),
Pi(25)Py(75), P,. The main parameters of the
photoinduced birefringence in these polymers, such
as maximal value, response time and time stability,
have been measured and compared. The highest
birefringence is obtained in the homopolymer P,
(Anmax = 0,102) and the copolymer P,(75)P»(25) has
shortest response time — 6 s.
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OGOTOMHAYIIMPAHA AHU3O0TPOIIMSA B CEPUS ASOBEH3EH-CB/IbPXXAILIM CBIIOJIMMEPU
JI. J1. Henemues', . W. Ha%posal, B. 1. HpaFOCTI/IHOBal, I1. K. [TetkoB’, A. A. Cromnosa’

1 Uncmumym no Onmuuecku Mamepuanu u Texnonoeuu, bvreapcka Axademus na Hayxume,
yia. Akao. I'. Bonues, 61. 109, 1113 Coghus, bvreapusa
2Xumuxomexuonoeuuer u Memanypeuuen Yuusepcumem, 6yn. “Ku. Oxpuocku” Ne8, Cogus 1756, Pvreapus

Iocrpnuna ua 17 oktomBpu 2013 r.; kopurupana Ha 25 HoemBpH, 2013 .

(Pesrome)

C 1men onTHUMH3UpaHE IapaMeTpuTe Ha (OTOMHAYLMPAHOTO JABYJIBUCIIPEUYNIBAHE B a30MOJIUMEpH, Osxa
CHHTE3UPaHH U U3CJICIBAHHU CHIIOINMEPH C Pa3IMYHU TETJIOBHH OTHOLIEHHS Ha J[BA MOHOMEpA, KOUTO CE Pa3InyaBar 1o
IOBIDKAHATA Ha CTPaHMYHATa BEPUIa, CBBP3Balla a30XxpoModopa ¢ IaBHAaTa HonuMepHa Bepura. [lomumepsT Pl
W3rPafieH caMo OT eANHUS MOHOMEp € aMOp(eH, JOKaTo MoIUMepsT P2, KOHTO € ChCTaBeH caMO OT BTOPHS MOHOMED €
TeuHOKpHcTajaeH. OCBEH TOBa ca CUHTE3UPaHU Olle MEeT ChIIOIMMepa, Onucanu ot odmara gopmyrna P1(100—x)P2(x),
KbACTO X 3aaBa TCIJIOBHOTO CbABbPKAHUE B IPOILICHTHU HA BTOPHUA MOHOMED B KpaﬁHHﬂ CBITIOJIUMED. B pe3yJiTaT Ha TOBa
ca TOJNydYeHU CcleaHuTe ceaem mnomumepa — Pl, P1(75)P2(25), P1(60)P2(40), P1(50)P2(50), P1(40)P2(60),
P1(25)P2(75), P2.

W3mepenn ca OCHOBHUTE NapaMeTpd Ha (OTOMHIYLIHMPAHOTO [BYIbYEHpPEUyNBaHE B TE3H MOJIMMEPU —
MaKCHMaJlHaTa My CTOWHOCT, BPEMETO Ha OTKJIMK M CTAOWIIHOCTTa BBB BPEMETO — M € HAlPaBeHO CPAaBHEHUE MEXIY
TSX.
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The phenomenon of laser speckle yields information about physical, chemical or biological activity in time for
various objects (e.g. fruits, seeds, coatings) through statistical description of speckle dynamics. The paper introduces
analysis of dynamic speckle patterns as an effective leaf contamination sensor by non-destructive whole-field
characterization of the tested samples with high spatial and temporal resolution. More specifically, the paper presents
the results of two test experiments in order to detect any variation of activity related to increase of humidity or treatment
by chemical agents. In total, time sequences of 256 images of speckle patterns were recorded and processed by
pointwise implementation of correlation-based algorithms. The experiments proved the ability of this approach to

differentiate between differently treated leaves.

Keywords: dynamic speckle, leaf contamination, correlation analysis

INTRODUCTION

Coherent illumination of a diffuse object yields
a randomly varying speckle pattern[1] in case of
physical, chemical or biological activity within the
object. This phenomenon can be used for non-
invasive whole-field detection and visualization of
processes in biological samples through statistical
description of laser speckle dynamics [2]. The main
advantage of this approach is ability to perform
distant measurements with high spatial and
temporal resolution without requirement for
sophisticated equipment. Speckle fluctuations can
be easily seen with a bare eye but a comprehensive
statistical analysis is required to retrieve relevant
information [3]. Usage of modern 2D optical
sensors to register time sequences of speckle
patterns provides large amount of data for accurate
estimation of both first and second statistical
moments of the recorded intensity data [1, 3] that
can be used to characterize activity of samples.
Dynamic laser speckle has been applied to study
perfusion of blood flow in human tissues in
medicine [4-5], bacterial response in biology [6],
plant development processes [7], seeds viability [8],
as well as for quality assessment of fruits and
control of pasty products [11-13].

Here we reported the results of test experiments
conducted to prove the efficiency of dynamic

* To whom all correspondence should be sent:
E-mail: estoykova@iomt.bas.bg

speckle technique for detection of changes on a leaf
surface after applying a chemical agent. For the
purpose, randomly varying speckle patterns of laser
light, reflected from the leaf surface, were recorded
as time sequences. They were used to calculate
spatial distributions of temporal correlation and
structure functions across the leaf surface and to
evaluate the undergoing activity in time. The results
proved the ability of this approach to differentiate
between differently treated leaves.

EXPERIMENTAL AND DATA PROCESSING

In the set-up for acquisition and storage of
dynamic speckle patterns (Fig. 1) an expanded
beam from a He-Ne laser (632.8 nm and 3.2 mW)
illuminated the leaf sample placed on a horizontal
stage through a ground glass diffuser. The set-up
was positioned on a vibration insulated table. An
optical axis of a CCD camera, adjusted to focus the
sample, was normal to its surface. The camera
recorded regularly a sequence of 8-bit encoded
images at sampling frequency chosen to provide at
least 10-20 points within the width of the temporal
auto-correlation function which characterized
intensity fluctuations due to sample activity.

We made two test experiments. In the first one,
a pea leaf was placed on a sheet of paper. Two
separate acquisitions of speckle patterns were
carried on under different humidity conditions. In
the second experiment three leaves (Tradescantia
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Fig. 1. Set-up for acquisition and storage of dynamic
speckle patterns: 1 — He-Ne laser, 2 — beam expander, 3
— ground glass diffuser, 4 — sample, 5 — vibration
insulated table, 6 — CCD camera, 7 — PC.

albiflora) were placed next to each other in a petri
dish. Two drops of acid (HNOs, 0.01%) and two
drops of alkali (NaOH, 0.01%) water solutions
were squeezed at the cut endings of the stems and
at the middle parts of two of the leaves
respectively; no chemical agent was applied to the
third leaf. The leaves were fixed by sticking their
tips with a plastic tape to the petri dish. The stem
ending and the tip of the leaf without treatment
were also fixed to the dish by a plastic tape to
prevent penetration of the chemical agents from the
other leaves.

Specifics of the observed object required to
estimate activity at each point of the leaf surface. If
N patterns of size N, x N, are acquired for time T at

a sampling rate 1/Ar=N/Tand a pixel period A,
N, x N, time sequences of 8-bit encoded intensities
Ly, = I(kAIA,nAL)  k =12..N,,[ =12..N ,

n=12..N are formed. They allow for building a
point wise estimate of a given statistical measure by
averaging over 7. We processed the data by
correlation based algorithms which yield a set of
2D activity maps at increasing time lags and spatial
resolution limited by the pixel period. We assume
that the short-time activity within the sample is
described by the 2D spatial distribution of the
normalized temporal correlation function (NTCF),
which is a function of the time lag, t=mA¢ at a
point with spatial coordinates (x, y) and has a
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radius of correlation T, zrc(kA,lA) which may

vary from point to point. The estimate R, of R

norm

is calculated from the series /,,, as

~ X N=m — _
Rnorm(kal,m)z G(knjl) ’E)(]kl,n _Iklxlkl,n-f—m _Ikl)
(1)
. 1 _ 1 ~ _
with , =——— and U(k,l)zﬁ nz:l([”’” ~L,f,

- 1N _ - .
1, :WZ["[’” , where 0(k,/) and I, are the estimates
n=1

of the variance and the mean of the intensity
fluctuations in time at the point (kA,/A).

Theoretically R, gives degree of correlation

and decreases with the time lag t=mAr. Fully
correlated state with zero activity corresponds to 1.
The point wise processing yields a set of 2D spatial
maps of activity at increasing time lags starting
fromt, =At+ and going up to 1, =MAtwith
M < N . Although these maps are obtained for the
averaging time interval T, they provide information
about temporal scales of activity within this interval
and in the different spatial regions of the sample.
Using normalized correlation-based algorithms
ensures spatial characterization of activity that is

independent of illumination and reflectivity
variation across the object surface.
RESULTS AND DISCUSSION

The results from the first test experiment are
shown in Fig. 2 and Fig. 3, which give 2D gray-
scale maps of the NTCF at four different lags for a
pea leaf at normal (Fig. 2) and increased (Fig. 3)
humidity. All maps were obtained after averaging
over a sequence of N =170 images with N xN =

600x500; the gray scale varies from -0.25 to 1.0.
The intensity for the leaf region in the speckle
patterns is considerably lower than for the
surrounding sheet of paper, but the latter exhibits
practically zero fluctuations with exception of the
shadow zone. The shadow in Fig. 2 is cast by the
stem of the leaf whereas in Fig. 3 it is caused by
one of the leaf petals. Observation of activity in this
zone is an indicator of microscopic changes of the
leaf surface. As a whole, more or less uniform
activity across the leaf surface is observed. As it
should be expected, the processes within the leaf
sample are going much faster and the correlation
time is much shorter at increased humidity.
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Fig. 2. Gray scale maps from -0.25to 1 of a
normalized temporal correlation function of speckle
fluctuations of a pea leaf at different time lags
between the processed patterns at normal humidity.

Fig. 3. Gray scale maps from -0.25 to 1 of a
normalized temporal correlation function of speckle
fluctuations of a pea leaf at different time lags
between the processed patterns at increased
humidity.

In the second experiment, fluctuations in
intensity were observed also on the surface of the
petri dish around the leaves due to its inevitable
wetting by gradual spreading of the drops of acid
and alkali solutions around and beneath the treated
leaves. The reflectivity of leaves was much lower
in comparison to the surrounding area. This means
that the spread of speckle fluctuations in the region
of the leaf is also lower than in the remaining part
of the petri dish. As has been mentioned above,
using of a normalized estimator solves the problem
with the signal-dependent variance in a speckle
pattern. To focus on the changes only in the region
of interest — the surface of the leaves — we
introduced a threshold value of intensity and
calculated a binary mask which kept only the

intensities below the threshold. We processed 7
sequences of 256 images that were recorded within
two days at Ar =1.5 s. We noticed a substantial
change in mean intensity on the second day that
could not be explained only by increase of intensity
within the laser spot. Figure 4 presents two
distributions of the mean value estimate I, after

averaging over 256 speckle patterns. The moments
of recording the time sequences for both presented
maps differ with 20 hours. The first map shows
strongly varying reflectivity across the Ieaf
samples, the intensity range is practically the same
for the three leaves and the drops of the acid and
alkali solutions at the middle part of the treated
leaves are clearly seen. In Fig. 4 the leaf without

Fig. 4. Gray-scale maps from 0 to 100 of the mean
intensity distribution calculated from 256 8-bit
encoded speckle patterns at 0 h (left) and 20 h

(right) after picking the leaves; top leaf — without
treatment, middle leaf — with two drops of acid
water solution, bottom leaf — with two drops of

alkali water solution.

the treatment is at the top, the leaf treated with an
acid solution — in the middle, and the leaf treated
with alkali solution — at the bottom of the map.
After 20 hours the reflectivity of the leaf with the
acid treatment strongly increases all over its surface
with exception of the area in the proximity of its
fixed tip, and the contours of the drop remains only
on the leaf with alkali treatment. Characterization
of activity in this experiment was made by using a
NTCF. To visualize better the spread of
fluctuations in different regions we used a temporal
structure function estimated as

N

S(k’l’m) =XAm Z(Ikl,n _[kl,n+m)2
=0 @

The results for N = 256 and for four of the
acquired sequences of speckle patterns are shown in
Fig. 5 where the first two columns give the NTCF
maps whereas the other two — the structure function
maps at 3 s and 6 s time lags respectively. The first
row corresponds to the sequence of images
recorded immediately after picking the leaves.
According to the NTCF the activity close to the
stems and inside the drops with chemical agents is
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higher. One hour later (second row in Fig. 5) the
maps corresponding to the acid treatment show the

Fig. 5. Gray-scale maps from -0.25 to 1 of NTCF at
time lag 3 s (1* column) and 6 s (2" column); gray-
scale maps from 0 to 60 of a structure function at
time lag 3 s (3™ column) and 6 s (4™ column). The
maps are calculated from time sequences of 256 8-bit
encoded speckle patterns acquired at 0 h (1% row), 1
h (2™ row), 20 h (3™ row), 21 h (4™ row) after
picking the leaves.

most considerable change: the drop is spread to a
larger area in which reflectivity increases. The third
and the fourth row in Fig. 5 present the same maps
on the next day. The activity strongly decreases and
has more uniform distribution. The leaf with the
acid treatment shows less variation in time and
much higher reflectivity than the other two leaves.
The drop with alkali solution is still traceable as a
zone of increased activity for the third leaf.
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CONCLUSION

In summary, we checked the ability of dynamic
speckle technique to detect changes on the leaf
surface as a result of humidity variation or
application of a chemical agent. We obtained
encouraging results fromn the performed test
experiments with point wise correlation-based
algorithms. The calculated 2D gray-scale maps of
temporal correlation or structure functions visualize
the activity across the surface of the sample and
indicate clearly the regions that have undergone
different treatment.
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AHAJIN3 HA U3MEHAIIU CE CIIEK'BJI KAPTUHU KATO HEPA3PYIITABAIIIA CEH30PHA
TEXHUKA 3A 3AMBPCABAHE HA JINCTA HA PACTEHUA

bp. UBanosg, E. CrotikoBa, H. bep6epona, T. Hukosa, E. Kpymos, H. ManuaoBCKH

Hncmumym no onmuuecxku mamepuanu u mexuonoeuu- bAH
ya. "Akao. I'.bonues", 62.109, IIK 1113,Cogus, bvieapua

Hocrpnumna Ha 17 oktomBpu 2013 r.; KOpurupana Ha 25 HoemBpH, 2013 .

(Pe3rome)

SIBEHMETO NTa3epeH CIEeKbI MO3BOJSABA MPOCIEAIBAHE HA CKOPOCTTA HA NPOTWYAHE HA (OU3WYHU, XUMHYHH WA
OHMOJIOTUYHU TIPOIIECH B pa3IMYHH OOCKTH KaTO HAIPHMEp IUIOAOBE, CEMEHA, TIOKPUTHSA U PYTU Ype3 CTATUCTUICCKO
olMICaHWe Ha JMHAMHUKaTa Ha CIEKBJI KapTHHATa BBPXY IMOBBPXHOCTTA Ha Te3n oOekTH. Hacrosmara paboTa BeBEXIa
aHalM3a Ha M3MEHSIIIU CE BHB BPEMETO CIEKBI KapTHHHU KaTO Hepa3pyllaBalla CeH30pHA TEXHUKA 3a 3aMbPCSIBAHUS Ha
JHCTa Ha pacTeHUs. XapaKTep3upaHeTo Ha oOpa3muTe ce M3BHPINBA MapajelHo IO IIaTa UM IMOBBPXHOCT C BHCOKA
MIPOCTPAaHCTBEHA W BpeMeBa pasjenuTeiHa crnocoOHOCT. [lo-KOHKpeTHO padoTara IMpeAcTaBsi pPe3yJTaTUTEe OT JBa
TECTOBH EKCIEPHUMEHTa 3a YCTAaHOBSBaHE HAa IMPOMSHA B CKOPOCTTa HA MPOIECHUTE BCIEACBHE Ha HM3MEHEHHE Ha
BIQXXHOCTTA U Ha XMUMUYHO BB37eicTBre. KaTo 1510, cepun oT 256 m300pakeHUsT HA CIEKbJI KApTUHU C€ 3aIUCBaT
HIOCJIE/IOBATENIHO BBB BPEMETO M ce 00paboTBaT upe3 KOpelaloHHO-0a3upaHy aliTOPUTMHU, MIPHUJIaraHy 3a BCSKA TOYKa
oT obOpasena. ExciepuMeHTHTE MOTBBPIKIABAT [TOTEHIIMANIA HA TO3H TOAXO0/ 32 pa3iMdyaBaHe Ha JIKCTA, ITOJUI0KEHH Ha
pa3MYHO Bb3/IEUCTBHE.
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The concept "correcting”" in Auger quantification is filled out by the idea "total correction". 2 new groups of
corrections — for the analysis regime (presented in this work by the factors "primarily beam energy” and "modulation
voltage") and for the apparatus (presented by the quantity "spectrometer’ energy resolution") are included more except
the matrix. The analyses accuracy' increase (with the increase of the correction steps) is monitored on the base of AIN

standard quantification.

The filled out correction provides to compare the accuracy of Auger quantitative methods. The introduced term
"autocorrecting" indicates the inner insurance for a condition (a priori worsening the accuracy) from the method itself.
One method is more accurate at more complete "autocorrecting". The experiment compares six Auger quantitative

methods.

Keywords: Auger electron spectroscopy, AES, quantification, correcting, correction

INTRODUCTION

Usually the AES applications require
quantitative results. Unfortunately an accuracy of
less than 10% remains a difficult task for AES.
During the first significant attempt for quantitative
Auger analysis, Palmberg ef al [1] define the
content of an element A from the sample ¢, as
proportional to its spectral intensity /4:

Cy =(1A/I())/Z(]Ai/l()i) (1)

where the sum is over all elements of the sample
and the relative Auger elemental sensitivity factor
(RAESF) I, is the spectral intensity from the pure
(100%) element. The atomic density N, electron
back-scattering factor R and attenuation depth A of
the emitting surface act as multipliers in the
emission intensity. If the analyzed element is built
into the matrix in small amounts, these quantities
would be those of the matrix. For a true comparison
of the intensity of the sample with that of the
standard, the Auger emission from both have to run
in the same way, i.e. the composing multipliers N,
R and 1 have to be equalized. For example for R
(Ry; and R, respective to the sample and the
standard), the sample’s intensity is multiplied with
Ry/Ry. The N, R and 4 differences’ equalizing for

* To whom all correspondence should be sent:
E-mail: gspassov@clf.bas.bg

the sample and the standards is known as matrix
correction. It notes the second stage in AES
quantification (binary alloys’ theory). But it proves
that the matrix corrected result is still not right.
That is because the quantification errors are not
only due to the Auger process, but also to other
factors, being different for the sample and the
standard.

We consider that the quantitative Auger analysis
will be accurate, if all of its aspects (Auger process,
data processing, quantification procedure etc.) are
equal (or corrected appropriately) for the sample
and the standard. The aim of this work is an
experimental verification of the above statement. A
layer of aluminium nitride AINy is chosen as an
object of the analysis. An attempt is done to
systemize the main factors, differing for
sample/standards. The error is traced after
subsequently introduced correcting steps.

Above, can be provides to the methods themself.
We affirm that one quantification method is more
accurate, if it equalizes better the analysis’ aspects
for the sample and the standards. The statement is
studied by comparing the results obtained by 6
methods.

EXPERIMENTAL

General Setting. The aluminum content from an
AIN, standard is evaluated by an quantification
procedure, containing the sequentially introduced

154 © 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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correcting steps. The error in a certain stage is the
difference between the calculated content and the
real one.

Standard creation and Auger experiment. For
clear setting of the experiment a binary standard is
chosen with high sensitive ingredients having one
order concentrations. A layer of AINy is deposed on
Si polished wafer at the temperature of 200°C by
DC magnetron sputtering of Al target in the
presence of Ny, diluted 6:5 with Ar,. Layer depth of
150 nm is suitable for both Auger profiling and
Electron Probe Microanalysis (EPMA). EPMA is
used for the layer’ composition calibration and is
performed on ESEM XL30 FEI Co. It gives for the
specimen 57.9 at.% Al, 40.6 at.% N and 1.5 at.%
oxygen. It is supposed that the oxygen binds part of
aluminium (1 at.%) as Al,O;. If the oxygen and Al,
bonded to it, are not accounted in the composition,
its reduced (binary) content is: 58.4 at.% Al and
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Fig. 2. Auger profile of the AIN, specimen

41.6 at% N. EMPA’ result gives the integral
composition of the layer. The Auger analyses are
performed by microprobe with a beam energy E, up

to 10 keV and an energy resolution AE/E ~ 0.3 %.
Our regime is £, = 3 keV and Vs = 4 V. The
differential mode peaks for N, O and Al 1398 eV
are monitored. The intensity is measured by the
peak’ negative wing (”ptb”), as shown in Fig. 1.
Auger profiling of the layer (performed by 3 keV
Ar" ion sputtering) shows the rather good
homogeneity in the depth, Fig. 2. That allows
Auger data to be averaged for the layer. As above,
Al-peak is reduced for the available oxygen (by
Al O; spectrum) and the relative “binary” intensity
In/ar of the laboratory standard is determined.

Quantification. The experimental input quantity
is one for binary case. It is the relative intensity of
the components Iy, Iy = Iv/ly. Now Eq. 1
becomes:

Xar= (1 +F.SanIya) (2)

where the aluminium content X, is in atomic parts,
F is the correction factor and Sy = Su/Sy. If the
intensity does not contain the corrected quantity Y
as a multiplayer, but it is a function of it, AY), the
correction is introduced by the factor F(Y) =

S )Y )

Comparison of Auger quantification methods.
Four methods are considered in the work, as one of
them has 3 varieties. The main difference is the way
of determining Sy,. Here is a brief characterization
of the methods: Ia) RAESF’ method is standardless
and uses a data bank for RAESFs and Eq. 2 (with F
= 1).; Ib) It can be applied also with own (local)
standards, calibrating laboratory’ RAESFs. In our
Auger experiment the nitrogen sensitivity was
determined at taking as a standard silicon nitride for
electronic uses (SissNgs).; Ic) The RAESF’
determination from another data is made by using
the the work [2].; II) At “one binary standard
calibration” method Sy,» is calculated from the
standard content X, and the measured relative
Auger intensity Lan by Eq. 2. Knowing Sy, the
Al content of the specimen is calculated by its
relative Auger intensity (Eq. 2).; III) The “near
standard” method [3] uses layer standards of Si3;Ny,
SiO, (compounds of Si which is near in Auger
behavior to Al) and AlLO;. Sy is calculated by
directly measured intensitis of the compounds
indicated in the brackets:

Sain= Isin(S13N4).Iayo(ALO3) Jossi(S10,) 3)

IV) “One peak’s” method uses only the standard’
content X" and intensity /, ST

Xar = (Ia/Ia’). Xa'h) 4)
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RESULTS AND DISCUSSION

Types of corrections. We determined as
important for our analysis not only the classic
matrix correction F,, but 3 more groups of factors:
the analytic regime Fp, the instrument F, and the
peak shape Fps. With corrected there factors in the
brackets and since the correcting of independent
factors is multiplicative, the total correction F is:

Ftot = FR(Ep, Vmod, ...)FA(AE/E, ...)Fm(N, R,
VM)FPS (5)
Corrections introduction. The regime’ E,-

correction can be done: I. experimentally; II.
according to a data bank (the available spectra’
atlases should be assigned here); I11. theoretically —
by the curves of Sato et al. [4]. As a RAESF’ data
bank we use the atlases of PEI [1] (3 keV, 2 V,;
0.6%; TaN), McGuire [5] (5 keV, 4 V,,; 0.6%;
Si3sNy) and Jeol [6] (10 keV, 5 V,p; 0.5%; SizNy);
the analytical regime, 4E/F and the standard for
nitrogen are shown in brakets. Chew and Huang’s
Sauwn =098 at E, = 10 keV and V., = 10 V,, [2].
The correcting for Vwoa at the same AE/E also can
be done experimentally or by McGuire [5]. But a
common correction for AE/E and V4 is going on
when there is a difference in 4E/E. The universal
dependency f of the signal intensity on V.4
includes the parametric peak half-width W [7]. For
the peak of i” element:

Il = f(Vmod/ Wl)/ Wi (6)

W; includes the intrinsic half-width W,
AE/E enlargement. At energy E;:

Wi =Wy + [(AE/B)E] (7

Wy: is determined from a spectral window almost
filled up by the peak. We set a time-constant 3s, a
record rate of 0.017 V/s and V,,s = 1 V,, and
received W,y and Wyy. The correction at the
transition from one to the other parameters (AE/E,
Vmod) is:

due to

f( /W(Al)z)
F(AIN) (AE/EV)1-2 — f(V /W(N)z)
W), F(V/W(N),) W(AD,
W(AD, f(V,/W(AL),) W),

@®)

We applied the classic matrix correction in the
binary alloys theory version with Seah and Dench
[8] relationship for the inelastic mean free path of
the electroSn and Shimizu relationship [9] for the
back-scattering calculation. For our standards (Al
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and Si3N, for N), given in the brackets the material
for which the quantity is relevant to:

F {N(SZQN[, )}” _

N(4l)

R, (4IN)
R, (AIN)

Ry(SiN,)
R, (41)

)

Comparison of correction results. The rows of
Tables 1 and 2 present the separate correcting steps.
Each following correction is done on the base of the
results of the previous one. Table 1 shows Al
content. Table 2 gives the average quantification
error. The first row of data in the tables show the
uncorrected results. The correction for the regime
starts from £, and is shown in the next table row.
AE/E is different for the sample (our analysis) and
the 4 sources for RAESF (used as standards for Al
and N); and that enforces a common correction
with  V,,e. Thus, correcting for regime and
apparatus completes in the third row. The next row
shows the triple classic (V, R, A) matrix correction.
In our case the influence of the peak form is in the
error’ limits.

Correcting comments. With regard to the accuracy
of the quantification, the performance of an
additional correction gives a next (better)
approximation and should improve the result. That
is observed in the Tables 1 and 2 and appears as a
confirmation for both the right choice and the exact
modeling of the corrected effects. The exception for
the Jeoul’ data at the first correction have an
explanation too: The effects from E, and 4E/E are
with an opposite sign and not corrected compensate
each other partially. The total correction introduced
by us has turned out sufficient, i.e. the
quantification error is of the same order as that of
the intensities’ measuring (3.6% for the profile and
1% for our standards). From the above it follows
that: 1. The basic factors requiring a correcting are
determined truthfully; II. It confirms the basic
conception that at total correcting (e.g. elimination
of all main sources of uncertainties) the result is
exact; III. The last is valid for the 4 data banks. The
results from the 3™ row of 2™ table confirm the
published error up to 30% in RAESD’ method with
data bank by Chang [10]. The published 30-50%
[11] are probably relative to different apparatuses
and the comparison must be with the upper row
(46.4, 44.6, 42.9) with a good confirmation.
According to this work the quantification
improvement is 31% after a regime’s plus
instrumental correction and another 12% after a
matrix one. The matrix effects' correction conforms
by literature data 13% at 50% of the binary couples
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(or 30% at 85% ) [12, 13]). For the analyzed AIN,
some factors (as chemical changes, changes in the
surface composition due to preferential ion
sputtering, roughnes etc.) are not essential. There
are quite a few factors, influencing the Auger

Table 1. Comparison for the correction’ steps
results (instead of 58.4 at.%)

By RAESF’ with a Data Base
Shew/ PEI ~ McGuire  Jeol
Huang (3keV, (5keV, (10keV,
Correction Data  2eV) 4eV) 5eV)
None 80.9 71.3 60.8
Regime’s, E,  88.9 (80.9) 80.1 79.2
Mod. & Instr. ~ 61.3 66.5 64.5 68.0
Matrix 56.7 56.5 60.2 64.6
Peak’ Shape ? ? ? ?

Table 3. Quantification methods compared after their autocorrecting and the

analysis [14] and a negligible to an analyzed object
factor might turn out crucial to another. An
algorithm is given for data transfer from one regime
and an apparatus to others.

Table 2. Mean error of the quantification:
( | ACAI | /CA1+ | AC‘N| /CN)/Z

By RAESF’ with a Data Base
Shew/ PEI ~ McGuire  Jeol
Huang (3keV, (5keV, (10keV,
Correction Data  2eV) 4eV) 5eV)
None 46.4 28.6 4.9

Regime’s, E,  62.8 (46.4) 44.6 42.9
Mod. & Instr. 6.0 16.7 12.2 19.8
Matrix 35 3.9 3.7 12.3
Peak’ Shape ? ? ? ?

mean relative

error from the quantification (%): ( | AcAl | /cAl + | AcN | /cN)/2

Methods and their errors

Standardless ... with Standards
RAESF’ RAESF’ from  RAESF’ with  1Calibration Near One Peak’
Correction with a Another one’s Own Standards Point’ Standard’
Data Base data
None 46.3%
26.5°
49°
+ Regime’s 62.8¢
+ Instrumental 43 27.8
+ Matrix = Total 4.3 29
Quantification methods discussion. Every by own standards used [15, 16] — it comes to two

introduced correcting step removed (or at least
decreased) the influence of certain factors
worsening the analysis. The set of potential
worsening factors is divided for any method in two:
active (which elimination requires correction) and
such, which are removed by the nature of the
method. Le. the provision of certain condition can
be intrinsic (attribute) for certain method. If one
method provides a condition, we will say that the
condition is “autocorrected” (or that the method is
“autocorrected” in respect to this condition). Our
base conception is that one quantitative AES
method is more accurate when it is more complete
autocorrected (placed down in the correction
scheme). This really turns into tendency in Table 3.

The latter explains the accuracy of the separate
methods, as well as of already expressed expert
opinions. For example the methods with standards
are more accurate than with RAESF from data
banks [11] and the RAESF method is more accurate

auto-correcting degrees more.

At a complete autocorrecting, the inaccuracy is
of the order as the intensities’ error.

The conclusion that one calibrating point
method is the most accurate would be wrong. It
ignores the matrix effects and its result is true if the
analyzed composition is near to the standard (in our
case the difference in N concentration for both
binary material is ~1%). The ‘“near standard”
method is applicable with an element available,
near in Auger behaviour to the metal component,
which compensates the matrix effects. The “one
peak method” Eq. 4 is readily obtained from Eq. 1,
if the correcting is ignored and the denominator is
1. But without a normalization the quantification
result can turn out to be distorted. Therefore the
method is not advisable in the AES practice.

CONCLUSIONS

The concept of “correcting” is filled out and the
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term “total correction” is introduced (The total
correction equalizes all the analytical parameters
for the sample and the standards).

Two new groups of correction parameters are
introduced — for the analysis regime (primary beam
energy and modulation voltage) and for the
apparatus (spectrometer’ energy resolution). The
total correction is modeled by them and the classic
matrix (N, R, 1) correction for AES quantitative
analysis of AIN. In this case it turns out to be
enough.

The influence of the different corrections over
the analysis accuracy is followed.

The term ‘“autocorrecting” is introduced, which
denotes the provision of one condition (by default
worsening the accuracy) from the analysis itself.
“Autocorrecting” is intrinsic characteristic of every
AES quantification method. The last is more
accurate at more complete “autocorrecting”. That is
verified by 6 quantification methods.
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PA3HIMPEHO KOPUT'MPAHE B EJIEKTPOHHATA OXE CIIEKTPOCKOIIUA

I'. C. Cmacos

Hucmumym no onmuunu mamepuanu u mexunio2uu, Bvieapcka axkademus na naykume,
yi. Axax. I'. bondes, 6ok 109, Codust 1113;

ITocrbnuna Ha 17 oktomBpu 2013 r.; kopurupasa Ha 25 HoemBpy, 2013 .

(Pe3rome)

ITonstueTo “ropurupane” B KoindecTBeHata (e CIEKTPOCKONMUS € pas3lIMpPeHo 4Ype3 HuaesTa 3a “IbiiHa
Kopekmus”. JIBe HOBH TPYITH KOPEKLIMH — 32 aHAJUTUYIHUS PEKUM U 3a amapaTypara ca Jo0aBeHH KbM MaTpudHaTa (NN,
R, 7) xopekius. HapacTBaHeTo Ha TOYHOCTTA Ha aHAIM3a MPU MOCIICAOBATEIHO BHBEKIAHW KOPUTHUPAIIM CTHIIKU €

OPOCIIeICHO Ype3 KonnuecTBeH aHamu3 Ha AIN cranmaprt.

Pa3LlII/lpeHOT0 KOopurupaHe gaBa Bb3MOXKHOCT JJa C€ CpaBHU TOYHOCTTA IPH pa3IMYHU METOAHU 3a KOJIMYCCTBCH Oxe
apamms. C BBBCACHNA TCPMUH “aBTOKOpI/IFI/IpaHG” ce o0o3HayaBa OCUT'YPSAABAHETO Ha €JHO YCJIIOBUC (al'[pI/IopHO
BJIomIaBamio TO‘{HOCTTa) OoT CcaMHusd MCTOA. EZ[I/IH METOA € TIIO-TOYCH IpU IMO-IIBJIHO “aBTOKOpI/IFI/IpaHC”.
EKCHCpI/IMGHTaﬂHaTa IIPOBEpPKa € 3a 6 METOAa 3a KOJIMYCCTBCH Oxxe aHaaus.
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Cyclic voltammetry (CV) is one of the standard and useful methods for characterization of energy levels of organic
compounds. In this article we present the CV investigation of newly synthesized Iridium cyclometalated complexes
used for the first time as phosphorescent dopants in Organic Light Emitting Diodes (OLEDs). The energy of the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of complexes dissolved in
acetomitrile were estimated on the basis of theirs reduction half-wave potentials, taken from cyclic voltamograms and
band gaps, obtained from UV (Ultraviolet—visible) absorption measurements. In this paper the obtained HOMO/LUMO
values of complexes are discussed in connection with electroluminescent characteristics of OLEDs with hole

transporting layer doped with the same complexes.

Keywords: HOMO, LUMO, cyclic voltametry, bang gap, organic compounds

INTRODUCTION

Phosphorescent organo-transition metal
complexes are often applied as emitters in organic
light emitting diodes (OLEDs) due to their high
electroluminescence efficiencies. Among them,
cyclometalated iridium(IIl) complexes are the most
promising because of their quasi-octahedral
geometry permitted introducing of specific ligands
in a controlled manner, good stability, high
photoluminescence (PL) quantum yields and short
triplet state lifetimes. The yellow-emitting Ir(III)
complexes are of great interest in view of the fact
that in combination with blue emitters, they can be
used for fabrication of WOLEDs [1, 2]. Knowledge
of charge carrier energy levels in organic thin films
is essential for the understanding and design of
organic devices. For example, OLED usually
consists of several layers of various stacked organic
thin films [3] and differences between energies of
separate layers act as potential energy barriers to
the flow of charge and molecular excited states (or
excitons). That’s why the fine adjusting of HOMO
and LUMO energy levels of different OLED’s
layers or between host and guest in doped devices
is very important.

Two conventional methods to ascertain HOMO

* To whom all correspondence should be sent:
E-mail: petia@iomt.bas.bg

energies (Epomo) are cyclic voltammetry (CV) [4]
and ultraviolet photoemission spectroscopy (UPS)
[5]. Solution-based CV experiment is employed for
determination of ionization potential (IP) and
electron affinity (EA) of dissolved organic
compound. IP and EA may be regarded as the
HOMO and the LUMO levels of molecule,
underwent electrochemical oxidation or reduction
on the electrode (Fig. la) and can be estimated
from the extrapolation onsets of its oxidation and
reduction potentials. UPS refers to the measurement
of kinetic energy spectra of photoelectrons emitted
by molecules which have absorbed ultraviolet
photons, in order to determine molecular energy
levels in the wvalence region. UPS experiments
determine the ionization energy (E;) of a molecule
on the surface of a thin film, where E; = -Eyomo [6].
D’Andrade at all [7] have found, that the two
spectroscopic techniques are quantitatively related
by:

Enomo = -(1.4 £ 0.1) qVey - (4.6 £0.08) eV (1)

for a wide range of organic materials, where Egomo
is directly measured from the UPS spectrum and
Vev is molecular oxidation potentials, measured
from CV and q is the charge of an electron. On
account of high cost and complexity of UPS
systems, CV is the preferable method used in many
laboratories.
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The aim of this study was to estimate the
HOMO and LUMO energy levels of four new
synthesized Iridium cyclometalated complexes via
cyclic voltammetry and discussed them in
connection with electroluminescent characteristics
of OLEDs, where these complexes were used as
dopants.

EXPERIMENTAL
Instruments and measurements

"H-NMR (600 MHz) spectra were referenced to
internal tetramethylsilane (TMS) and recorded on a
Bruker Avance II+ 600 at room temperature. The
elemental analyses were made on Elementar Vario
EL IIl. The UV and fluorescence spectra of the
complexes in solutions were recorded on a Thermo
Spectronic Unicam 500 spectrophotometer and a
Varian Cary Eclipse fluorescence
spectrophotometer. The electroluminescent spectra
(EL) and Commission Internationale de L’Eclairage
(CIE) coordinates were obtained by Ocean Optics
HR2000+ spectrometer. The luminescence (L) was
measured in continuous DC mode and the light
output was detected using a calibrated Hamamatsu
silicon photodiode S2281-01.

Cyclic voltammetry (CV) measurements

CV is potentiodynamic  electrochemical
measurement. It is accomplished with a three
electrode  arrangement (with three-electrode
electrochemical cell) whereby the potential relative
to some reference electrode is scanned at a working
electrode while the resulting current flowing
through a counter (or auxiliary) electrode is
monitored in a quiescent solution. A typical cyclic
voltammogram where i,,”* and i show the peaks
of cathodic and anodic current respectively for a
reversible reaction along with corresponding
oxidation and redaction reactions are shown in
Fig. 1. CV were done in acetonitryle solutions
containing 0.001 M Ir(Ill)-complex and 0.1 M
LiClO4 as supporting electrolyte, at scan rate of
100 mV/s via Potentiostat Gamry PC 3
voltammetric analyzer. Platinum plates were used
as working and counter electrodes and Ag/AgCl -
as reference electrode. For ease of comparison, all
electrode potentials were converted using the
ferrocene/ferrocenium redox couple as a reference
point (Ep.c = 0 mV) [8]. An empirical relationship
between E;,™ and E;,;! and Ip and Ea were
proposed by Pommerehne et al. [9].
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Fig. 1. a) The oxidation and reduction of an organic
molecule involve electron transfers; b) - A typical
cyclic voltammogram.

Synthesis and characterization of iridium
diketonato complexes

Four new cyclometalated iridium diketonato
complexes based on benztiasole ligands were
synthesized according to Scheme 1.

Iridium(II)bis[2-phenylbenzothiazolato-N,C” -
(1,3-diphenylpropane-1,3-dionate), (bt),Ir(dbm)
Yeld: 70%. 'H NMR (600 MHz, CDCl; ), §[ppm]:
6.49 (s, 1H), 6.55 (d, 2H, J=7.2Hz), 6.71 (td, 2H,
J,=1.2Hz, J,=7.2Hz), 6.93 (td, 2H, J,=1.2Hz,
J,=7.8Hz), 7.18-7.21(m, 2H), 7.30-7.36 (m, 6H),
7.40-7.42 (m, 2H), 7.74-7.77 (m, 6H), 7.86 (dd, 2H,
J,=8.4Hz, J,=0.6Hz), 8.09 (d, 2H, J=8.4Hz),
C41H27N,S,000r.  Elemental analysis: Cale. C
58.90%, H 3.26%, N 3.35%. Found: C 58.85%, H
3.30%, N 3.30%.

Iridium(III)bis[2-phenylbenzothiazolato-N,C” |-
[4,4,4-trifluoro-1-(thiophen-2-yl) butane-1,3-
dionate], (bt),Ir(tta) Yeld: 70%. "H NMR (600
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(bt)21r(bsm)
(bt),Ir(acac)

Scheme 1. Synthesis of Ir complexes.

MHz, CDCl;), d[ppm]: 5.98 (s, 1H), 6.36 (t, 2H,
J=8.4Hz), 6.58-6.62 (m, 2H), 6.80-6.86 (m, 2H),
6.91-6.92 (m, 1H), 7.12-7.15 (m, 1H), 7.29-7.48
(m, 5H), 7.60-7.62 (m, 2H), 7.78-7.84 (m, 3H),
8.00-8.03 (m, lH), C34H20N20283F3II'. Elemental
analysis: Calc. C 48.97%, H 2.42%, N 3.36%.
Found: C 48.90%, H 2.38%, N 3.31%.

Iridium(II)bis[2-phenylbenzothiazolato-N,C” |-
[1-(4-fluorophenyl)-3-(4-methoxyphe-nyl)propane-
1,3-dionate], (bt),Ir(fmtdbm) Yeld: 75%. '"H NMR
(600 MHz, CDCl;), 8[ppm]: 3.72 (s, 3H), 6.29 (s,
1H), 6.44 (dd, 2H, J,=2.4Hz, J,=7.2Hz), 6.59-6.62
(m, 2H), 6.71-6.72 (m, 2H), 6.82-6.88 (m, 4H),
7.07-7.10 (m, 2H), 7.23-7.26 (m, 2H), 7.64-7.67
(m, 6H), 7.76 (dd, 2H, J=3.0Hz, J,=7.2Hz) 7.97
(dd, 2H, J1:5.4HZ, J2:84HZ), C42H28NZSZO3FIr.
Elemental analysis: Calc. C 57.06%, H 3.19%, N
3.17%.

Iridium(IID)bis[2-phenylbenzothiazolato-N,C” |-
(1-phenylicosane-1,3-dionate), (bt)Ir(bsm) Yeld:
80%. '"H NMR (600 MHz, CDCl; ), 8[ppm]: 1.06-
1.09 (m, 3H), 1.19 (bs, 32H), 5.70 (s, 1H), 6.39-
6.41 (m, 1H), 6.45 (d, 1H, J=7.2Hz), 6.57-6.60 (m,
2H), 6.79-6.83 (m, 2H), 7.09-7.12 (m, 1H), 7.17 (s,
1H), 7.26-7.33 (m, 5H), 7.58-7.63 (m, 4H), 7.77-
7.79 (m, 2H), 7.96 (d, 1H, J=8.4Hz), 8.01-8.03 (m,
1H); Cs;Hs7N,O,S,Ir. Elemental analysis: Calc. C
62.56%, H 5.75%, N 2.81%.

OLED fabrication

Devices with area of lecm” were prepared on
commercial  polyethylene terephtalate (PET)
substrate, precoated with anode of ITO (90% In,Os,
10% SnO,) (40€2/sq). The (30nm) composite films
of PVK:CBP(or TPD)jp wwe:(Ir complex)x wo,

(relatively to PVK) were formed by spin-coating
from 0.75% solution in CH,Cl, at 2000 rpm. The
films of Bis(8-hydroxy-2-methylquinoline)-(4-
phenylpheno-xy) aluminum (BAlq) (40nm), as
electroluminescent layer (EL), Bis[2-(2-
benzothiazoly) phenolato]zinc(Il) (Zn(btz),)
(35nm) ETL as electron-transporting layer and Al
cathode (120nm), were thermal evaporated in
vacuum better than 10* Pa at rates of 2-5 AJs,
controlled with a quartz crystal microbalance.

RESULTS AND DISCUSSION
Cyclic voltammetric measurements

Cyclic voltammetry (CV) was employed to
investigate the electrochemical behavior of the Ir
complexes and was applied for the estimation of the
ionization potential (Ip) and electron affinity (Ea).
Ip and Ea of the complexes were estimated from the
extrapolated onsets of their oxidation and reduction
potentials, respectively. The empirical relationships
were proposed by Pommerehne et al. [9].

Ip=E; ;)" +438 3)
Ea=E;;+48 4)
Eg =1Ip - Ea, &)

where E;,™ and E;,;* are electrochemical
potentials over ferrocenium/ferrocene (Fc'/Fc)
reference (vs. Ag/AgCl), and 4.8 eV is the value of
Fc with respect to zero vacuum level. Ip and Ea
may be regarded as the HOMO and the LUMO and
the electrochemical gap between them as the band
gap (Eg) of the complex. On the other hand
according to the theory reported by Burrows et al.
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[10] Eg may be evaluated from the long-
wavelength absorption edge using the equation (6)

Eg=hf=hc/A=1241/2, (6)

where: /4 is Planck’s constant; c is the speed of light
and 4 is the wavelength in nm.

Absorption spectra and reduction CV scans of
new Ir complexes and (bt),Ir(acac) as reference are
shown in Figs. 2 and 3. The oxidation CV scans are
not presented, because the measurements were not
provided in inert atmosphere.

0,75+,
| —o— (bt), Ir(tta)

— AN —o— (bt),Ir(dbm)
= 0,50 (bt),Ir(fmtdbm)
> —— (bt),Ir(bsm)
g —— (bt),Ir(acac)
o 0,25
]
=

0, 0 0 , 0 ; e . 2 e .

300 400 500 600

Wave length, nm

Fig. 2. Absorption spectra of Ir complexes, dissolved
in C2H2C124

X
L0000
£ Eﬂ ~ "—— (bt), Ir(tta)
- S
€ 0002l F/ ~- o (bt),Ir(dbm)
[ g} - g
= : v (bt), Ir(fmtdbm)
© s ~-< (bt),Ir(bsm)
-0,004 —— (bt),Ir(acac)
Ferocene

4 3 2 1 0 1
Voltage (vs Ag/AgCl), V

Fig. 3. Reduction CV waves of 0.001 M of Ir
complexes and Ferrocene in acetonitryle and 0.1 M
LiClO,, at scan rate 100 mV/min.

The all complexes exhibited two reversible
reduction waves with very close potentials. The
first of them was taken for estimation of Ea and
LUMO level of the complexes. The data of
absorption-edges and electrochemical potentials
E ;2 (determined from Figs. 2 and 3) and Eg, Ea
and Ip, calculated according to Egs. (6), (4) and (3),
are summarized in Table 1.

The value of E;,®! (0.98 V vs Ag/AgCl)
obtained for (bt),Ir(acac) are nearly the same (0.96
V vs Ag/AgCl) to this, presented by Xu at all.[11],
that confirms the reliability of all our CV results.

Table 1. Electrochemical reduction potentials, optical energy gaps, HOMO and LUMO energy levels of iridium

complexes
complex E; % vs E;,*'vs  Absorption Eg Ip Ea
Ag/AgCl Fc/Fc' edge (-HOMO) (- LUMO)
[V] [V] [nm] [eV] [eV] [eV]
(bt),Ir(tta) 1.17 1.64 550 2.25 541 3.16
(bt),Ir(dbm) 1.13 1.60 580 2.14 534 3.20
(bt),Ir(fmtdbm) 111 1.58 590 2.10 533 3.2
(bt),Ir(bsm) 1.02 1.50 590 2.10 5.40 3.30
(bt),Ir(acac) 0.98 1.46 585 2.12 5.46 3.34
Electroluminescence concentration 8§ w%, where the intensity of the
peaks of BAlq at 503 nm and (bt),Ir(dbm) at 554
The El of OLED structure PVK:CBP: nm were roughly the same and the CIE coordinates

(bt)Ir(dbm)yy/BAlq/Zn(btz), at different doping
concentration are shown in Fig.4. It is seen that
increasing of the dopants concentration caused
increasing of the intensity of irradiated from the
dopant light (peaked at 554 nm) and shifted the CIE
coordinates of OLEDs from greenish blue (0.22,
0.37) at 0 wt % to orange (0.34, 0.44) at 10 wt %.

In Fig. 5 are presented the El spectra (at 16 V
DC) of OLEDs doped with different complexes at
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of devices (0.33;0.44) were the most close to white
(0.33;0.33). All devices emitted in light orange
region (CIE (x,y) from (0.33;0.44) to (0.38;0.48))
and only device doped with (bt),Ir(tta) emitted in
green-yellow region (0.26;0.43). This blue shift was
in accordance with the wider with nearly 0.10 eV
energy gap Eg (2.25 eV) of (bt)lr(tta) in
comparison to that of the other complexes
(Table 1).
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(PVK+CBP+(bt),Ir(dbm), . )/BAlg/Zn(btz),
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Fig. 4. El spectra and CIE of devices doped with
(bt),Ir(dbm) at different doping and DC 16 V.
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Fig. 5. El spectra and CIE of devices doped with
different complexes at 8 wt% doping concentration and
DC16V.

CONCLUSION

In summary we have successfully designed,
synthesized and  characterized four new
cyclometalated iridium diketonato complexes,
based on benztiasole ligands. We estimated their
HOMO, LUMO and band gap by means of

combination of cyclic voltammetry and UV
absorption measurements. The complexes were
applied as dopants in OLEDs and it was established
that depending on the dopant concentration they
were very useful for fine tuning of emitted colour.

Acknowledgements: The authors are grateful to
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(Pesrome)

uxnuysata Bont amnepomeTpus (CV) e euH 0T CTaHJapTHUTE M IIMPOKO M3IOJI3BAHU METOAM 3a ONpelessHe Ha
SHepreTHYHNTe HUBA HAa OPraHWYHUTE CheluHEeHus. B Tasum cratms Hue mpexncrassime enHo CV u3cienBaHe Ha
HOBOCHHTE3UPAHN MPHUANEBH IIMKIOMETAIHH KOMIUIEKCH, HAMHUPAIIN NPUIIOKEHHE KaTo (HOCHOpPECHeHTHH NOMaHTH B
Oprannunu CeromznpuBamu Junoau (OLEDs). Eneprunte Ha Haii-Bucokara 3aeta (HOMO) u Haii-HuCKara He3aeta
(LUMO) wmonekynHH opOHMTaly Ha Pa3TBOPEHU B ALETOHUTPWII KOMIUIEKCH Osixa NMpPEeCMETHAaTH Bb3 OCHOBa Ha
U3MEPEHUTE BOJITAMETPUYHO DPEAYKIHMOHHM NOTCHUHAIX W CTOHHOCTUTE Ha IIUPUHHUTE Ha 3a0paHEHUTE 30HH,
omnpezeneHu ot UV abcopOIMOHHUTE MM CIIEKTPH.
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In this article we demonstrate White Organic Light Emitting Diodes (WOLEDs) using yellow-emitting iridium
complex bis(2-phenylbenzothiazolato) (acetyl-acetonate)iridium(III) (Ir(bt)acac), as a dopant in the hole-
transporting layer (composed of N,N’-bis(3-methylphenyl)-N,N’-diphenylbenzidine (TPD) dispersed in poly(N-
vinylcarbazole) (PVK) matrix. Bis(8-hydroxy-2-methylquinoline)-(4-phenylphenoxy)aluminum (BAlq) and bis(2-(2-
hydroxyphenyl) benzothiazolate)zinc (Zn(btz),) were used as electroluminescent and -electron-transporting
materials. It was found that OLED with 2.5 wt % Ir(bt),acac irradiated a white light which CIE coordinates changed
from bluish-white (0.28, 0.30) at 8 V, to yellowish-white (0.35, 0.40) at 20 V.

Keywords: WOLEDs, Ir(bt),acac, BAlq, Zn(btz),

INTRODUCTION

WOLEDs have attracted great attention due to
their potential applications such as full color
displays, backlight units for LCD displays and
solid-state light sources for interior and exterior
general illumination. WOLEDs can be classified
into three types according to the emitters used:
fluorescent devices (F-WOLEDs), phosphorescent
devices (P-WOLEDs) and hybrid devices
employing both fluorescent and phosphorescent
emitters (F/P-WOLED) [1, 2]. It have been shown
that P-WOLEDs based on heavy metal complexes
(Ru, Os, Eu, Pt, particularly Ir [3-6] can achieve an
internal quantum efficiency of 100%, as compare to
the theoretical value of 25% in F-WOLED:s,
because they harvest both singlet and triplet
emissions. Among these phosphorescent
complexes, cyclometalated iridium(II) complexes
are the most promising because of their good
stability, high photoluminescence (PL) quantum
yields, ease of spectral tuning and short triplet state
lifetimes. The yellow-emitting Ir(III) complexes are
of great interest in view of the fact that in
combination with blue emitters, they can be used
for fabrication of white WOLEDs [7, 8].

The typical orange phosphorescent emitter
Bis(2-phenylbenzothiozolato-

* To whom all correspondence should be sent:
E-mail: ivanov.petar@mail.bg

N,C?)iridium(acetylacetonate) [(bt),Ir(acac)] [9]
and its derivatives have been widely investigated
mainly as a dopants in different electroluminescent
hosts materials for: “small molecule OLED
(SMOLED), obtained by vacuum evoparation and
“polymer” OLED (POLED), obtained by spin
coating [10-12]. The frequently used host for
SMOLED is CBP (4,4’-N,N’-dicarbazole-biphenyl)
independently [3, 13] or mixed with NPB (N,N’-
Di(naphthalen-1-yl)-N,N’-diphenyl-benzidine) [14]
or UGH3 (m-bis-(triphenylsilyl)benzene [5] and for
POLED - PVK (poly(N-vinylcarbazole). The
electroluminescent properties of developed devices
are still very unsatisfactory that motivated us to
investigate the possibility of application of
(bt),Ir(acac) as a dopant in the hall transporting
layer (HTL) of OLED.

EXPERIMENTAL DETAILS

We investigated the device structure:
PET/ITO/dopped-HTL/EL/ETL/M, where ITO was
a transparent anode of In,0;:SnO,, dopped-HTL
was dopped with Ir(bt),acac HTL of incorporated in
PVK matrix N, N’-bis(3-methylphenyl)-N, N’-
diphenylbenzidine (TPD), EL - electroluminescent
layer of Bis(8-hydroxy-2-methylquinoline)-(4-
phenylphenoxy) aluminum (BAlq), ETL - electron-
transporting layer of Bis[2-(2-benzothiazoly)
phenolato]zinc(Il) (Zn(btz),) and M - a metallic Al
cathode.

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 165
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Devices with area lcm® were prepared on
polyethylene terephthalate (PET) substrates coated
with ITO (40 €Q/sq). The doped HTL of
PVK:TPD gy Ir(bt)acacy we, (Wt% relative to
PVK) composite film was formed by spin-coating
from 0.75 % solutions in dichloroethane at 2000
rpm. The layers of BAlq (40 nm), Zn(btz), (35 nm)
and Al cathode (80 nm) were thermal evaporated in
vacuum better than 10 Pa at rates 0.2 - 0.5 nm/s.
The quartz crystal microbalance thickness sensor
was positioned near the PET/ITO substrate for
better accuracy. For each run, four samples were
fabricated simultaneously without breaking the
vacuum, to ensure similar deposition conditions.
All materials were purchased from Aldrich, except
Zn(btz), and Ir(bt),acac which were synthesized in
the Laboratory of Organic Photochemistry Faculty
of Chemistry and Pharmacy, University of Sofia
“St. K1. Ohridski”.

All measurements were performed at room
temperature and under ambient atmosphere,
without any encapsulation. The photoluminescence
(PL) and the electroluminescence (EL) spectra were
taken out on Ocean Optics HR2000+ spectrometer.
The current-voltage (I-V) curves were recorded by
programmable with Labview power supply. The
electroluminescence was measured in continuous
DC mode and the light output was detected using a
calibrated Hamamatsu silicon photodiode S2281-
01. The current and external quantum efficiency
(M, nege) were calculated by equations (1) and (2)
and used for quantifying the properties of the
OLED:s.

L = L/I, cd/A (1)
NEQE = I(DIOO/I, %, (2)

where L is the luminescence (in cd/m?), I and I, are
the densities of current and photocurrent (in A/m?),
respectively.

Chemical structures of used organic materials,
device structure, and schematic energy level
diagram of OLEDs discussed in this study, are
briefly sumarized in Fig. 1.

RESULTS AND DISCUSSION

Figure 2 shows the optical absorption spectrum
of Ir(bt)acac and PL spectra of Ir(bt),acac, PVK
and TPD in CH,Cl, solution at photoexcitation with
PX-2 Pulsed Xenon Lamp UV (220-750 nm). The
Ir(bt),acac emitted a greenish yellow light with a
peak at 557 nm and shoulder at 597 nm. The PVK
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Fig. 1. Chemical structure of the organic materials,
device structure, and schematic energy level diagram of
WOLED.
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Fig. 2. UV-visible absorption spectrum of Ir(bt),acac
and PL emission spectra of Ir(bt),acac, PVK and TPD
in CHzClz

and TPD emitted a blue light with peaks at 367 and
414 nm. It can be expected that the efficient either
Forster or Dexter energy transfer would be possible
from PVK and TPD host to Ir(bt),acac guest, since
'MLCT and °MLCT absorption spectra of
Ir(bt);acac has broader spectral overlap with
fluorescence spectra of PVK in the range from 330
to 450 nm and of TPD from 390 to 450 nm. The PL
spectra of pure and doped with Ir(bt)acac
PVK:TPD spin coated films are shown in Fig. 3. It
is seen that the blue emission at ~ 414 nm,
attributed to PVK:TPD composite film, reduces
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Fig. 4. Taken at 16 V DC normalized EL spectra and
CIE coordinates of OLEDs with different concentrations
of the dopant.

significantly with increasing of the dopant
concentration from 0 to 5 wt %, indicating that an
energy transfer from PVK and TPD to Ir(bt),acac
not only takes place, but also increases with doping

concentration and was completely brought to an
end at 2.5 wt %. In the same figure the PL spectra
of thermally evaporated on a quartz glass neat films
of BAlq and Zn(btz), as well as consequently
evaporated over BAlq Zn(btz), film are presented.
It was found that neat films had similar spectra with
PL maximums at 496 nm and there are not essential
differences between them and consequently
evaporated BAlq/Zn(btz),.

In contrast to the PL spectra of the doped with
iridium complex PVK films (Fig. 3.), in the EL
spectra of OLED devices (Fig. 4.), any PVK-
induced emission about 400 nm was not observed,
irrespective of the Ir(bt)acac concentration. The
absence of major PVK related emission features has
implied a charge trapping rather than an exciton
transfer mechanism. The EL spectra of doped
devices did not include any Zn(btz), emission at
529 nm too and were basically the sum of the
emissions of Ir(bt),acac (at 560 nm) and BAlq (at
496 nm). With increasing Ir(bt),acac concentration,
the relative intensity of the greenish-blue emission
(496 nm) decreased, while the yellow (560 nm) -
increased and CIE coordinates of OLEDs shifted
from blue (0.19, 0.30) at 0 wt % to yellow (0.42,
0.45) at 5 wt % of the dopant. It was established
that the OLED with 2.5 wt % Ir(bt),acac irradiated
a white light which intensity increased with
increasing of applied voltages and CIE coordinates
changed from bluish-white (0.28, 0.30) at 8 V, to
yellowish-white (0.35, 0.40) at 20 V (Fig. 5).

The L-I-V characteristics of the devices with
different dopant concentration and their current and
external quantum efficiencies (1, mpee) are
presented in Fig. 6a and Fig. 6b. It can be seen that
increasing Ir(bt),acac concentration from 0.5 to 5
wt% decreases the driving voltage from 10.5 to 8 V
and enhances electroluminescence and current
density at 13 V from 100 to 400 Cd/m” and from 20
to 110 A/m’, respectively. A further increase in the
dopant concentration to 10 wt% results in a weak
rising of the driving voltage to 8.5 V and in
materially reducing of the luminescence to 350
Cd/m’” and the current density to 95 A/m”. Besides,
the electroluminescent and external quantum
efficiencies decrease from 6 Cd/A and 1.5% EQE
for non doped device to 4 Cd/A and 1.05 % EQE
for doped with 10 w% Ir(bt),acac device. At the
same time the range of current densities with
maximum efficiencies at the fixed dopant
concentration expands and reaches its optimal value
at Swt% Ir(bt),acac.

The obtained results can be explained with
energy level diagram of studied device, shown in
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Fig. 1. According to this diagram, most probably
the observed yellow emission (except Forster or
Dexter energy transfer from PVK:TPD composite
film to the dopant) appears as a result of the direct
recombination of injected carriers at the Ir(bt),acac
sites.

3500+
3000—-
2500—-
2000—-

Intensity(a.u.)

1500+

1000 //

500+ . .
400 600 800
Wavelenght, nm

Fig. 5. EL intensity of the device with 2.5 %
Ir(bt),acac and its CIE coordinates at different bias
voltages.

In undoped device excitons generate at the
PVK:TPD/BAlq interface and recombine in the
BAlq layer irradiating a blue light. The introduction
of Ir(bt),acac in PVK:TPD matrix causes trapping
of some carriers on HOMO and LUMO levels of
the dopant (=5.6 and —3.4 eV), located within
HOMO and LUMO level of the host composite
film (—5.8 and —2.5 eV). Later the formed exitons
decay radiatively emitting a red light. For that
reason the increasing of dopant concentration or the
applied voltage lead to a red shift of the CIE
coordinates. Charge trapping within the dopant
material can be explained by the distribution of
dopant molecules within the host. At the low
concentration of dopant in the host matrix, the
mobility limitation of a charge from one dopant site
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to another will lead to a higher driving voltage [6].
However, when the doping concentration increases,
the charge mobility increases since the distance
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Fig. 6. Electroluminescence—current and density—
voltage characteristics (a); Current and external quantum
efficiencies of devices with different dopant
concentrations (b).

between the Ir(bt)acac molecules decreases. Such a
transport characteristic causes effective decreasing
of the driving voltage and increasing of the current
density and the light intensity. The fact that current
and external quantum efficiencies decrease
notwithstanding the increase of light intensity also
confirms charge trapping mechanism.

CONCLUSIONS

It was established that the incorporation of
Ir(bt),acac in HTL of the investigated devices tunes
the light emission allowing the successful
development of WOLED.
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BIS(2-PHENYLBENZOTHIAZOLATO) (ACETYLACETONATE) UPUJJEB KOMIIJIEKC KATO
OOCOOPECHEHTEH JIOITAHT 3A BEJIM OPTAHUYHU CBETOU3JIBUBAIIN JUOAN

I1. K. UBanos, I1. K. Ilerposa, P. JI. TomoBa

Hncmumym no onmuuecku mamepuanu u mexuonoeuu (MOMT) “Axad. H. Manunoscxu”, Bvieapcka Axademus na
Hayxume, yn. ,,Axao. I'. Bonues” 61.109, Cogpus 1113

Hocrprnuna Ha 17 oktomBpu 2013 r.; KOpurupana Ha 25 HoemBpH, 2013 .

(Pestome)

B Tasum crartus ca mpencraBeHHM pe3ysTaTUTE OT pa3paboTBaHETO Ha Oenu OPraHUYHU CBETOM3IBYBALIM HOJAN
(WOLEDs), B KOMUTO KaTro JIONAHT B TPAaHCIIOPTHPAIIMS AYNKH KOMIIO3UTEH CJIOH OT AWCIEpPrHpaH B MaTpHuua OT
poly(N-vinylcarbazole) (PVK) - N,N’-bis(3-methylphenyl)-N,N’-diphenylbenzidine (TPD) e uznon3san uznpusaniys
KBITa CBETNIMHA HMpuaneB Komruiekc bis(2-phenylbenzothiazolato) (acetyl-acetonate)iridium(IIl) (Ir(bt),acac) Kato
eJIEKTPOITYMHHECIICHTEH U eNeKTPOoH TpaHcnopTeH cioii B WOLED ca m3nomssanu Bis(8-hydroxy-2-methylquinoline)-
(4-phenylphenoxy)aluminum (BAlq) u bis(2-(2-hydroxyphenyl) benzothiazolate)zinc (Zn(btz),). YcranoBeHo e, ue
ycrpoticTara ¢ 2.5 ternoBau % Ir(bt),acac uzmpuBar Osma cBetnuHa cbe CIE KoopAMHATH, IPOMEHSIIH C€ OT CTYICHO
osut0 (0.28, 0.30) mpu Hanpesxerne 8 V go toruto 6s50 (0.35, 0.40) nmpu Hanpexxenue 20 V.
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In this work the results from a comparative study of electroluminescent and photophysical properties of four Zn
chelate complexes based on benzothiazoles and quinolines ligands (zinc bis-[8-hydroxyquinoline], zinc [8-
hydroxyquinoline] acetylacetonate, zinc bis[2-(2-hydroxyphenyl) benzothiazole], zinc 2-(2-hydroxyphenyl)
benzothiazole acetylacetonate), and their application in Organic Lght-emitting Diodes (OLED) are presented. The
absorption, photoluminescence spectra and morphology of thin films of Zn complexes were investigated. The
luminance-voltage (L-V) characteristics, efficiencies and electroluminescences of the diodes based on bilayer structure

ITO/HTL/Zn complex/Al were determined.

Keywords: OLED, Zn complex, Znq,, Znq acac, Zn(BTz),, ZnBTz acac

INTRODUCTION

Organic light-emitting diodes (OLEDs) have
attracted great interest in the last years due to their
potential applications as the future generation flat
panel displays and solid-state light sources. Blue,
green, and red light-emitting materials with
standard color and high efficiency are necessary for
full color displays. Since the first Tang’s report [1]
of the light-emitting diode based on Aluminum tris-
(8-hydroxyquinoline), a variety of organic materials
have been synthesized and studied, and extended
efforts have been made to obtain high performance
electroluminescent devices. Among these materials,
Zn complexes have been especially important
because of the simplicity in synthesis procedures
and wide spectral response. Extensive research
work is going on in various laboratories to
synthesize new Zn complexes containing new
ligands to produce a number of novel luminescent
Zn complexes as emitters and electron transporters
[2-8]. Zinc bis-(8-hydroxyquinoline) (Zng,) has
been investigated as an electroluminescent [3] and
electron transporting material [4] in vapor
deposited [3, 9] or Langmuir-Blodgett films [10].
Zinc  bis[2-(2-hydroxyphenyl)  benzothiazole]
(Zn(BTz),) has been studied as an effective white
light emissive and electron transporting material in
OLED. Hamada et al. reported that Zn(BTz), was a

new white-light emitting material, but the device
with single-emitting layer of Zn(BTz), showed a
greenish white emission [4]. Recently Zhu et al.
fabricated white OLED with Zn(BTz), only as
emitter [11]. White emission is composed of two
parts: one is at 470 nm, which originates from
exciton emission in Zn(BTz),, the other is at 580
nm, which originates from exciplexes formation at
the interface of TPD/Zn(BTz),.

The aim of this paper is to make a comparative
study of the performance of OLEDs based on Zinc
bis-[8-hydroxyquinoline]  (Znq,), Zinc  [8-
hydroxyquinoline] acetylacetonate (Znq acac), Zinc
bis[2-(2-hydroxyphenyl) benzothiazole]
(Zn(BTz);), and Zinc  2-(2-hydroxyphenyl)
benzothiazole acetylacetonate (ZnBTz acac).

EXPERIMENTAL

We investigated the electroluminescent devices
with conventional structure: ITO/HTL/EL/M,
where ITO is a transparent anode of In,O;:SnO,,
HTL - a hole-transporting layer, EL is
electroluminescent layer (75 nm) of Zn complex
and M - a metallic Al cathode (120 nm). Devices
with area 1 cm® were prepared on commercial
polyethylene terephtalate (PET) substrates coated
with ITO (40 Q/sq). The HTL (31 nm) of PVK :
TPDy (x = 10 w% relative to PVK) composite films

were prepared by spin-coating from 0.75% solution
in dichloroethane at 2000 rpm. The layers of Zn

* To whom all correspondence should be sent:
E-mail: petia@iomt.bas.bg

170 © 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria



Petrova et al.: Comparative study of electroluminescent Zn metal—chelate complexes...

complexes and metal cathode were deposited by
thermal evaporation in vacuum better than 10™ Pa
at rates 2-5 A/s. ITO covered PET substrate, PVK
and TPD were purchased from Aldrich. The four
investigated Zn complexes (Fig. 1) were

/.
D N

0—-zn©O O- Zn

synthesized in the Laboratory of Dyes Synthesis at
the Department of Applied Organic Chemistry,
Faculty of Chemistry, Sofia University St. KIl.
Ohridski”.

{:@W@@

Zna, Znq acac

Zn(BTz), ZnBTz acac

Fig. 1. Chemical structures of the investigated Zn complexes.

All  measurements were performed with
unpackaged devices at room temperature and under
ambient atmosphere. =~ The absorption and
fluorescent (PIS) spectra of the complexes were
taken using the Spectrofluorimeter Perkin Elmer
MPF 44 and the electroluminescent spectra (ELS)
by Ocean Optics HR2000+ spectrometer. The
current-voltage (I-V) and luminance—voltage (L-V)
characteristics were measured by programmable
with Labview power supply. The luminescence (L)
was measured in DC (direct current) mode and the
light output was detected using a calibrated
Hamamatsu silicon photodiode S2281-01. The
electroluminescent efficiency (y;) was calculated
by equation (1) and used for quantifying the
properties of the OLED:s.

n=L/1 (1

where L is the luminescence (in cd/m®) and [ is the
current density (in A/m?))

The surface morphology of the
electroluminescent layers was studied with a AFM
“EasyScan 2”  produced by  “Nanosurf”
(Switzerland) on area of 12.5 x 12.5 um, at
measurement mode “scan forward” and Scan mode
from down to up.

RESULTS AND DISCUSSION
Morphology

The results of AFM investigations are presented
in Fig. 2. The AFM images show that the
evaporated Znq,, Znq acac and Zn(BTz),
compounds on the PET/ITO/PVK:TPD structure,
formed amorphous, homogeneous and very smooth

surfaces with root mean square (RMS) roughness
6.88 nm, 7.52 nm and 4.64 nm, respectively. The
ZnBTz acac layer made soft outline ridge surface
with RMS roughness 20.06 nm. The formed from
all of complexes flat film surfaces are a prerequisite
for a good performance of devices on their base.

Electrical measurements

Fig. 3. presents the luminance/voltage and
efficiency characteristics of four identical devices
with different EL. The highest luminescence
showed the device with ZnBTz acac as EL
followed by that with Zn(BTz),, Znq acac and Znq,
(Fig. 3a). The luminescence of the device with Znq
acac at 15 V DC is nearly 1.5, 2.4 and 3 times
higher than those by Zn(BTz),, Znq acac and Znqp,
respectively.

At the same time the electroluminescent
efficiencies of the devices with ZnBTz acac and
Zn(BTz), are nearly the same (around 3 cd/A) and
1. 5 times higher than that of devices with Znq, and
Znq acac (Fig. 3b) which are 2 and 1.8 cd/A,
respectively. The higher luminance and efficiency
of the devices based on Zn hydroxyphenyl
benzothiazole complexes indicate better electron
transport properties of these complexes than Znq,
and Znq acac.

For OLEDs with similar structures Sano et al.
reported in [5] efficiency of 1.39 cd/A at luminance
100 cd/m* for ITO/TPD/Zn(BTz),/Mg:In device,
Zheng et al. - 4.05 cd/A for doped with rubrene
Zn(BTz), white device at maximum luminescence
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4048 cd/m” [12] and Rai ef al. - 1.34 cd/A for
ITO/NPD/Zn(Bpy)g/Al [8]. It could be stressed
here that the efficiency of the devices with
Zn(BTz), is 3.9 cd/A at luminance 250 cd/m” and
2.9 c¢d/A at luminance 100 cd/m* — one of the best
reported in the literature up to now for devices with
similar structure. Although the devices with new Zn
complexes are not optimized, its characteristics are
quite promising, especially for ZnBTz acac — the
highest luminance and the efficiency 3 cd/A in the
range of 10 — 30 mA/cm”. The results presented in
this paper show that the studied mixed-ligands Zn
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complexes can be successfully used as emitters and
electron transporting layers in OLED.

Luminescence studies

Absorption and fluorescent spectra of thin 100
nm layers of the investigated Zn complexes
deposited on glass substrates, as well as their
electroluminescent spectra obtained from OLED
with stricture ITO/HTL/EL/M are presented in
Fig. 4.

As can be seen in Fig. 4a, absorption and
fluorescent emission spectra of Znq acac and Znq;
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are nearly identical. The absorption bands of the
both Zn complexes are at 381 nm corresponding to
the zinc quinolinolate moiety attributable to the 7-
* transition. Both complexes emit green-yelow
light with maximum emission at 545 nm
wavelength for Znq acac and 540 nm for Zngq,. The
absorptions of Zn(BTz), and ZnBTz acac are
similar at 406 and 402 nm, respectively, but the
fluorescent spectrum of Zn(BTz), at 512 nm is
slightly red shifted in respect to this of ZnBTz acac
at 486 nm and fluorescences are in green range.
The data obtained for PL bands of Znq, and
Zn(BTz), are very closed to the results reported by
Shukla & Kumar [13] for Znq, (540 nm) and by
Qureshi et al. [14] for Zn(BTz), (485 nm).

It was established that, the electroluminescent
wavelength of devices (Fig. 4b) is very close to the
photoluminescent wavelengths. The EL spectra of
the complexes with benzthiazole ligand are very
similar and exhibited a green electroluminescence
at 500 nm of ZnBTz acac and 520 nm of Zn(BTz),
nm, while the EL spectra of the hydroxyquinoline
based devices are almost identical with green-
yellow emission at 546 nm of Znq acac and 550 nm
of Znq,. It is seen that in mixed-ligands complexes
the acetylacetonate ligand reveals withdrawing
effect leads to weak blue shifting of emitting light.
Besides, the EL spectra of all four compounds were
negligible red shifted compared to their
corresponding PL spectra. Take into account the
fact that the exciton disassociates easier under the
excitation of electric field than the light, red
shifting of EL spectra were quite understandable
(Wu et al. [15]). Our results were quite different

from these obtained by Wu et al. [15], who showed
almost identical EL and PL for Zn(BTz),, and
Qureshi et al. [14] who founded broader EL than
PL spectrum.

Obviously the included acetylacetonate ligand in
Zn complexes couldn’t tune the emission colour but
increase the luminance intensity of the devices. It
can be supposed that the included in Zn complexes
acetylacetonate ligand does not participate in the 7 -
n* transition of aromatic ligands responsible for
light emission.

CONCLUSION

In summary, a comparative study of novel Zn
complexes as electroluminescent and electron
transporting layers in OLEDs was carry out. The
investigated Zn complexes formated very
quantitative thin films, contributing to the high
device efficiency, The devices with acetylacetonate
complexes show higher luminance compared to
these with known Znq, and Zn(BTz),. The
replacement of one aromatic ligand with
acetylacetonate in the mixed complexes improves
substantially the performance of OLED without
significant alteration of the color emission. The best
performance shows the device with novel ZnBTz
acac used.

It was established that the novel Zn complexes
are very promising materials for practical
application in OLEDs as electron transporting and
emitting layers.
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CPABHUTEJIHO U3CJIEABAHE HA EJIEKTPOJIYMHWHECLEHTHU Zn METAJI-XEJIATHU

KOMIUIEKCHU CbC CMECEHU JIMT"TAHAN

I1. K. Ilerpoga, P. JI. TomoBa

Hucmumym no onmuuecku mamepuanu u mexronoauu ,, Axao. Mopoan Manunoscku”,
bvneapcra akademus na nayxume, yn “ Axao. I'. Bornues” 6ok 109, 1113 Cogus, bBvreapus

ITocrbnuna Ha 17 okromBpu 2013 r.; kopurupasa Ha 25 HoemBpy, 2013 r.

(Pestome)

B paborara ca mnpejacTaBeHH pe3yJTaTUTE OT €AHO CPAaBHHUTEIHO H3CJEBAHE HA EJEKTPOIyMHUHECLEHTHHUTE U
(GhoTOpU3NUHUTE CBONCTBA HA YETHPHU I[MHKOBU XCJIATHH KOMIUIEKCa, OasupaHu Ha OCH30THA30JIHU U XHHOJIOHOBU
JUrangy (UUHKOB OMC(8-XMIPOKCHXUHONMH), AleTHJIAleTOHATeH IMHKOB 8-XMJIPOKCHXHWHOJIWH, IIMHKOB Ouc[2-(2-

Xuapokcudenm) OeH30THa30:],

alleTHJIaeTOHaTeH IMHKOB 2-(2-xuapokcudeHmn) OeH30THa30d) M TIXHOTO

npunoxerane B OLED. M3cnensanu ca abcopOrusara, (HOTOTYMHHECHEHTHUTE CIIEKTPU M MOpQOJIOTHATa Ha THHKH

(1)I/IJ'IMI/I OT IMHKOBHTC KOMIIJICKCH.

OmnpeneneHn ca XapaKTEPUCTUKUTE JIyMHUHECHEHIHS / HalpexeHHe,

epexTuBHOCTHTE U enekrpoaymunecteHmuute Ha [ITO/HTL/Zn complexes/Al nuonuTe.
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The potentiality of our newly synthesized push-pull type merocyanine dye, labeled BMBII, for using as electron
donating component in solution processed bulk heterojunction (BHJ) organic solar cells has been studied. For the
purpose, soluble n-type fullerene, (6,6)-phenyl Cg; butyric acid methyl ester (PCBM), which is without alternative in the
near future, is chosen as acceptor. The optical constants (n and k) of thin films obtained by spin coating from solutions
in chlorbenzene of BMBII as well as of BMBII/PCBM blend are determined by spectrophotometric measurements.
Further, an optical simulation of a standard BHJ cell with active layer from BMBIIdye/PCMB blend has been
performed using transfer-matrix formalism. Thus, the optimum thickness of the active layer is calculated to be about 80
nm, which provides an overlapping of the total absorption with solar spectrum in a broad range between 400 and 800
nm. Finally, the maximum current density J, of 13 mA.cm™ is determined, assuming the internal quantum efficiency,
IQE, equals one. By comparing the calculated J, with data for some advanced small molecular BHJ devices the

perspectives for practical applications of the new merocyanine dye are discussed.

Keywords: Bulk heterojunction solar cells, small molecule, push-pull chromophores, merocyanine dyes

INTRODUCTION

During the past years the organic photovoltaics
(PV) are subject of continuously growing interest as
promising alternative for high cost crystalline
silicon cells (c-Si), which still dominate the market.
In the most successful devices, a soluble n-type
fullerene, (6,6)-phenyl Cq; butyric acid methyl ester
(PCBM) as acceptor, is blended with the donor
from conjugated p-type polymers to form bulk-
heterojunction (BHJ) cells [1]. An attraction of
these devices, which are processed from solution, is
the ability to deposit active layer precursors over
large areas in a single step, using techniques
ranging from inkjet printing to spin-coating. Small
molecule donors offer the same facile processing
however are easier to synthesize in many variants
and purify, are intrinsically monodisperse, and are
often photo- and chemically more stable [2]. The
disadvantage of lower solubility of this class of
organic semiconductors can be overcome by
functionalizing of their molecular structure. This

* To whom all correspondence should be sent:
E-mail: julita@iomt.bas.bg

approach has been successfully applied to different
dyes and very encouraging results about the
performance of devices developed on this base have
been achieved [3]. However, the power conversion
efficiency remains considerably lower than that of
the polymeric solar cells [4]. This explains the
increased scientific efforts recently for developing
new small molecular electron donors for solution
processed BHJ solar cells. In this respect the so-
called “push-pull” chromophores look very
promising [5]. The molecular structure of this
unique class of dyes comprises electron-donating,
n-conjugated bridging and electron withdrawing
moieties. In the exited state a strong intramolecular
charge transfer occurs which provides an
enlargement of the absorption area of the donor,
increasing of the charge mobility and therefore
rising of the conversion efficiency [6].

The present work represents a first step in
characterization of our newly synthesized push-pull
type merocyanine dye (E)-3-((1-benzylquinolin-
4(1H)-ylidene)methyl)-7H-benzo[de]benzo[4,5]
imidazo-[2,1-a]isoquinolin-7-one, which we
labelled as BMBII. The structure and electronic

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 175
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properties of the dye were studied by means of
density functional theory (DFT) calculations. We
determined also the optical constants (refractive
index n and extinctions coefficient k) of spin coated
thin BMBII dye and BMBII/PCMB films using
previously  developed methods, based on
spectrophotometric measurements. Based on that,
optical simulation was carried out in order to
predict and understand photovoltaic performance of
a bulk heterojunction cell with active layer from a
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Pyridine, DIPEA
70°C, overnight

solid-state blend of BMBII and the fullerene Cg;
derivative PCBM.

EXPERIMENTAL

The new push-pull dye BMBII was synthesized
via  the reaction  between 3-nitro-7H-
benzo[de]benzo[4,5]imidazo[2,1-a]isoquinolin-7-
one (1) and 1-benzyl-4-methyl-quinolinium

bromide (2) in metoxyethanol, in the presence of
(DIPEA)

diizopropyl-ethylamine
(Scheme 1).

and pyridine

Scheme 1. Synthesis of new type merocyanine dye (E)-3-((1-benzylquinolin-4(1H)-ylidene) methyl)-7H-
benzo[de]benzo[4,5]imidazo-[2,1-a]isoquinolin-7-one (BMBII).

The target merocyanine compound (E)-3-((1-
benzylquinolin-4(1H)-ylidene)methyl)-7H-
benzo[de]benzo[4,5] imidazo-[2,1-a]isoquino-lin-7-
one (BMBII) was obtained with excellent yield.
Detailed description of the reaction procedure and
full characterization data of dye BMBII will be
published in a separate paper [7].

The molecular ground-state geometry of BMBII
compound was optimized - using Perdew-Burke-
Ernzerhof (PBEO) hybrid functional [8] with triple-
{ polarized basis set, 6-311G(d,p). Local minima
were verified by establishing that all vibrational
frequencies are real. All calculations were
performed using Gaussian 09 [9]. Thus, the values
of HOMO (the highest occupied molecular orbital),
LUMO (the lowest unoccupied molecular orbital)
and their energy difference HLG (HOMO-LUMO
gap), which are very important for photovoltaic
application of the dye, were calculated.

Further, thin dye films were prepared from
solution of the compound BMBII in chlorobenzene
by spin coating. In the preliminary experiments the
concentration of the solution, the spin rate and
duration were varied in order to obtain films with
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thickness, suitable for optical measurements. Thus,
25 nm films were deposited from solution
containing 4mg/ml BMBII, coated at 1500 rpm for
120 s. Blended films were prepared also by spin
coating from chlorobenzene solutions of 1:1 (by
weight) mixture of BMBII and PCBM (PCBM was
commercially available). In both cases preliminary
carefully cleaned BK7 optical glass plates and Si
wafers were used as substrates.

Optical constants of the BMBII dye and blended
BMBII/PCMB layers were determined on the basis
of three spectrophotometric measurements at
normal incidence of light - transmittance T and
reflectances R and R, of the both kinds of films,
deposited on transparent (BK7) and opaque (Si
wafers)  substrates,  respectively. Spectro-
photometric measurements were performed with a
spectrophotometer Cary SE in the spectral region
350 — 800 nm. A value of the dye film thickness
derived from the (TR{R,,) method [10] was used for
determining n and k by (TR,,) or (TR¢) methods,
using Newton Raphson iterative techniques [11].
The combination of the two methods makes
possible the determination of the optical constants
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of the dye and blended films with a high accuracy
[11].

Optical simulation of a BHJ device stack was
carried out using the transfer matrix formalism,
based on the Fresnel formulas for the several
interfaces occurring in the cell. This approach has
been explained in great detail in the literature [12,
13]. In our work a Matlab script developed by
Burkhard and Hoke, which treats the case of normal
incidence of light, was applied [14]. The absorption
distribution for each wavelength over the film
thickness has been calculated in the wavelength
range 350 — 800 nm. Multiplying with the light of
the AM 1.5 sun spectrum and integration over the
film thickness results in the total number of
photons, absorbed for each wavelength. Lastly, a
summation over all wavelength results in the total
number of absorbed photons. The possible
maximum current density J, was calculated
assuming that each absorbed photons results in a
collected electron i.e. the internal quantum
efficiency, IQE, equals one [14].

For optical simulation we have chosen a
common BHJ device structure consisting of
ITO(120nm)/MoO3(5nm)/blendBMBII/PCBM  (x
nm)/LiF(10nm)/Al(100nm). 5 nm thick MoO; and
10 nm LiF films were inserted between active layer
and the ITO surface and Al surface respectively, to
form the ohmic contacts for hole and electron
collection. The thickness of the blended layer was
changed for numerical simulation in the range 40-
320 nm.

The optical constants of ITO, Al and LiF used in
simulation were taken from the literature [15]. The
optical constants of MoO; films were determined
by us using the same procedure as for BMBII dye
and blended films. For the purpose 50 nm thick
MoO; films were thermally evaporated in vacuum
(10 Pa).

RESULTS

Fig. 1 shows molecular structure of dye BMBII
(a) and calculated energy levels for dye and
experimental energy values [16] for PCBM (b). The
data analysis showed that HOMO is mainly located
on the electron-donating moiety whereas the
LUMO is more spread over the electron-accepting
region. The frontier orbital energy difference for
BMBII is calculated to be 2.78 eV. The estimated
HOMO level of the dye is reasonably low (-5.17
eV) and very close to the desired range (between -
5.2 and -5.8 ¢V). Besides, the difference between
the LUMO energy level of PCBM and the dye’s

HOMO energy level is 0.87 eV, which is much
higher than the required minimum of 0.2-0.3 eV.
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Fig. 1. PBE0/6-311G(d,p) optimized geometry of
BMBII (a) and experimental energy levels for PCBM
[16] and PBE0/6-311G(d,p) calculated energy levels for
dye BMBIL

As known, this difference determines the value of
open circuit voltage V,. that is one of the basic
characteristics of the cell’s performance. From this
result, we can roughly guess that the V. of devices
fabricated using BMBII/PCBM BHJ active layer
may be about 0.7 V [17], which is comparable with
data for some promising new push-pull
chromophores, based on squarine dyes [6].
Therefore, it can be concluded that the newly
sensitized merocyanine dye has also potential for
application as electron donating component in BHJ
organic solar cells. This statement is additionally
confirmed by the spectral dependence of absorption
coefficient o determined for 25 nm thick dye film
and presented in Fig. 2. As it is seen, there are two
absorption peaks of 7.3 x10* cm™ and 5.5 x10* cm™
at A =598 and 402 nm, correspondingly. Besides,
although the absorption of the film is moderate the
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Fig. 2. Absorption coefficient profile (a=4nk/A) of 25
nm thick BMBII dye film.

absorption area is broad and covers the 400 - 750
nm spectral region, where the solar photon flux is
maximum. This as well as the low intrinsic
fluorescence of the new push-pull merocyanine dye
[7] are an important prerequisite for its photovoltaic
application. Simultaneously, it is worth to pointing
out the good coincidence between the values of
optical energy gap E,, determined according to the
so-called Tauc’s law [18] as 2.73 eV (see the inset
in Fig. 2), and calculated HLG energy of 2.8 eV.
This fact can be regarded as an experimental
confirmation of the results obtained from the
theoretical analysis performed in the study.

For modeling of light propagation within a solar
cell device, the optical constants of all involved
layers needed to be known. The refractive index (n)
and the extinction coefficient (k) of each layer used
in optical simulation are plotted as a function of
wavelength in Fig. 3. Optical constants of the
blended film were determined for an about 45 nm
thick film. As it was mentioned, the optical
simulation was performed for a standard BHJ cell
structure, where the light enters through the glass
substrate, sequentially passing the layers of ITO,
MoO;, BMBII/PCBM blend layer and LiF. Then
the light is reflected back from the Al electrode and
finally leaves the solar cell partly at the front again.

Figure 4 presents the spectral dependence of
total absorption within the BMBII/PCBM active
layer for a set of different layer thicknesses. For
comparison, the photon flux of a standard AM1.5
solar spectrum is shown as a gray solid line. It is
clear that the blue light is mainly absorbed by
PCBM and red and near infrared by BMBII dye.
Besides, it is seen that the absorption of blended
film overlaps the solar spectrum from 400 to 800
nm as required for high efficiency solar energy
conversion.
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Fig. 4. Fraction of incident light absorbed within the
dye-PCBM layer of the solar cell for several layer
thickness. For comparison, the photon flux of a standard
AM 1.5G solar spectrum is shown as a gray solid line
(right axis).

Assuming an IQE=1, the maximum short circuit
current density J, under AM 1.5 illumination for
different BMBII/PCBM layer thickness is depicted
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in Figure 5. Due to the interference effects in the
device structure J. does not follow a straight line,
but shows a local maximum at about 80 and 230
nm. In general, the photocurrent is higher for a
larger active layer thickness, but due to the limited
exciton diffusion length in the organic layer the real
photocurrent decreases with increasing active layer
thicknesses. Therefore, we may expect an
optimized overlap between the 80 nm active layer
absorption and the solar spectrum. Thus, J,. of
about 13 mA.cm? for this thickness is obtained,
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Fig. 5. Calculated short-circuit current density JSC
under 100 mW.cm—2 AM 1.5 spectral illumination
versus active layer thickness (IQE =1).

which is comparable to the maximum current
calculated for example in MDMO-PPV (poly(2-
methoxy-5-(3,7-dimethyloctyloxy)-1,4-phenylene
vinylene) and PCBM bulk heterojunction solar cells
[19].

Finally, it should be mentioned that
experimental studies of a real device are in progress
and will be forthcoming in a separate paper.

CONCLUSIONS

The results of the present study show that the
newly sensitized merocyanine dye (E)-3-((1-
benzylquinolin-4(1H)-ylidene)methyl)-7H-
benzo[de]benzo[4,5] imidazo-[2,1-a] isoquino-lin-
7-one (BMBII) is characterized by a low HOMO
energy level, which presupposes a higher energy
difference with the LUMO level of the PCBM
acceptor than the required minimum of 0.2 - 0.3
eV. On this basis a roughly estimated value of 0.7
V for V. of a BHJ cell with BMBII/PCBM blended
active layer could be expected. Besides, the total
absorption within the layer with thickness of 80 nm
overlaps the solar spectrum from 400 to 800 nm,
where the solar spectrum flux is maximum.

Therefore, it could be supposed that as an active
layer the blended film obtained will provide a good
sun light harvesting and thereafter high efficiency
of solar energy conversion. This is confirmed by
the established comparability between the estimated
value of the maximum density of short circuit
current J,. under AM 1.5 illumination for optimum
thickness of the blended BMBII/PCBM film and
literature data for some advanced solar devices.
Thus, the results obtained demonstrate that our new
merocyanine dye has a real potential for application
as electron donor in solution processed BHJ solar
cells.
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HOBO ,,PUSH-PULL* TUII MEPOLITMUAHMHOBO BAI'PNUJIO 3A ITPUJIOXKEHUE B OP’AHUYHU
CJ'bHYEBU KJIETKH C OBEMEH XETEPOIIPEXO/I
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Hncemumym no opeanuuna xumus ¢ Llenmvp no gumoxumus, Bvizapcka Axademus na naykume,
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(Pesrome)

W3cnenBanu ca Bb3MOXHOCTHUTE 32 MPUIOKEHHE HA CHHTE3UPAHO OT HAC HOBO MEPOLMAaHUHOBO Oarpuio ot ,,push-
pull“ Tun, o3naueno ¢ BMBII, kaTo enekTpoHEH JOHOpP B OpPraHWYHM CIIBHUEBH KJIETKH C 00eMeH XeTeporpexoj. 3a
[[eJITa KaTo aKIenTop € u3dpaH pa3TBOPHM JaepuBar Ha dynepeHa ot n-tui (6,6)-phenyl C61 butyric acid methyl ester
(PCBM), wuymero mnpwioxkeHne e 0e3 anrepHatMBa B Omm3ko Obpeme. Ha OGasara Ha pesynrature OT
CHEKTPO(POTOMETPUYHN N3MEPBAHUS Ca ONPENEIICHH ONTUYHNUTE KOHCTaHTH (N W K) Ha THHKHM (QMIMH, TTOJIyYEHH 4Ype3
HaHacsiHe Ha 1leHTpodyra oT pa3rBop Ha BMBII, xakro u Ha cmec BMBII/PCBM B xuop6enson. [IpoBenena ontuuna
CHUMyJalisl Ha CTaHAapTHa KIEeTKa C OOeMeH Xerepompexon u akTtuBeH cioii or BMBII/PCBM, mpunaraiiku
(dopmammima Ha TpaHcdepHa MaTpulla. [1o To3n HaYMH € ompereNieHa ONTUMalHa JeOenrHa Ha aKTHBHHSA CIIoi oT 80
HM, KOSITO OCUTYpSIBa MPHUIIOKPUBAaHE Ha 00JIaCTTa HA a0COPOIHS ChC CIIFHUCBUS CHEKTHP B MIMPOK HHTEepBai - oT 400
mo 800 am. OmpeneneHa € Bb3MOXKHATA MaKCHMMallHa TUTBTHOCT HA TOKa Jsc OT okojio 13 mAcm-2, nmpuemaiiku 4ye
BBTPEIIHATa KBAaHTOBA e()eKTUBHOCT € paBHA Ha 1. Upe3 cpaBHsABaHE Ha Ta3W CTOMHOCT C JIUTEPATYPHH AaHHU 32 HAKOH
MEPCTIIEKTUBHNA AHAJOTWYHU YCTPONCTBAa ca JUCKYTHPAaHH IIEPCHEKTHBUTE 3a MPAKTHUECKO IPHJIOXKECHHE Ha
HOBOCHHTE3UPAHOTO MEPOLIMAaHUHOBO OArpuiIo.
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Electrophoretic deposition (EPD) was originally used for formation of coatings, e. g. in the automotive industry.
Recently EPD is successfully utilized for thin film preparation with an application in the optics and electronics. This
paper investigates the process of the suspension formation and aggregation by ultraviolet and visible spectroscopy (UV-
VIS) spectroscopy and Dynamic Light Scattering (DLS) methods. The suspensions were formed by a precipitation of
solution of poly[2-methoxy-5-(3’,7"-dimethyloctyloxy)-1,4-phenylenevinylene] in toluene using acetonitrile as a
precipitator. It could be concluded that the progressive suspension particle growth observed by DLS affects regularly
the first derivative of the UV-VIS spectra. By a comparison of the results obtained by both methods it could be seen that
UV-VIS spectroscopy combined with the spline method could be successfully used for an estimation of electrophoretic

suspensions.

Keywords: Electrophoretic suspension characterization, UV-VIS spectroscopy, Dynamic light scattering, Kinetics of

suspension particle growth.

INTRODUCTION

In the recent years the electrophoretic deposition
(EPD) is successfully used for a thin organic film
preparation for the purpose of the organic
electronics. The method allows casting films of
several hundred nanometers from low suspension
concentration. The particle size in the EPD
suspension could be controlled by changing the
ratio of solvent and non-solvent [1] without using
surfactant additives [2]. EPD potentially enables
quick patterned deposition, because the deposition
area can be specified by the electrification of
selected electrodes [3].

Ultraviolet and visible spectroscopy (UV-VIS)
measurements are often used for electrophoretic
suspension characterization. The material efficiency
of electrophoretic deposition of a fluorene-based
conjugated polymer, from suspensions with a

* To whom all correspondence should be sent:
E-mail: zhivkov@fch.vutbr.cz

mixture of acetonitrile and toluene as dispersant
was studied by taking a snapshot of the material
concentration by measuring absorption spectra [4].
The extraction coefficient called “recovery rate”
(), which is defined as ratio between the
suspension absorbance before and after the EPD
process and represents the efficiency of the material
usage was calculated.

The suspension depletion during the EPD
process was investigated by the same authors. The
temporal dependence of the peak absorbance during
electrophoretic  deposition in a suspension
containing 90% of acetonitrile at various applied
voltages was studied. It was found that the values in
the early stages of deposition can be fitted by single
exponential functions. The dependence of # on the
acetonitrile content  during  EPD from
toluene/acetonitrile suspensions was also studied
[4]. It has been found that #x decreases with
decreasing acetonitrile content.

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 181
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According to the author’s knowledge a little
could be found in the literature, about the kinetics
of the suspension particle formation and growth.
This article presents a comparative study of the
kinetics investigated by two methods UV-VIS and
Dynamic light scattering (DLS).

EXPERIMENTAL

Stock solution (concentration of 0.0495 g/l) was
prepared by dissolving 1 mg poly[2-methoxy-5-
(3',7'-dimethyloctyloxy)-1,4-  phenylenevinylene]
(MDMO-PPV) in  20ml toluene. 1.5ml
toluene/acetonitrile electrophoretic suspension with
MDMO-PPV  concentration  of  0.0033 g/l
containing 45% toluene by volume was prepared
diluting of 0.1 ml stock solution (concentration of
0.0495 g/1) with 0.725 ml of pure toluene, followed
by addition of 0.675 ml acetonitrile. The mixture
was shaken 10 s for a homogenization.

For a comparison 1.5 ml solution with the same
MDMO-PPV concentration of 0.0033 g/l was
prepared adding 1.4 ml of pure toluene to 0.1 ml
stock solution with a concentration of 0.0495 g/1.

Optical absorption spectra of the solution and
suspension prepared were measured by a Varian
Cary 50 UV-VIS dual beam spectrophotometer.
The measurements were carried out in a quartz
cuvette with an optical path of 10 mm. The baseline
for the UV-VIS measurements was taken from a
cuvette, filled  with  pure  toluene  or
toluene/acetonitrile mixture containing 45% toluene
by volume. The spectra in the range of 600-310 nm
were measured.

A correct calculation of the derivative from
experimental data requires smoothing the noise.
The cubic spline procedure [5] has the advantages
of derivative calculation and smoothing of almost
an arbitrary dataset controlling the spline depth. As
a criterion for a correct choice of the spline depth in
a way to distinguish the meaningful data from the
noise a subsequent recovering of the spectrum was
applied.

In Fig. 1 a typical spectrum measured (Fig. 1a),
the first derivative (Fig. 1b), determined by a cubic
spline procedure and the recovered from the first
derivative spectrum (Fig. 2c) are presented. The
good coincidence between the experimental data
(Fig. 1a) and the recovered by digital integration
curve (Fig. 1c) confirms the correct choice of the
spline depth parameters, i. e. the first derivative
curve calculated (Fig. 1b) represents correctly the
experimental data.
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Fig. 1. Derivative calculation: a) — typical characteristic
peak of MDMO-PPV (splined data), b) — the first
derivative of the data, ¢) — the spectrum recovered from
the first derivative curve.

DLS measurements of suspension with the same
parameters as used in UV-VIS experiments were
carried out in the same quartz cuvette at 25 °C. The
averaged data were reprocessed taking into account
the correct parameters of a toluene/acetonitrile
mixture with a content of 45% toluene by volume.
The parameters used, i. e. the viscosity of 0.3492
cP, dielectric constant of 30.32 [6] and refraction
index of 1.3996 [7] were determined by an
approximation from literature data.

RESULTS AND DISCUSSION

UV-VIS absorption spectra of solution and
suspension were measured as a function of the time.
The first derivatives, calculated according to the
aforementioned procedure are presented in Fig. 2.
For a sake of clarification the curves obtained from
measurement at 100, 215, 440, 2150 and 4635 s are
omitted. Comparing the spectrum taken from
solution a slight broadening of the low energy
(“red”) shoulder of the characteristic peak in the
suspension spectra was observed.

The first derivatives in the vicinity of the “red”
side inflection point are plotted with more details
on the inset in Fig 2. It is seen that the shape of the
peak around the inflection point is changed
progressively with increasing the time.

The absorbance at the inflection point (the
values of the minimum from the first derivative
curves, see the inset in Fig. 2) is plotted as a
function of the time in Fig. 3 (left Y axes). It is seen
that a monotonic and almost linear increase of the
absorbance with the time is taking place.
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Fig. 2. The first derivatives of the absorbance spectra,
measured at different times after the suspension
preparation. Inset: part of the absorption spectra of
suspensions indicating the changes in the vicinity of the
inflection point: (ellipse) — curve 2) measured at 33 s,
(triangle) — curve 3), measured at 1000 s, (rectangle) —
curve 4) measured at 3500 s, (diamond) — curve 5
measured at 10000 s.
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Fig. 3. Kinetics of the absorbance, measured at the
inflection point on the “red” side of the maximum of the
MDMO-PPV characteristic peak (left Y axes); kinetics
of the particle growth in MDMO-PPV suspension,
measured by DLS (right Y axes).

The suspension particle size was determined by
DLS experiment. In Fig. 3 (right Y axes) the
kinetics of the suspension particle growth is
presented. It is clearly seen that a progressive
suspension particle growth with increasing the time
is taking place.

Comparing the kinetics of the UV-VIS
absorbance and the kinetics of the suspension
particle growth, obtained by DLS experiment a
similar dependence could be observed.

These similarities could represent the same or
similar processes. It is known that the broadening
and the shift of the characteristic peak in UV-VIS
spectra of polymers are usually connected with the

presence of a solid phase [8]. Therefore, the
changes in the vicinity of the inflection point on the
“red” side of the characteristic peak maximum,
observed in Fig. 2 should be related to the
formation of suspension. On the other hand the
DLS experiment directly determines the suspension
particle size, which increases with increasing the
time. Therefore it could be concluded that the
similarities in the curves (Fig. 3), measured by both
methods should be related to a formation of the
particles in the suspension and the increase of their
size as a function of the time. The nonlinear
dependence of both curves, presented in Fig. 3
shows that more complicated processes of the
particle formation and growth are taking place. This
slight nonlinearity could be connected with a
possible precipitation of the solid phase which
increases progressively with increasing the particle
size. The origin of this nonlinearity could be a
subject of further investigation.

It could be concluded that the progressive
suspension particle growth observed by DLS
correlates with the changes in the first derivatives
of the UV-VIS spectra. On the basis of this
correlation it could be suggested that the UV-VIS
measurement, combined with spline and the first
derivative calculation could be successfully used
for a characterization of the electrophoretic
suspensions, namely, for a simple and satisfactory
determination of the suspension particle size.

CONCLUSION

The shape of the low energy part of the
characteristic absorption peak observed in the first
derivative of the spectrum changes in the vicinity of
the inflection point regularly with the time. It could
be connected with the change of the amount of the
solid phase in the toluene/acetonitrile suspension.

Dynamic light scattering measurements confirm
the increase of the amount of the solid phase in
toluene/acetonitrile suspension with the time,
observed as an increase of the particle size. The
comparison of both methods shows that UV-VIS
spectroscopy could be used as a fast and simple
method for a characterization of electrophoretic
suspensions indicating indirectly the particle size.
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(Pestome)

Enextpodopesnoro ornarane (EPD) e merox 3a mnosdydaBaHe Ha IIOKPUTHS, HalpuMep B aBTOMOOMIIHATA
unaycrpus. Ilonacrosiem EPD ce m3nonsBa ycnemHo 3a OTJIaraHe Ha ThHKU CIIOEBE C NPUWIOXKECHUS B ONTUKATA U
eJIEKTpOHUKaTa. B Ta3u cratus ce m3ciiesnBa nporeca Ha GopMHUpaHe M HapacTBaHE Ha YaCTHUIUTE Ype3 CIIEKTPOCKOINS
B yiaTpaBuoseToBara u Buammara u obmact (UV-VIS) u upe3 nuHamuyHo pasceiiBaHe Ha cBerinuHa (DLS).
Cycmensuute ca (opMupaHH 4dpe3 yTasBaHe Ha pa3TBop Ha poly[2-methoxy-5-(3',7'-dimethyloctyloxy)-1,4-
phenylenevinylene] B Tymon upe3 mobaBsHE Ha yTauTeNl — alleTOHUTPHI. Bb3 OCHOBA HA TIOYYEHUTE PE3YIITATH MOXKE
Jla ce HaIpaBW 3aKJI0YEHHE, Y€ NMPOTrPECMBHOTO HAPACTBAHE Ha dYacTWUIMTe, HabmomaBano ¢ DLS moxe nma Obae
YCTaHOBEHO M upe3 mbpBara mpomsBoaHa Ha UV-VIS cmektpw, cien M3riaxIaHeTo upe3 CIUIAiH MpoIeaypa, TOeCT,
UV-VIS crnekTpockonusTa MOXe yCIIEIITHO Jja c€ M3I0JI3Ba 32 OIICHKA Ha CBOICTBATa Ha eNEeKTPO(GOPE3HH CYCIIEH3UH.

KirouoBn nymun: Xapakrepusupane Ha €IeKTPO(OPE3HH CYCIICH3MH, CHEKTPOCKOIMS B YJITPAaBUOJETOBaTa M
BHUAMMATA 06J'IaCT, JUHAMHYHO pa3cel713aHe Ha CBCTJIMHA, KHHCTUKA HAa paCTEKa Ha YaCTUIIUTC B CYCIICH3UATA.
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Thin polyimide (PI) layers prepared by simultaneous vacuum evaporation of the polyimide precursors in presence of
gas were investigated. After deposition, the layers were transformed into PI by thermal treatment. This study discusses
the influence of the gas atmosphere of Ar, N,, He or air in the vacuum chamber on the imidization process, electrical
properties and microhardness of the layers. Infrared spectra of these samples were recorded and studied. Our
investigation has shown that the gas type has a significant influence on the electrical and micromechanical properties of
the layers. The most significant changes in the electrical and micromechanical properties were found for polyimide
layers obtained in the presence of nitrogen gas in vacuum chamber. These layers display the highest values of the
microhardness, the highest degree of imidization and the lowest value of the capacitance.

Keywords: polyimide layers; vacuum deposition, electrical properties and microhardmess

INTRODUCTION

Aromatic polyimides (PIs) demonstrate good
material characteristics such as high thermal
stability, good mechanical strength, low dielectric
constant, high chemical resistance, high optical
transmittance [1]. Polyimides are widely used in the
microelectronic industry as insulators, barrier layers
or capsulation layers [2, 3]. One of the methods
used for PI layer preparation is physical vapor
deposition (PVD) of precursors, like diamines and
dianhydriedes [4] followed by a thermal treatment.

The thin vacuum deposited polyimide layers
show an uniform and easy to control thickness, a
lower dielectric constant as compared to layers
prepared by spin coating and do not contain a
solvent [1, 5]. Their structure, electrical and optical
properties and microhardness strongly depend on
the preparation conditions [1].

The gas introduction into the evaporation
chamber reduces the total pressure and the inert gas
is inevitably buried into the growing film, which
may change some of the film properties.

The aim of this investigation is to study the
influence of the residual gas atmosphere of Ar, N,
He or Air in the vacuum chamber on the degree of

* To whom all correspondence should be sent:
E-mail: vily@iomt.bas.bg

imidization, electrical properties and microhardness
of thin polyimide layers deposited by vacuum
evaporation in the presence of gas. The influence of
the type of gas in the vacuum chamber on these
properties is also studied.

EXPERIMENTAL

The layers were obtained by vacuum deposition
of the precursors — oxydianiline (ODA) and
pyromellitic dianhydride (PMDA). They were
evaporated from two independent thermally heated
Knudsen type evaporation sources. The evaporation
temperatures were 120-145°C for PMDA and 100-
110 °C for ODA used in order to achieve deposition
rates from 0.2 to 2 A/sec, the latter being carefully
controlled by quartz oscillators. Thus, the optimal
ratio in the flux of 1:1 for the ODA:PMDA vapours
was ensured [6]. The Polyimide (PI) layers were
prepared by using of planetary movement of the
substrates of soda-lime-glass plates or p-type (100)
Si wafers, in vacuum system UVN. The process of
maintenance of a definite permanent residual
pressure of the gas in the vacuum chamber was
performed by the introduction of the corresponding
gas by a mass flow controller which is computer-
controlled via information obtained from the
vacuummeter. The precursors condensed on the
substrates in the presence of residual gas
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atmosphere at vacuum of 107 Pa. The co-deposited
precursors layers were transformed into PI layer by
two steps thermal treatment for 1 hour at 170°C and
for 1 hour at 250°C. The goal of the thermal
treatment is to accelerate the polycondensation
solid state reaction between the monomers, leading
to the PI formation [1]. In addition to the imide
formation, polyamic acid (PAA) as an intermediate
product, may also undergo either ciclization to form
iso-imide or, by reversible dissociation, to
regenerate the anhydride ahd the amino groups [1].
The possible types of chemical defects include also
trapped monomers, trapped polyiamic acid, amide
or imine bond formation [1].

After the thermal treatment, layers with
thickness of 300 nm and 1000 nm were produced.
Thickness of the PI layers was measured using
profilometer Talystep. FTIR- spectra of PI layers
deposited on KBr substrate were recorded by a
Perkin Elmer 1600 spectrometer in the 2000-650
cm’ range with resolution of 4 cm™ and interval of
0,2. The peak at 1501 cm” characterizes p-
substituted benzene rings. It is used as an internal
standard and does not change at the imidization
time. That is why the degree of imidization (8) can
be indirectly defined by the ratio of the absorptions
(the corrected areas of the bands) 1380 cm™ to 1501
cm’ [7]. The degree of imidization is of essential
importance for most of the film properties. For
electrical measurements, the PI layers were
deposited on Si wafers. The Al top electrode was
the vacuum evaporated thought mask. The
capacitance was measured at frequency f=1MHz,
room temperature t = 20 °C and 40% relative
humidity by Resonance method. The capacitance
on the Si/PI/Al sandwich structures was measured
by RLC meter ASSIKO - 02 with automatic
calibration of zero. Error range of 2 nF capacitance
measurement 0.1% of the measured value. The
layer microhardness (Mhd) was determined by the
Knoop prism method known to be sensitive for
measurements of thin layers [8]. The load value
was 1.25 mPa for all samples studied.

RESULTS AND DISCUSSION

FTIR spectra of the thermally treated PI layers
deposited in presence at different gas —air, Ar, N, or
He atmosphere are presented in Fig.1. As it is seen
the reduced intensity of the absorption bands near
1550 cm (amide II) and 1665 cm™ (amide I)
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Fig. 1. FTIR spectra of 1000 nm thick polyimide layers
obtained at residual gas atmosphere of air, Ar, N,, and
He.

indicates that polyamic acid has been converted
into PI. Simultaneously, this is confirmed by the
occurrence of the C=0 stretch (imide 1) peaks at
17701780 cm™ (symmetric), 17201740 cm’
(asymmetric) and the typical C—N stretch (imide II)
peak around 1380 cm”. The intensity of the
anhydride peak around 1300 cm™ and the intensity
of the imine (NH,) peak around 1600 cm™ and 1550
cm” increase for layer produced in air residual
atmosphere. The peaks at 1290 cm™ and 1304 cm’™
are due to friable matrix in this case and due to
ODA conformations — more degrees of freedom in
achieving the required orientation (the two benzene
rings are twisted one with respect to the other).
Layers produced in nitrogen residual atmosphere
are with lower amount of by-products. Fig. 2 shows

11+
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Z
%
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Air He
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Fig. 2. Degree of imidization of the polyimide layers
with thickness 1000 nm obtained at residual gas
atmosphere of air, Ar, N,, and He.
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the degree of imidization in dependence of the type
of the residual gas. The peak around 1380 cm’
indicative of imide formation was used for
assessing the degree of imidization. The layer
produced in nitrogen atmosphere is with the highest
degree of imidization. The degree of imidization
decreases with about 10% for layers deposited in
presence of air compared with the layers produced
in presence of nitrogen (Fig.2). The results obtained
indicated that layers obtained in the presence of an
inert gas — Ar, He or N, have higher degree of
imidization. The rate of imidization depends on the
availability of favorable conformation for
cyclodehydration of amic acid to imide. PVD
involves a solid-state polymerization that, in the
absence of solvent, is kinetically hindered due to
low monomer and oligomer mobility [9]. The
presence of the nitrogen most probably leads to
favorable conformations affording the highest
degree of imidization.
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Fig. 3. Microhardness of the 1000 nm thick polyimide
layers deposited at different residual gas atmosphere.

Fig. 3 summarizes results from the
microhardness measurements of the 1000 nm thick
polyimide layers deposited at different residual gas.
The layers obtained in the presence of nitrogen
have the highest value of microhardness. Most
probably this is due to their increased degree of
imidization. As known the high degree of
imidization leads to the formation of longer
polymer chains and appearing of inter-chain forces
resulting in increased film density.

The influence of the presence of residual gases
in vacuum chamber during the deposition of the
layers on their dielectric properties was investigated
by measurement capacitance of the structures Si/ PI
/Al Thickness of the PI layers was 300 nm. Fig.4
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Fig. 4. Capacitance of the 300 nm thick polyimide layers
deposited at different residual gas atmosphere.

shows the capacitance of the PI layers deposited at
indicated residual gas. It is seen that the lowest
value of the capacitance have layers obtained in a
nitrogen atmosphere in the vacuum chamber. As it
is known the high degree of imidization leads to
low values of the dielectric constant and therefore
to low values of their capacitance. From this point
of view the result obtained is consistent with the
highest degree of imidization derived by FTIR
spectra of the same layers.

CONCLUSION

The results show that the controlled introduction
of different gas into the vacuum chamber causes a
change in the electrical and micromechanical
properties of the PI layers. The most significant
changes in these properties were found for
polyimide layers obtained in the presence of
nitrogen atmosphere. These layers display the
highest values of the microhardness, the highest
degree of imidization and the lowest value of the
capacitance and hence dielectric constant.
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BBbPXY CBOMCTBATA HA THhHKHU [OJIMUMUIHU CJIOEBE
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(Pesrome)

WscnenBann ca TeHBKH nonmamMuaan (PI) cnoeBe, momydeHn upe3 ChbBMECTHO BaKyyMHO ChU3IIAPEHHE Ha
M3XOJTHUTE MPEKYpPCOPH B MPUCHCTBUE HA ra3. Clien oTiiaraHe, ClioeBeTe 0sXa TOJUIOKEHH Ha TEPMUYHO
Tperupane. ToBa u3cienBaHe pa3riiexk/a BIUSHUETO HAa OCTaThYHATa aTMoc(depa OT pa3nuyieH ras, Ar, N, ,
He wnmm BB3myX, BB BaKyyMHa Kamepa, BBPXY CTENEHTa HAa WMUAM3ANNSA, €JICKTPUYHHTE CBOWCTBA U

MUKpPOTBBpOCTa Ha cioeBeTe. llomydenurte pesynratu

IIOKa3BaT, 4€ BHJAA Ha rasa MMa 3HAYHUTCIIHO

BIIUSIHUE BBPXY €JNEKTPUYECKHTE W MHUKPOMEXaHWYHHMTE CBoiicTBata Ha cioeBeTe. Haii-chliecTBeHn
IIPOMEHU B TE3U CBOMCTBA Ca YCTAHOBEHU 3a IOJIMAMHIHH CJIOEBE, IIOIY4YE€HH B IPUCHCTBUETO Ha a30THA
arMocepa. Te3u cioeBe MoOKa3zBaT Hali-BUCOKAa CTOWHOCT Ha MHKPOTBBPAOCTTA, Hal-BHCOKA CTENEH Ha
MMUAU3aNMs], Hall-HMCKa CTOMHOCT Ha KalaluTeTa, T.€. Ha IUeIeKTpUYHaTa KOHCTaHTa.
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A new method for physical deposition of thin polyimide layers was developed by applying argon plasma assisting
process. The study included both the impact on the individual precursors (oxydianiline (ODA) and pyromellitic
dianhydride (PMDA)) and that on the combined molecular flux of both precursors. SEM study showed considerable
changes in the structures of the condensed precursors. It was established that the plasma assisted deposition leaded to an
increase in the layer thickening with remarkable changes in their surface morphology. As a consequence the measured
microhardness of the polyimide layers increased more than two times. The results from FTIR analyses confirmed the
formation of closed anhydride rings of PMDA, which is an indication that in this way the “soft” plasma treating
contributes to the proceeding of the imidization process. The observed effects were explained by the increased energy
of the precursor molecules as a results of the interaction with the plasma.

Keywords: Ar plasma, polyimide, evaporation

INTRODUCTION

Polyimides have evolved in the past decades to
emerge as attractive materials in a wide variety of
industrial and research applications. Due to the
considerable range of characteristics displayed by
polyimide  (PI) materials, their potential
applications appear unlimited [1]. Different
methods such as spin-coating, dipping, roll to roll,
vapor deposition polymerization, ionized cluster
beam deposition and the recently developed method
- glow discharge have been used for obtain PI
coating [2]. Danev and Spasova have prepared thin
PI layers by physical vapor deposition of precursors
[3] and studied their properties [4] in view of their
applicability in optics and electronics. It was found
that the prepared films exhibited specific surface
defects due to the low thermal energy of the
deposited precursor molecules [4]. By adding extra
energy during their deposition it can be expected
the improving the film quality.

In this paper we investigate the effect of plasma
assisted deposition of the precursor molecule flux
on the properties of obtained PI layers. Our
assumption was that the influence of the plasma
flux would result an increase of the precursor
molecule mobility. This would lead to a
considerable reduction of the number of surface
defects in the layers and probably to a greater film

* To whom all correspondence should be sent:
E-mail: dean@iomt.bas.bg

density.

EXPERIMENTAL
Sample preparation

The 500 nm thick PI layers were formed on
static soda - lime glass substrates by vacuum co-
deposition of the precursors (oxydianiline — ODA
and pyromellitic dianhydride — PMDA), from two
independent thermally heated Knudsen-type vessels
sources (Fig.1). The pressure was < 5x10™ Pa. The
evaporation temperatures were 120 - 145°C for
PMDA and 100 - 110°C for ODA, and they were
strictly controlled at all steps of vacuum deposition.
The deposition rates were 0.2 — 0.38 nm.sec’,
controlled by quartz oscillators. The layers were
grown by argon plasma assisted processes. The ion
beam was irradiated perpendicular to the vapor flux
as it can be seen in Fig. 1. The plasma conditions
were: cathode current — 22 A; anode current — 0,6
A; anode DC voltage — 120 V at constant Ar flux.

motor
substrate *  substrate
* holder
C I
cathode
L, plasma

—  anode

2%
1-20 [V] 60-180 [V]

electromagnel

ODA PMDA

Fig. 1. Detailed scheme of the experimental set up.
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In our past work we have found that for
complete transforming of deposited co-precursors
into polyimide, the films had to be treated for 5 min
in microwave oven followed by thermal treatment
for 15 min at 300°C in air environment [5].

Methods of investigation

The surface morphology of the films was
studied by means of scanning electron microscope
(SEM), Philips 515. The FTIR spectra of PI on KBr
substrate were recorded by a Bruker interferometer
in the range of 4400-450 cm™ with a resolution of 2
cm’. The film microhardness (Mhd) was
determined by the Knoop prism method, known to
be sensitive for measuring the hardness of the thin
films. The polar and dispersion surface free energy
of films were determined on the basis of the theory
of Owens, Wendt, Kaeble and Uy according to
procedure explained in details elsewhere [9].

RESULTS AND DISCUSSION

SEM micrographs of the studied films are
presented in Fig. 2 and Fig. 3. The surfaces of
PMDA and ODA precursors films obtained in Ar
plasma (Fig. 2-b, d) a smoother than those of the
films obtained without plasma (Fig. 2-a, ¢). Both

Fig. 2. Top-view SEM images of as-deposited films of
PMDA (a, b), ODA (¢, d), obtained without (a, ¢) and
with Ar plasma assisted deposition (b, d).

surfaces of the PI layers without (Fig. 3a) and with
Ar plasma assisted deposition (Fig. 3b) are smooth
and defectless. The SEM investigation of the cross
sections indicates a thickening and better ordering
of the layer volume as well as a change in
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Fig. 3. Top view (a, b) and cross-sectional view (c, d)
SEM images of PI films obtained without (a, ¢) and with
Ar plasma assisted deposition (b, d).

fracturing of the plasma treated films (Fig. 3d). The
observed changes in the film structure (Fig. 2b, d
and Fig. 3d) could be explained as results from the
reordered and increased thickening of the layers
prepared by “soft” plasma treated precursors. Most
probably the precursor molecules condense on
substrate with higher energy and the films are
grown up with higher density. It is also possible a
polymerization process of precursors to take place.

Table 1 shows results from microhardness
measurement of the layers obtained without and
with plasma assisted evaporation. It can be seen
two times higher microhardness of the layers,
obtained by plasma assisted deposition which is
consistent with the result of SEM study.

Table 1. Microhardness Mhd of PI layers obtained
without and with Ar plasma during their deposition

L Mhd

PI layer obtained: [GPa]
without Ar plasma 0.577
with Ar plasma 1.343

The results of FTIR spectroscopy investigations
are shown in Fig 4. The band at 1621 cm™ (Fig.
4a,b) which is related to the stretching vibration of
the C-C bonds from the aromatic rings shows a
high degree of thickening of ODA in the Ar plasma
assisted deposition, since it is single with a slightly
implied shoulder to the left by contrast to the
spectrum of ODA obtained at normal conditions,
where two bands are fixed. This indicates an
availability of more than one state in the
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arrangement of the layer obtained by normal
conditions. The same conclusions are valid also for
the band centered at 827 cm™. The bands for ODA
obtained under normal conditions in the range of
1400 to 1300 cm™ and 1190 to 1000 cm™ lead to
the assumption that the molecules display a great
spatial volume and are not fixed in one plane,
because their capacity for vibration in the different
planes is greater than that of ODA layers obtained
in Ar plasma [6, 7].
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Fig. 4. FTIR spectra of 500 nm thick ODA and PMDA
as-deposited films: a/ and ¢/ obtained with Ar plasma
assisted deposition; b / and d/ obtained without Ar
plasma assisted deposition.

From the spectra presented in Fig. 4 following
interpretations can be proposed: The differences in
the area and peaks within the range 1800-1700 cm™
confirm the changes in the carbonyl group. The
spectra in the range 1300-1100 cm™ register the
deformation vibrations of the acid, ester and
anhydride groups and out of the plane vibrations of
the carbonyl group at 950 —750 cm™. In PMDA
layer deposited in a normal atmosphere there is
opening of the benzene ring (hydrolysis to
pyromellitic acid) which is confirmed by both main
bands in the carbonyl range — peaks at 1731 cm’
'(for the anhydride) and 1696 cm™ for the acid.
Also, in a PMDA layer formed in plasma assisted

deposition this band is single, greatly broadened
and centered at 1717 cm™ where the anhydride
vibrations overlap. The bands at 1406 and 1385 cm’
! confirm the deformation vibrations of the C-O-H
group from the acid. The complex bands at 1259
cm’, 1278 cm™ and 1304 cm™ characterize the
deformation vibrations of the O-C bonds which are
related to the acid, ester and anhydride bonds. A
typical band of the carboxyl group in the field of
the out of the plane vibrations is at 950 - 905 cm™.
On the basis of the results obtained it can be
concluded that greater part of the PMDA molecules
deposited in the presence of Ar plasma are with a
closed ring (anhydride) in comparison with the
PMDA deposited at standard conditions. This
means that a drying process takes place in plasma
deposited PMDA films [8].

The FTIR spectra of PI layers shown in Fig.5
are normalized at 1500 cm™ [3, 4]. It can be seen
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Fig. 5. FTIR spectra of 500 nm thick PI films a/ and ¢/
as-deposited; b/ and d/ thermally treated for 5 min. in
MW oven and for 15 min. at 300°C in air; ¢/ and d/ are

obtained with Ar plasma treatment.

that after thermal treating three imide bands are
emerged at 1384 cm™, 1720 cm™ and 1780 cm'™.
FTIR spectra do not indicate a new phase formation
or destruction as a result of the applying Ar plasma
treatment. Band at 1384 cm™ emerges in the as-
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deposited layer obtained in the presence of Ar
plasma, while under normal conditions such band is
absent, which is indication that the process of
imidization takes place. In the as-deposited layer
obtained at standard conditions without plasma the
quantity of the polyamide acid is high [3, 4]. On the
contrary our results show (Fig.5-c, d) that PI is
formed more easily in the presence of Ar plasma

because the precursor molecules react more
actively and at a greater rate. FTIR spectra
presented in Fig.5-c, d categorically corroborate the
fact that imidization process takes place in the PI
layers obtained by Ar plasma assisted process. The
reason for the appearance of polyimide peaks in as
deposited plasma treated films is not investigated in

Table 2. Contact angle, polar and dispersion component and overall free surface energy of PI layers deposited without

and with Ar plasma.

Contact angle Polar component y, Dispersion Surface
PI layer obtained: [mJ.m?] component y,® energy
H0 CHyJ [m].m?] [m].m?]
without Ar plasma 93 31 0.26 43.8 44.1
with Ar plasma 73.6 16.0 4.55 45.36 49.91

details. Most probably the collisions between
precursors, electrons and ions or the ultraviolet
irradiation from the plasma influence strongly the
imidization process.The influence of Ar plasma on
the film surface energy is shown in Table 2. It is
seen that the plasma treatment causes a small
increase in the polar component of free energy. It
can be expected that these changes in polar surface
energy will be stable in time, because the layers are
modified in the whole volume, not just at the
surface. Obviously more detailed investigation is
needed to confirm the assumption.

CONCLUSION

A new method of physical deposition of
polyimide thin films employing plasma assisted
deposition is developed. The impact of Ar plasma
on the precursor molecular flux provokes an
increasing in the kinetic energy of the molecules. In
this way the plasma treating leads to an activation
of the precursor molecules or some change of
molecular structure of the precursors which results
in an enhancement of the imidization process, in the
thickening of the layers as well as in the increasing
of microhardness. The results obtained show that
the proposed method offers the possibility for
changing the parameters of the vacuum deposited
polyimide films in the direction desired by us.
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OTJIATAHE HA ITOJIMMMUIHU CJIIOEBE UPE3 ITPUJIAT AHE HA APTOHOBA TIJITASMA
J. InmoB

Huemumym no onmuuecku mamepuanu u mexroao2uu ,, Axao. U. Manunoscxu*, BAH,
Vn. “Akao. I'. Bonues*, 61.109, 1113 Coghus, bvareapus

Ilocrbnuna Ha 17 okromBpu 2013 r.; kopurupasa Ha 25 HoemBpy, 2013 r.

(Pesrome)

Pa3paboten e HOB MeTOX 3a ()M3MYECKO IIAPHO OTNaraHe Ha TBHHKU CJIOEBE, Ype3 NpWIaraHe Ha IUIa3MEHO
acucTUpalM mpoliecd. M3cinenBaHeTo BKIIOYBA KAaKTO BB3ACHCTBHE BBPXY HWHAMBUAYAIHUTE NPEKypCOpU
(oxkcumuanunuH (OHA ) um nupomenuroB muanxuapun ( PMDA ) ) Taka u BepXy ABaTa MOHOMEpPa €THOBPEMEHHO.
W3cnenBaHo € BIUsHUE BBPXY CTPYKTypaTa Ha MOJyUYCHHUTE CIOEBE U MPOMsiHA Ha cBolcTBaTa uM. Upes SEM ananus,
ca MOKA3aHU 3HAYUTEIHU NIPOMEHM B CTPYKTyparTa Ha KOHJCH3UPAHHUTE NMPEKYPCOPHU. Y CTAHOBEHO €, ue IIa3MEHOTO
aCHCTHPAHO OTJaraHe BOAM OO YIUITBTHSABAaHE HA CJIOS, ChC 3a0CNEKUTEIHH NPOMEHH B IOBBPXHOCTHATa WM
Mopdomorus. HabmogaBaHo e yBenn4aBaHe Ha M3MepPEeHaTa MHKPOTBBPIOCT ¢ moBede ot 50 mporenra. [lomyuenure
pesynrtatu ot FTIR aHamm3a moTBBpKAaBaT (OpPMHUPAHETO HA 3aTBOPCHU aHXHUIPUIHH MPHCTEHH KATO 110 TO3M HAYUH
IUIa3MEHO aCHCTUPAIO OTJIaraHe JOIpHHAcS 3a NPOTHYaHE Ha UMUAM3ALMOHHMA npouec. HabmonaBanure edexru ca
OO0SICHEHH C MOBUINIEHATAa EHEPTHUSI Ha IPEKYPCOPUTE, TTOJTydeHa OT B3aUMO/IEIICTBUETO C IIa3MaTa.
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This paper compares Chromatic white light (CWL) and stylus profilometer measurements. Standard samples with
vacuum deposited aluminum films of different thicknesses in the range of 50-300 nm were prepared and measured by
both methods. It was found that the CWL technique is proper for a measurement of thin organic films with higher than

40-50 nm film thicknesses.

Keywords: thickness measurements, chromatic white light, stylus profilometer

INTRODUCTION

Thickness measurement is of a main importance
in both the first stage of the thin film deposition and
the final steps of testing and failure analysis in the
microelectronics and MEMS [1]. Usage of the
organic semiconductors in the microelectronics
causes specific new problems, concerning the film
deposition and measurement.

Organic semiconductors are more recently
investigated due to their low price and easy
processing at room temperatures and atmospheric
pressure [2], with low cost “wet” techniques — spin
and dip coating [3], electrophoretic deposition [4]
and ink-jet printing [5]. They are promising
materials for a thin film application as electrode,
insulator or semiconductor films in the future
microelectronic devices [6] — OLEDs, solar cells,
OFETs and gas sensors. But some problems as film
softness, bad adhesion and the presence of
impurities result in low reproducible parameters
and impede the organic microelectronics
development. In general the film softness could
considerable affect the organic film thickness
determination.

The film thickness could be measured by

* To whom all correspondence should be sent:
E-mail: zhivkov@fch.vutbr.cz

forming a step between the film and the uncovered
substrate. In a case of “wet” film deposition
techniques used, the step is usually formed by a
scratching [7]. The film delamination and removal
depends on the stylus material and shape, the force
applied, the film and substrate properties [8].

The most used tool for a thin film thickness
measurement is the stylus profilometer. It is
capable to scan area of tens of millimeters with a
vertical range starting from several nanometers up
to hundreds of microns. Its main disadvantage is the
contact with the surface, which can cause a
destruction of the organic film surface and a
misrepresentation of the data measured. Due to this,
the stylus profilometer is not always the best tool
for a thickness measurement of thin soft organic
films.

Chromatic white light (CWL) method is a non-
contact technique for 3D profiling of the surface
roughness [9]. It allows scanning of a wide area
surfaces with a lateral and vertical resolution of 1
um and 10 nm, respectively. It is successfully
utilized for a surface topography evaluation in
mechanical engineering, electro-technical industry
and bioengineering [10]. CWL method was
originally developed mainly for surface scanning.
The software for data processing in fact has all
capabilities, (e. g. digital processing and Fourier
filtering) available in AFM measurement. The main
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disadvantage of the method is the influence of the
optical inhomogeneity of the film on the accuracy
of the measurement.

This paper compares two different measurement
techniques — CWL and stylus profilometer to
determine the capabilities of the non-contact CWL
method for thickness measurements of thin organic
films.

EXPERIMENTAL

Standard samples with vacuum deposited
aluminum films of different thicknesses in the
range of 50-300 nm were prepared. The different
thicknesses were obtained by placing the substrates
at different distances from the evaporation source.
Al was used because of both good mechanical and
excellent light reflectance properties fulfilling the
requirements for both contact and non-contact
thickness measurement.

Thicknesses of the standard samples with Al
films were measured by CWL and stylus
profilometer methods. The reliability of both
methods was estimated.

The CWL measurement with CWL MicroProf®
FRT (Fig. 1) is based on the chromatic aberration
of the optical sensor CHR 150 N. A white light
from a polychromatic source is passed through a
semitransparent mirror and splits spectrally in the
chromatic aberration lens. The optical aberration
effect causes each wavelength to be focused at a
different Z height. As a result of the chromatic
“splitting” the film thickness is measured [11].

Q3 4

g
blue red
focus focus

A

I~

1. Surface

2. Lens

3. Light source
1 4. Spectrometer

Fig. 1. Principle of Chromatic White Light (CWL)
measurement.

The thickness of the films was measured using a
contact profilometer, Talystep. (Taylor Hobson
Talystep, Model 223-7.)

RESULTS AND DISCUSSION
CWL thickness measurements

In Fig. 2 a typical step profile, formed between
two thin Al films on a standard sample is measured
by the CWL method in 1D mode. The measurement
was performed after leveling of the sample. A
distinguishable step between the Al films is formed
allowing determining the film thickness. It could be
seen that the noise is 2-3 times the device
resolution. The minimum value successfully
measured with the CWL technique under the
aforementioned conditions was 49 nm, which is
about 5 times the device resolution.

160,0 |
’é“ 140,0 -
£ 1200f

= “1 1d=109 nm

0 1{|JO 2[|]0 360 460 SEID GEIJO
X scanned distance, x (um)

Fig. 2. Step profile formed between two Al layers,
measured by CWL method in 1D mode.

This measurement shows the limits of the
method for thin film thickness measurements.
When the measured value is close to the device
resolution, the measurement needs a statistical
processing. Hereafter all data from at least 10 CWL
measurements are presented after statistical
processing in the form of mean value and standard
relative error. The standard relative error was
chosen to make possible the comparison of errors
obtained from different film thicknesses.

Stylus profilometer thickness measurements

In Fig. 3 typical contact profilometer
measurement of the step between two Al layers on
a standard sample is presented. The measurement
was carried out at the maximum possible
magnification after a precise sample leveling in a
way to extend the step over the full scale of the
range. In this case it was assumed that the
resolution of the measurement is equal to or less
than the resolution of the scale on the paper of 1
mm (1.6% from the full scale). The picture presents
a smooth curve resulted from the low speed of
scanning. Moreover the relatively heavier tip
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facilitates the integration of the noise during the
scanning.

I

k]

Fig. 3. Measurement of a step between two Al layers
of a standard sample with stylus profilometer.

It could be seen from the figure that a clear
distinguishable step is measured. Obviously the
stylus profilomenter has the advantage of smooth
measurement with higher resolution. It has the
disadvantage of a mechanical contact between the
stylus and the measured surface. In case of soft thin
films it could vitiate the measurement.

Comparison of the methods

Summarized results of the CWL and stylus
profilometer are presented in Table 1.

Table 1. Comparative thin film thickness measurements
with CWL and stylus profilometer methods.

Sample CWL thickness [nm] Stylus thickness [nm]
No (Relative error (Relative error
[ %)) [ %]
sl 49 (8) 50 (7)
s2 109 (7.5) 98 (3)
s3 275 (4) 275 (3)

Comparing the CWL measurements on samples
with different thicknesses, standard relative error
less than 8% was obtained. The variation of the
standard relative error from one to the other sample
could be related to the sample properties - presence
of dust or film inhomogeneity. Measurement of
samples with thicknesses bellow 50 nm is not
proper; the values measured are close to the device
ADC resolution.

Stylus profilometer produces smoother and
distinguishable step. It has the capability of
measurement in the range less than 50 nm. But the
standard relative error of the measurement for
ranges higher than 50 nm is similar to that obtained
by the CWL method.

196

Comparing measurements with both methods on
the same sample, it could be seen that the
differences are close or within the relative standard
error, i. €. no apparent constant error related to the
measured device was observed.

CONCLUSION

The CWL method is proper for a measurement
of thin soft organic films with higher than 40-50 nm
film thicknesses. Measurement of lower thicknesses
could be affected by the limit of the device
resolution. In a case of optical inhomogeneity the
method requires covering the film with a uniform
high reflective coating (for example Al).

For films thicker than 50 nm both CWL and
stylus profilometer methods give comparable
results with comparable standard relative error.
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(Pestome)

Ta3u craTusi cpaBHsIBa U3MEpBaHUs ¢ METOANUTE XpomaruuHa Osa ceemimHa (CWL) u KOHTakTeH npohriIoMeThp.
[IpuroTBenu ca eTtaJloHHH 00pa3lM C OTJIOXKEHH THHKH ClI0€BE alnyMuHHH ¢ nebenmuu B uHTepBasia 50-300 HM u ¢
rOpecIioMEHaTUTe METOAN ca M3MEPEHH TexHuTe aeOenuHu. YcraHoBeHo e, ye CWL TexHHMKara € mouxonsima 3a
M3MepBaHe Ha THHKH CJIOEBE C AeOeanHu, no-rojaeMu ot 40-50 HM.
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The effect of low loading rare earth metal addition (RE= La, Ce, Nd and Gd) to alumina supported copper-cobalt
spinel oxide on the catalysts efficiency in NO reduction with CO was investigated. Samples RE/CuCo/Al (RE= La, Ce,
Nd and Gd) were prepared by vacuum- evaporation. The rare earth modified as well as their “parent” catalysts were
characterized by XRD, XPS, AAS, SEM-EDS, BET analysis. The catalytic experiments were carried out in catalytic
flow apparatus in an isothermal flow reactor in the temperature range 20-500°C. It was found that the modification of
alumina supported copper- cobalt spinel with rare earths (RE= La, Ce, Nd and Gd) influenced in different ways on the
catalytic activity in NO reduction with CO depending on the temperature. For temperatures up to 100°C La has the most
positive effect while at temperatures above 250°C Gd is the most proper modifier. Nd is not convenient for catalyst

improvement in this reaction.

Keywords: rare earth, catalyst, modification, NO reduction with CO.

INTRODUCTION

Exhaust gases containing nitrogen oxides from
stationary and mobile combustion sources cause a
variety of environmentally harmful effects. NOx
removal from these gases still remains one of major
challenges in the area of environmental catalysis [1-
3]. The most common approach is the reaction with
residual reductors (unburned or partially burned
hydrocarbons and CO) in the exhaust. Various
catalysts have been extensively studied. It was
found out that Cu-Co oxide spinels such as Cu,Co;.
004 [4] and CuCo,04/y-Al,O; [5] are catalysts
demonstrating high activity in the reduction of NO
with CO.

The mixing of two different oxides offers an
opportunity not only to improve the performance of
the involved metal oxide but also to form new
stable compounds that may lead to totally different
physicochemical properties and catalytic behavior
from the individual components. In order to
improve the activity of copper-based catalysts for
the SCR, some additives, such as Fe, Co, Ni, V,
Mn, W, Mo, and Cr, were doped for the promotion
of the copper species dispersion. The addition of
certain promoters could enhance the catalytic
performance of supported catalysts for the SCR of
NOx with hydrocarbons [6]. Cerium oxide is a

* To whom all correspondence should be sent:
E-mail: b.ivanov@svr.igic.bas.bg

commonly used promoter in automotive three-way
catalysts [7]. The rare earth oxides, although
constituting a closely related group of compounds,
exhibit a rich variety of characteristic behaviors and
solid-state properties, including features that make
them interesting subjects for catalytic studies [8].

In the present work we investigate the effect of
low loading rare earth metal addition (RE= La, Ce,
Nd and Gd) to alumina supported copper-cobalt
spinel oxide on the catalysts efficiency in NO
reduction with CO.

EXPERIMENTAL

Alumina supported copper cobaltite catalyst
(CuCo/Al) was prepared preliminary according to
[9] procedure. It has been established that after
modification of the support with Cu®" ions, the
stoichiometric CuCo,0, phase is formed, thus
avoiding the ‘“chromatographic effect”. This
catalyst was impregnated with 1wt. % La, Nd, Ce
and Gd by nitrate solutions. The catalysts for the
targeted research were obtained in a vacuum-
evaporator and thermally treated at 500°C for 2 h.
The samples RE/CuCo/Al (RE= La, Ce, Nd and
Gd) were prepared.

The rare earth modified as well as their “parent”
catalysts were characterized by XRD, XPS, SEM-
EDS, AAS and BET analysis. The -catalytic
experiments were carried out in catalytic flow
apparatus in an isothermal flow reactor in the
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temperature range 20—500°C. After the catalytic test
a temperature-programmed desorption (TPD) was
carried. The transient response method was used to
study the interaction of the gas phase with the
catalyst surface. The transient response method [10]
was used to study the interaction of the gas phase
with the catalyst surface. The turnover frequency
(TOF) values (converted NO per surface unit of RE
= La, Nd, Ce and Gd metal) were calculated in
order to evaluate the RE metal promotion on the
studied catalysts:

F.C Mg
IZ4-F.4
where V is space velocity (cm’/h), C is inlet
concentration of NO (vol.%), M is molecular mass

of NO, 7 is a conversion of NO (%), P re(g) is the
active metal content and A is specific surface area

(m*/g).

TOF =

RESULTS AND DISCUSSION

From XRD analysis (not presented here) no
additional peaks due to rare earth oxides (REOs)
(except CeO,) were detected for the investigated
samples. All diffraction peaks are relatively broad
and reveal the fine crystalline nature of the support.
The XRD data do not present a satisfactory picture

for the phase composition of REOs, because the
content of rare earths is quite low and the supported
oxides are with a high dispersity.

Table 1 presents the results from AAS, SEM-
EDS and BET specific surface areas. It is
noticeable that the addition of rare earths does not
affect substantially on the specific surface area
values and their relative persistence reveals that the
pores are not blocked or filled.

SEM-EDS analysis (Fig. 1) gives evidence for
the availability of REOs on the surface as well as
for the morphology of the synthesized samples. The
Fig.1 presents the micrographs of the parent sample
CuCo/Al and of two of the promoted - Ce/CuCo/Al
and Gd/CuCo/Al catalysts. The RE promoted
samples are more finely dispersed than the parent
alumina supported copper-cobalt spinel. REOs
phases are homogeneously distributed on the
surface with average size of the particles of ~ 20
nm.

The catalytic results show that different REs
affect in different ways on the activity of the
alumina supported copper cobaltite (Fig. 2). The
conversions both of NO and CO at 250°C were
close to 100% using La, Ce or Gd as dopants.

Table 1. AAS analysis, EDS elemental analysis and BET specific surface areas.

Cu, wt. % Co, wt.% RE, wt.% SBET m /g
Sample
AAA EDS AAA EDS EDS
CuCo/Al 11.92 37.07 14.20 8.36 - 157
Ce/CuCo/Al 11.92 38.06 14.20 9.66 0.91 155
Nd/CuCo/Al 11.92 40.06 14.20 10.05 1.10 144
La/CuCo/Al 11.92 37.35 14.20 9.23 1.10 143
Gd/CuCo/Al 11.92 21.10 14.20 18.04 1.21 152
The lowest catalytic activity was observed using Nd (Fig.3). The desorptions present differences
as a modifier, which exhibits lower activity than the between the parent catalyst CuCo/Al and the RE
mother catalyst in the whole temperature interval. modified ones. Only for CuCo/Al sample
The selectivity to N, depends on the temperature. desorptions of NO and CO are registered,

For all catalysts it is almost 100% at temperatures
higher than 200°C. The calculated TOF values
(Table 3) and Fig. 2 differentiate two temperature
regions of activity also. For temperatures up to
200°C the order of activity is:

La/CuCo/Al>Gd/CuCo/Al>Ce/CuCo/Al>
CuCo/Al >Nd/CuCo/Al, at higher temperatures the
order is: Gd/CuCo/Al>Ce/CuCo/Al>La/CuCo/Al>
CuCo/Al > Nd/CuCo/Al

TPD investigations show that the mechanisms of
the interaction between NO and CO. It is evident
that all samples have desorption peaks for NO

wherethese desorptions coincide in temperature.
CO, desorptions are not detected. Hence, at lower
temperatures the interaction on CuCo/Al proceeds
via adsorbed species of NO and CO, evidenced by
TPD, while on RE/CuCo/Al there is no clear
indication for CO adsorption. The most intense at
low temperature (80°C) is the NO desorption of
La/CuCo/Al which represents the catalysts with the
highest activity at 100°C. The most active catalysts
at higher temperatures have two desorption NO
peaks at 110 and 190°C for Gd/CuCo/Al and at 160
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and 330°C for Ce/CuCo/Al. These peaks represent
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probably two forms of NO adsorption. 1004 oA, a————%
A transient response method was applied to oAl ¥
obtain information about the processes that occur < 804 /\ LalCuCo/AL
on the surface of the studied catalysts and about the g
mechanism of the reduction of NO with CO. The % 604 o—°
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Fig. 2. Temperature dependence of the conversion
degree of NO and CO on samples Gd/CuCo/Al,
Ce/CuCo/Al, La/CuCo/Al, Nd/CuCo/Al and CuCo/Al.
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Fig. 3. TPD spectra of NO and CO for the investigated
samples.
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Fig. 4. Transient response curves of NO on Gd/CuCo/Al,
Ce/CuCo/Al, La/CuCo/Al, Nd/CuCo/Al and CuCo/Al at
100 and 250°C.

The change in the rate-controlling step is associated
with a change in the reaction mechanism. In Fig. 4
the transient response curves of reactant NO are
presented at 100°C and 250°C. At 100°C the
response curves for NO are of a monotonically
growing type for Gd/CuCo/Al and of an
instantaneous type at for Ce/CuCo/Al, La/CuCo/Al,
Nd/CuCo/Al and CuCo/Al. The monotonically type
response, according to Kobayashi’s classification,
indicates that the rate-limiting step in the reaction
mechanism could be the surface reaction or
desorption of the products. As desorption of the
products is absent in the stop stage the surface
reaction seems to be the rate-determining step. The
instantaneous response deduces that the rate-
limiting step could be the surface reaction or the
adsorption of the reagents.

The transient curves for NO at 250°C for
Gd/CuCo/Al and Ce/CuCo/Al are of the overshot
type response, indicating that the rate-limiting step

in the reaction mechanism could be creation or
regeneration of the new catalytically active sites
responsible for both reduction and decomposition
of NO. The results coincide with the TPD spectra
these samples that represent two desorption (low
and high) peaks for both samples. This implies the
change in the reaction mechanism for these
catalysts that are the most active at temperatures
above 250°C. The response curves show that
depending on the temperature the catalytic reaction
proceeds on various types of active centers.

CONCLUSION

The modification of alumina supported copper-
cobalt spinel with rare earths (RE= La, Ce, Nd and
Gd) influenced in different ways on the catalytic
activity in NO reduction with CO depending on the
temperature. For temperatures up to 100°C La has
the most positive effect while at temperatures above
250°C Gd is the most proper modifier. Nd is not
convenient for catalyst improvement in this
reaction.
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HAHECEHU HA AJIYMHWHHUEB OKCUJ MOAN®UNIINPAHU C PEAIKO3EMHU METAJIN
KATAJIM3ATOPU OT MEJIEH KOBAJITUT B PEAKLIUATA HA PEAYKIIA HA NO C CO
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(Pesrome)

Edekrbr oT Manku no6aBku ot peaxkosdemuu enementd (RE= La, Ce, Nd u Gd) Bbpxy HaHeceH Ha allyMHUHUEB
OKCHJI METHO-KOOAJITOB IIMTMHENIEH OKCUJ 110 OTHOIIeHNE eeKTHBHOCTTA B penykuuara Ha NO ¢ CO Gemie m3cieaBaH.
O6pasuure RE/CuCo/Al (RE= La, Ce, Nd u Gd) 0sixa npurorseHu 4pe3 BakyyM-u3IapeHue. MoaupuuupaHuTte ¢
PEIKO3eMHH €JIEMEHTH KaTaln3aTopu, KaKTO M MeIHO-KOOAITOBMAT Karanu3arop Osxa oxapakrtepusupanu ¢ XRD,
XPS, SEM-EDS, AAS u BET anammsu. Karanmutnunute excriepuMeHTH OsiXxa NMPOBEIEHM B MOTOYHA KaTAIUTHYHA
amaparypa ¢ W30T€PMHYEH peakrtop B Temmeparyper mutepan 20-500°C. HamepeHo e, ye MopuduumupaHeTo Ha
HaHECEeHUs Ha aJJyMHHHEB OKCH] MEIHO-KoOanToB mmuHen ¢ penko3eMmun eneMmentn (RE= La, Ce, Nd u Gd) Biuse no
pa3indeH Ha4WH BbPXY KaTaIMTHYHATA aKTUBHOCT npu penykuusara Ha NO ¢ CO B 3aBHCHMOCT OT TeMIiepaTypaTa. 3a
temneparypu 10 100°C La mputexaBa Hali-monokuteneH epekrt, nokaro mpu Temreparypu Haa 250°C Gd e Haii-
noaxo T Mmoandukarop. Nd He e moaxosmy 3a HogoOpsiBaHe Ha KaTATUTHYHATA aKTUBHOCT MPH Ta3d PEaKIHsL.
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The amount of consumed ozone during ozonation of olive oil has been determined on the basis of continuous
measurement of ozone concentrations at the bubbling reactor outlet, under conditions of constant values of ozone
concentrations at the reactor inlet. This amount has been used for evaluation of reaction stoichiometry, according to
which one conditional average molecule olive oil reacts with about three molecules of ozone.

The IR-spectroscopy and 1H-NMR spectroscopy have been applied for identification and quantitatively
characterization of basic ozonolysis products: ozonides and aldehydes. It has also been found out that cis and trans

ozonides are formed and their ratio has been determined.

Keywords: ozone, ozonolysis, olive oil, cis/trans ozonides, olive oil unsaturation, IH-NMR spectroscopy

INTRODUCTION

Recently, there has been increasing interest of
cosmetic and pharmaceutical industries in the
application of ozonized unsaturated triglycerides of
vegetable oils [1-3] .It has been found out that the
products of vegetable oils ozonolysis have
antibacterial, fungicidal and antiviral properties;
results of their successful utilization in dermatology
for the treatment of acute cutaneous wound were
reported [4-6]. At the same time their wider
application is facing resistance from the orthodox
medicine [7, 8]. One of the reasons for such kind of
attitude is  the  insufficiently = complete
characterization of the nature and properties of the
ozonolysis products. The ozonated vegetable oils
have been used as modifiers in biodiesel fuel [9-11]
and as additives to cutting fluid emulsions [12].

In interpreting the results of ozonolysis, the
authors usually refer to the classical Criegee’s
scheme, according to which, when the reaction is
carried out in neat substrate or in nonparticipating
solvents, ozonides (1,2,4 trioxolanes) are obtained
as the main product. There are few studies, in
which attempts have been made to characterize all
the obtained functional groups [13]. The results on
the ratio between ozonides and aldehydes are
contradictory [13, 14]. Although, the formation of
two isomeric forms of 1,2,4 trioxolanes (cis and

* To whom all correspondence should be sent:
E-mail: vlado@ic.bas.bg
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trans), is well known, the structural and isomeric
composition of the ozonides, obtained during
ozonolysis of vegetable oils has practically not been
studied yet [13, 15]. As an example of the
complexity of this problem the study on methyl
oleate ozonolysis can be distinguished where six
isomeric ozonides (cis and trans forms of the
normal type and two other types of cross-ozonides)
have been identified [15.].

In the present paper we monitor the ozone
absorption during reaction of olive oil in neat form
or in nonparticipating solutions. The ozonolysis
products were identified and quantitatively
determined by FT-IR and "H-NMR spectroscopy.

EXPERIMENTAL

Ozone was prepared by passing oxygen through
a 4-9 kV discharge.

The experiments have been performed in a
bubbling reactor, containing 5-10 mL of olive oil or
olive oil solutions in CCly, equipped with a
thermostating water jacket. An ozone—oxygen
mixture with ozone concentration in the range of
1000-25000 ppm (4.5.10°-1.2.10° mol L") was
passed through the reactor at a flow rate of (1.67+
0.15).10”° L s™. The ozone concentrations in the gas
phase at the reactor inlet ([Os],) and outlet ([Os],)
have been measured by OZONE ANALYZER
BMT 964 device.
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Infrared spectra were recorded on thin films
coated onto KBr plates using Nicolet 6700 FTIR
spectrometer: The spectra comprise the result of
100 scans with a resolution of 4 cm™.

'"H-NMR spectra were recorded on a Bruker
Avance 600 MHz instrument under the following
conditions: 20 °C; digital resolution 0.3 Hz; number
of scans 30. Samples were dissolved in CDCl;
containing TMS as internal standard.

RESULTS AND DISCUSSION
Monitoring of the ozone absorption

The kinetics of the ozone absorption has been
studied by continuous monitoring of ozone
concentrations at the reactor outlet ([O;],,under
condition of constant values of initial ozone
concentration at the reactor inlet ([Os],

The kinetics of ozonolysis of different double
bonds in solution is considerably less investigated
than the corresponding mechanism [16]. Because of
the high rates of ozonolysis of alkenes, whose
double bonds are structurally similar to the
RHCH=CHRH bonds of 3-glycerides in olive oil,
the rate constant values, published in the literature,
are determined mainly by three methods:1)-
measuring the relative rate of consumption of the
investigated olefin, comparing with a control
compound; 2) — determining of the [Os], values and
3)- stop-flow method [17-19]. Although there are
some differences, the values of the rate constants of
alkenes, discussed above, are in the range of 5.10%
5.10° L mol” s Based on the features of olefins
ozonolysis, a spectrophotometric method has been
developed for quantitative determination of the
double bonds by means of measuring the amount of
absorbed ozone [17, 20]. This method could be
competitive to the iodine value method
determination and it has a very high sensitivity due
to the great values of the extinction coefficient of
ozone absorption [21]. The essence of the method is
illustrated in Fig. 1, where the dependence of [Os],
on the time of ozonation of olive oil solution in
CCly is shown under conditions of normal bubbling
regime and [O;],=const. The respective curve is
characterized by two practically perpendicular
sections at the beginning and at the end of the
reaction, and region where [O;],~0. The absence of
outlet ozone is due to the high values of the rate
constant of ozone reaction with double C = C bonds
[18]. The surface of the area integrated between
the curves [O3]u=f(t) and the line y=[Os], (where
[0;]o= O3], at T =0) is proportional to the amount
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Fig. 1. Dependence of the ozone concentration at the
reactor outlet ([Os],) on the reaction time for solution of
olive oil in carbon tetrachloride (0.1 mL in 10 mL CCly)

ozonolysis.

of consumed ozone. This amount has been
calculated by wusing the coefficient of ozone
absorbance at UV-C wavelength 254 nm [21] and
the respective flow rate of the ozone—oxygen
mixture. At appropriately selected concentrations of
double bonds in the solution, the surface area of the
solvent saturation with ozone becomes negligible
compared to the curve area of the olive oil solution
and it may be neglected. The degree of unsaturation
of olive oils is usually measured by the so called
“iodine value”. Its determination is based on the
reaction of double bonds with halogens (iodine),
resulting in the formation diiodine alkans. The
iodine value is the mass (in grams) of halogens,
expressed as iodine, which is absorbed by 100
grams of olive oil. The amount of measured ozone,
shown in Fig. 1, is 3.02.10* mol. Assuming that it
is equal to that of the double bonds, normalizing it
to 100 g of olive oil and recalculating into grams of
iodine, according to the methodology for
determining of the iodine value [22, 23] we
obtained 83.4 g of iodine, absorbed by 100 grams
of olive oil. Hence the iodine number of olive oil,
determined on the basis of its ozonolysis in solution
was 83.4. This value is within the range, known
from the literature to be specific for the iodine
number of olive oils [24].

Functional group analysis

A broad and strong band at 1109 cm™ is seen in
the IR spectra of ozonated olive oil (Fig. 2),
assigned to the C-O stretching vibration of ozonide
[17, 25] and the band at 1727 cm ™' is typical for v
C=0 of aldehydes [26]. In addition to these two
signals, an intensive peak at 1379 cm™ and a
shoulder at 975 cm™ were also identified. It is
mentioned in the literature that the rans isomer of
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Fig. 2. Infra-red spectra of: non-ozonized (1) and
ozonated (2) olive oil in: 800-2000 cm-1 region (a);
1700-1800 cm-1 region (b).

Fig. 3a. "H NMR spectra of neat olive oil in the region
of 5.0-5.5 ppm.

513

975

518

{a) (a}

S TR 936 9 VTR 4T

Fig. 3b. '"H NMR spectra of ozonated olive oil in the
region of 5.0-5.5 ppm (a) and 9.70-9.80 ppm (a').

the 1,2,4-trioxolane absorbs at about 1300 c¢m’,
while the cis isomer absorbs at about 800 cm™ [25].
According to another work, upon ozonolysis of
sunflower oil methyl esters, a broad peak at 1365
cm™ appears and on this basis it is concluded that
the corresponding frans ozonides are dominating

products [13]. According to the experimental
reference data from applied IR-spectroscopy, the
peak at 1379 cm™ is most likely associated with v
C-O-C [26]. The band at 975 cm™ is characteristic
for the stretching vibration of v O-O [26].

The 'H-NMR spectroscopy provides much more
opportunities for identification and quantitative
determination of functional groups formed during
ozonolysis of olive oil. Assignment of the signals of
non-ozonized olive oil (Fig. 3a) is discussed in
detail by Vlahov [27]. There exist two isomeric
forms of 1,2,4-trioxolanes: cis and trans [25]. Their
ratio is a function of the double bond
stereochemistry, the steric effect of the substituent,
and the conditions of ozonolysis, and it has been
studied only in cases of low-molecular-weight
alkenes [25, 28, 29]. The signal of the cis form
appears at lower field intensity, compared with the
trans one [25, 28]. The cis/trans ratio of the olive
oil ozonides, determined from integrated intensity
of signals at 5.18 and 5.13 ppm was 46:54 (Fig.
3b).

The formation of the basic ozonolysis product-
the ozonide is represented in Fig. 4. The modern
concepts about the mechanism of the reaction of
ozone with C=C double bonds in nonparticipating
solvents, in contrast to the classical Criegee’s
mechanism, take into account the stereochemical
features of the reaction, which ultimately leads to
formation of cis and trans 1,2,4 — trioxolanes [16,
25, 29].

/N
c 0

[
R.GHCHR, + Oy — = RHC—CHRy

y

, 0—0 /
U8 o e g
o4

Fig. 4. Ozonation and formation of ozonides

The initial reaction is 1,3 coordinated addition
of ozone to cis(trans) C=C double bond with
formation of cis- or trans-molozonide (MO)
respectively. The cis- or trans-molozonide are
unstable species, and at temperatures higher than -
150°C for the cis-isomer and -90°C for the trans-
isomer it is decomposing via the so-called
"cycloreversion" (reaction 2) [29]. It is assumed
that as a result of the passing of the reaction
through the envelope transition state,
predominantly anti carbonyl oxides are obtained
from cis isomers of MO. The degree of the isomer
preference and the extent of stercoselectivity
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depend on substituent steric effects, secondary
orbital interactions and anomeric interactions [29].
Ozonides are formed as a result of the interaction of
the corresponding carbonyl oxides with aldehydes
(reaction 3). It is supposed that this interaction is of
the cycloaddition type via envelope transition
state according to orbital overlap arguments [29].
Thus a syn (or anty) carbonyl oxide (Fig. 5) will
react with aldehyde in either endo or exo transition
state to give cis or trans ozonide. This step, like the

o o
/ /
7 |
c’ c*
/7 \ 7N
H R R H
syn anti

Fig. 5. Stereochemistry of carbonyl oxides
intermediates.

previous one, can occur with varying degrees of
stereoselectivity  depending  on  substituent
interactions, electronic effects, temperature etc [16,
25, 29]. It has been found out that the dominant part
of ozonides is formed through interaction between
carbonyl oxide and the corresponding carbonyl
group, which both originate from the
decomposition of one and the same MO, i.e., a
solvent "cage effect”" is occurring (Fig. 4, reaction
3) [16, 17, 25]. The yield of the so-called normal
ozonides from the simple olefins is usually of the
order of 70 % of the total ozonide yield [25]. Cross
ozonides are products of the interaction between
carbonyl oxide and aldehyde, originating from
different double bonds (Fig. 4, reaction 4). It is
assumed that the greater volume of the substituents
hampers their formation [25, 30]. The second main
type of product of the olive oil ozonolysis are the
aldehydes. According to the mechanism of the
ozone reaction with double bonds in solution, the
aldehyde groups are being formed when the
conversion of carbonyl oxide intermediates is
proceeding through such routes, which are an
alternative to the carbonyl oxide—aldehyde
interaction [25, 30]. The nonozonide routes are
discussed in detail by Anachkov [30]. The
ozonide/aldehyde ratio, defined as ratio between
half of integrated intensity of signals of methine
protons of the cis- and frans- ozonides and
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aldehyde signal at 9.75 ppm was 93.4:6.6 (mol. %).
On the basis of the material balance of ozone, the
stoichiometry of ozonolysis of olive oil was
estimated. It was found that one molecule olive oil
reacts with about three molecules of ozone.

CONCLUSIONS

The kinetics of ozone absorption during olive oil
ozonolysis has been studied by continuous
monitoring of ozone concentrations at the bubbling
reactor outlet, under conditions of constant values
of ozone concentrations at the reactor inlet. The
determined amount of ozone, consumed during the
ozonolysis of the double bonds, was used as an
alternative ~ method for the  quantitative
determination of the degree of oil unsaturation. The
basic compounds, products of the reaction:
ozonides and aldehydes have been identified and
quantitatively characterized by means of IR-
spectroscopy and 'H-NMR spectroscopy; their ratio
was found out to be 93.4:6.6 (mol. %) respectively.
The ratio between the cis and frans ozonides was
also determined to be 46:54.
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MN3CIHEABAHE HA CTEXUOMETPUATA 1 PEAKIITMOHHUTE IMTPOIYKTU OT O30HUPAHETO HA
YUCT 3EXTHUH

B. I'eoprues, M. Anaukos, T. baraknues, C. PakoBcku

Hnuemumym no xamanuz — BAH, Cogus 1113, ya. ,,Axao. I'. Bonues*, 61 11

ITocrbnuna Ha 17 oktomBpu 2013 r.; kopurupasa Ha 25 HoemBpy, 2013 .

(Pesrome)

OnpeneneHo € KOJWYECTBOTO Ha TOTBJIHATHS 030H MO0 BPEME Ha O30HHPAHE HAa MACIMHOBO Macilio Ha 0a3aTta Ha
HENPEeKbCHATO HM3MEpPBaHE Ha KOHIICHTPALMUTE HA O30HA HAa HM3X0Ja OT OapOOTHpaml peakTop, MpHU YCIOBHA Ha
MOCTOSIHHU CTOMHOCTH Ha KOHIEHTpAalMsATAa HAa O30HAa HA BXOJl Ha peakTopa. [oBa KOJIMYECTBO CE€ HM3IMOJI3BA 3a
OTIpeJIeNisiHe Ha CTEXHOMETPUATA Ha PeakiMATa, ChIVIACHO C KOETO €JHa yCIOBHA MOJIEKyJa OT MAacJIWHOBOTO Macjo
pearupa ¢ OKOJIO TP MOJICKYJIH 030H. 3a HICHTU(OUIIUPAHE U KOJUYESCTBCHO XapaKTePU3UPAHE HAa OCHOBHUTE MPOIYKTH
OT 030HOJIM3aTa: O30HUAM U anaexuau, ca npuwioxenu MY u 1H-NMR cnekrpockonuu. YcTaHOBEHO €, 4e€ B X0Ja Ha
peakmusTa ce 00pa3yBaT IHC ¥ TPAHC O30HHUIH, KaTO € OMPEICIICHO U TAXHOTO ChOTHOIIICHHE.
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The phase formation in the systems NH;MnPO4H,0-LiCI-LiNO; and NH;MnPO,4.H,0-NaCH;COO.3H,0 is
systematically investigated in order to obtain at low-temperature olivine-type LiMnPO4 and NaMnPO, which are of
great interest as cathode materials for lithium and sodium ion batteries. The experimental conditions such as molar ratio
between reagents, temperature and reaction time are varied to find the more suitable procedure for the low temperature
formation of pure phospho-olivines. It is established that the transformation of the dittmarite precursor into sodium
manganese phospho-olivine proceeds between 200-250 °C with participation of large excess of the Na-salt more slowly
in comparison with the fast ion exchange of NH," for Li" leading to the formation of LiMnPO, for 1.5 h only. Both
prepared olivines are well-crystallized and exhibit nano-sized crystallites (50 - 60 nm).

Keywords: LiMnPO,, NaMnPO,, phospho-olivines, Li-ion batteries

INTRODUCTION

Lithium metal phosphates, LIMPO, (M = Mn,
Fe, Co, Ni) with olivine-type structure known as
phospho-olivines are amongst the most promising
cathode materials for Li-ion batteries due to the
high capacity, cyclic stability, tolerance to
overcharge, excellent safety and low cost [1-2].
More recently, in response to the current
requirements for the development of cheaper
"green" batteries the replacement of lithium with
sodium becomes very attractive and research on
sodium intercalation materials gains an increasing
importance [3-4].

While olivine LiMPO, family, and especially
LiFePO, and LiMnPO,, is widely studied from
different aspects of material science [1,2,5,6], very
little work is done on the corresponding sodium
analogues [3,7,8]. Owing to the larger ionic size of
Na" than Li" the thermodynamically stable
NaMPO,; compounds do not crystallize in the
desired olivine structure: they crystallize in a
maricite structure that is electrochemically inactive
[3,7,8]. Because of that the synthesis of olivine-
type NaMPO, is a great challenge and requires
original synthesis approaches.

Regarding NaMnPO, only one report in the
literature deals with the preparation of olivine-type

* To whom all correspondence should be sent:
E-mail: vkoleva@svr.igic.bas.bg
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phase [8]. Most recently we have demonstrated that
dittmarite-type KMnPO,.H,O precursor acts as
structure and morphology template for low-
temperature preparation of nano-sized LiMnPO,
and NaMnPO, olivines [9,10].

The present paper is focused on the preparation
of olivine-type lithium and sodium manganese
phosphates by cation exchange reactions using
NH4MnPO4H,O as a host matrix. The phase
composition in the reaction systems
NH4MnPO4.H,0-LiCI-LiNO; and
NH4MnPO4.H,0-NaCH;COO.3H,0 is studied by
X-ray powder diffraction (XRD). Various
experimental conditions have been considered, such
as molar ratio between the reagents, temperature
and reaction time. The specific features of the
preparation of LiMnPO, and NaMnPO, from
NHsMnPO,4.H,O0 are discussed.

EXPERIMENTAL

The host matrix NH;MnPO4.H,O is prepared as
described elsewhere [11]. The cation exchange of
NH," for Li" and Na" is carried out using eutectic
composition LiCI-LiNO; (0.12:0.88 mole ratio)
and NaCH;COQO.3H,0, respectively, as lithium and
sodium reagents are taken in excess. The synthetic
procedure is same for both systems and it is
analogical to that applied in the case of KMnPOj.

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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H,0 [9,10]. For the lithium system the experiments
are carried out at 200 and 270 °C, whereas for the
sodium system a broader temperature interval from
75 to 250 °C is explored. The molar ratio between
NH4;MnPO4.H,O and Li-salt (accordingly Na-salt)
is varied between 1:2 and 1:12. The reaction time is
also varied from 1.5 to 24 h.

The XRD patterns are recorded on a Bruker
Advance 8 diffractometer using CuKa radiation.
The lattice parameters are determined by WinPlotr
programme. The crystallite sizes are calculated by
the Scherrer equation as the instrumental
broadening is taken into account. The line width is
determined by profile analysis (WinPlotr
programme). The TG-DTA  analysis of
NH,MnPO,.H,0 is performed using LABSYS™
Evo apparatus (SETARAM) in an argon flow at a
heating rate of 10 °C/min.

RESULTS AND DISSCUSION

NH;MnPO4H,O belongs to the dittmarite
family which is characterized by a layer structure
consisting of M*"-PO, sheets separated by M" ions
[12]. Due to the remarkable structural similarity in
the topology of the M*"-PO, layers between
dittmarite and olivine structures, the dittmarites are
particularly suitable as precursors in cation
exchange reaction [8-10,13].

Since the dehydration process is very essential
for the transformation of the dittmarite into olivine
structure [9,10] we have analyzed the thermal
behaviour of the NH,;MnPO4.H,O precursor (Fig.
1). It is stable up to 135 °C when a complex
decomposition with simultaneous release of H,O
and NH; takes place resulting in the formation of
MnHPO, around 300 °C (18.72 % mass loss vs
calculated 18.92 %). Above 350 °C MnHPO,

6
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Fig. 1. TG- and DTA curves for NH;MnPO,.H,O.

undergoes an inter-molecular dehydration to
Mn,P,0; (5.56 % mass loss vs calculated 5.96 %)

in accordance with the XRD data of Wenwei at al.
[14]. The two endothermic effects at 235 and 458
°C correspond to the above processes.

The major advantageous of the reactions in
molten salts is the ability to run the process at low-
temperature which is favorable for the formation of
small particles as well as the synthesis process is
less expensive. Eutectic LiCI-LiNO; with a low
melting point of 270 °C is very suitable for cation
exchange reactions for Li". To facilitate the ion-
exchange reaction, the molten salts are usually
taken in large (e.g. tenfold) excess. Our first
experiment performed with tenfold excess of Li-
eutectic (1:10 mole ratio) at 270 °C for 6h (Fig. 2)
shows that the reaction product comprises
approximately 90 % olivine phase, 10 % Li;PO4
(PDF 71-1528) and small amount of an unidentified
phase. Evidently, the high concentration of lithium

200°C; 1:2; 3h

200°C; 1:5; 3h

270°C; 1:2; 1.5h

270°C; 1:10;6h

w

NH,MnPO,.H,0

Intensity

LS
——
.

‘ | LiMnPO,
‘|. | |I|||.

H| Li,PO,

|| | TN
0 50

29()

Fig. 2. XRD patterns of the reaction product in
NH4MnPO,.H,0-LiCI-LiNO; system at different
experimental conditions (* denotes Li;POy4; ? denotes an
unidentified impurity).

ions  promotes  competitive  reaction  of
decomposition of the dittmarite precursor.

The drastic reduction of the amount of the Li-
eutectic and reaction time (1:2, 90 min) results in a
fast formation of LiMnPO, free of impurities (Fig.
2). Successful experiments are also performed at
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200 °C i.e. at a temperature below the melting point
of the Li-eutectic (Fig.2). Pure LiMnPO, is
obtained at a mole ratio 1:2 for 3h, while very small
amount of Li;PO,4 (below 1 %) is detected with the
larger excess (1:5) of the Li-eutectic (Fig. 2).

It is clear that formation of the olivine phase
takes place at temperatures where the parent NH-
precursor should decompose to MnHPO, (Fig. 1).
The absence of any pyrophosphate phases is a
further support that the ion exchange of NH," for
Li" occurs very fast in the framework of the
dittmarite structure, and thus the decomposition of
the precursor is prevented. The ion exchange is
immediately followed by the H,O release and the
transformation of the dittmarite structure into
olivine structure is accomplished.

The prepared LiMnPO, (Fig. 2) display a good
crystallinity irrespective of the low synthesis
temperatures and short reaction time. The lattice
parameters do not depend on the temperature of
formation (@ = 10.4429(4) A, b = 6.0879(2) A, c=
4.7480(2) A) and coincide well with the reported in
the literature [9,13,15].

Ion-exchange of NH," for Na is performed with
NaCH;COO.3H,0 having very low melting point
of 58 °C. At dynamic conditions (heating with 10
°C/min) Liptay reported [16] that at about 65-70 °C
the salt undergoes an incongruent melting, followed
by a complete dehydration at 200-220 °C. The
anhydrous sodium acetate melts at 324 °C [16].
Considering these data the first experiment is
performed at 75 °C using 1:10 mole ratio and a
reasonable reaction time of 6h. At these conditions
(Fig. 3) the reaction product comprises a mixture of
a main component (about 60 %) Mn;(PO4),.7H,0
(PDF 84-1160), unreacted precursor (about 20 %)
and small amount (about 15-20 %) of target olivine
NaMnPO, (PDF 74-386). Taking into account that
the parent NH,-precursor is thermally stable at 75
°C (Fig. 1) the presence of Mn3(PQOy,),.7H,0O can be
explained by the precursor decomposition under the
influence of the high concentration of Na'.
Evidently, the ion exchange reaction and the
decomposition reaction are competitive reactions
and at the above synthesis conditions the latter
predominates over the former. To enhance the rate
of the ion-exchange reaction the next experiments
are performed at higher temperatures (between 100
and 250 °C), longer reaction times and varying the
excess of NaCH3COO.3H,0 (Figs. 3 and 4).

Unreacted precursor is not observed at 100 °C
and between 100 and 150 °C the reaction product is
biphasic consisting of Mn3(PO,),.7H,O (still main
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component) and NaMnPO, (Fig. 3). At 150 °C the
amount of the olivine phase reaches to 40 %. It is
worth noting that our results on the phase
composition between 75 and 100 °C differ
considerably from these of Nazar et al. [8], who
reported for the preparation of pure olivine
NaMnPO, between 65 and 100 °C using the same
reaction reagents (no experimental details were
supplied).

150°C; 1:10; 24h

150°C; 1:5; 24h

100°C; 1:10; 24h

100°C; 1:5; 24h

Intensity

& 2 &

75°C; 1:10; 6h

l * NH,MnPO,.H,0

‘ ‘ I NaMnPOjy-olivine
IR

‘ Mn,(PO,),.7H,0

. bl o mmm.umu.m

10 20 300 40 50
20 ()

Fig. 3. XRD patterns of the reaction product in

NH4MnPO,.H,0 — NaCH;COO.3H,0 system at
temperatures between 75 and 150 °C .

At 200 °C the target olivine phase becomes the
main component in the system (Fig. 4).
Mn;(POy),.7H,0 is now absent, but minor quantity
of another impurity (most probably
NaMn;(PO,)(HPO,), (PDF  83-329)) is also
observed.

The inset on Fig. 4 compares the intensity of the
peak due to the impurity with the intensity of the
nearest olivine peak at different experimental
conditions. The comparison clearly shows that the
quantity of the impurity decreases with the increase
in the excess of NaCH3;COO.3H,0 and the reaction
time. Best results regarding the purity of olivine
NaMnPO, are achieved at 1:10 mole ratio for 15 h
as well as at 1:12 mole ratio for 6h (same for 15 h).
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The level of the impurity in these cases is around 5

%.
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Fig. 4. XRD patterns of the products in NH;MnPO4.H,0

— NaCH;COO.3H,0 system at temperatures of 200-250

°C (* denotes the impurity; e denotes the nearest olivine

peak).

The prepared olivine NaMnPO, at 200 °C is
well-crystallized (Fig. 4) and the unit cell
parameters (a = 10.5275(5) A, b = 6.3232(3) A, c=
4.9843(3) A) coincides well with the reported for
NaFeg¢7Mng93sPO4 (mineral natrophilite having
olivine structure) [17] as well as with these for
NaMnPO, prepared by us from KMnPO4.H,O [10].

Regarding the preparation of LiMnPO, and
NaMnPO, olivines from NH;MnPO4H,0, it
appears that the synthesis of LiMnPO, proceeds by
using a small excess of the Li-reagent (not more
than twofold excess) and short reaction time (up to
3h), while a large excess of the Na-reagent (tenfold
and more) and longer reaction time (15 h) are
needed for the synthesis of olivine NaMnPQOy: The
difference in the formation of lithium and sodium
analogues can be related with the hindered
diffusion of the larger Na" ions in comparison with
the fast mobility of the smaller Li" ions at same
temperature (e.g. 200 °C). However, because of the
low synthesis temperature (200 °C) the crystallite
sizes of both sodium and lithium phospho-olivines
are in the nano-scale region: The average crystallite

size calculated from the line broadening of six
diffraction peaks from the 1635 ° (20) range is 47
nm for LiMnPO, and 61 nm for NaMnPO,. The
larger crystallite size for sodium phopsho-olivine
could be explained by the prolonged heating at 200
°C that favors the crystallite growth.

CONCLUSION

Nano-crystalline olivine-type LiMnPO, and
NaMnPO, are prepared at low temperatures (i.e.
around 200 °C). It has been demonstrated that
dittmarite-type compound NH4;MnPO,.H,O is a
suitable structure template for the synthesis of
lithium and sodium phospho-olivines, which are
promising cathode materials in lithium and sodium
ion batteries.
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CPABHUTEJIHO N3CJIEIBAHE HA OFPA3YBAHETO HA
JIMTUEBO-MAHI'AHOB 1 HATPUEBO-MAHI'"AHOB ®OC®O-0OJIMBUHU

T. bosxuea, B. Konesa, P. CtosHoBa

Hnemumym no obwja u neopeanuyna xumus, bvaeapcka akademus na Haykume,
1113 Coghusa, bvreapus

Iocrpnuna Ha 17 oktomBpu 2013 r.; kopurupana Ha 25 HoemBpH, 2013 .

(Pesrome)

®azoobpasyBaneto B cucremure NHMnPO,H,O-LiCI-LINO; u NH4;MnPO,.H,0-NaCH;COO.3H,0 e
CHUCTEMaTHYHO M3yYEHO C IEN J]a ce IMOJydyaT MpH HHUCKa Temreparypa omuBHHOB-Tull LiMnPO, n NaMnPO,, kouto
NPE/CTABIIABAT MHTEPEC KaTO KaTOJHM MaTepHajd 3a JIMTHEBO- M HAaTpHeBO-HOHHM Oarepuu. Bapupanu ca penmia
eKCIIEpMMEHTAJIHU [IapaMeTPH KaTO MOJIHO OTHOIICHHE MEXIY pPeareHTHTe, TeMIlepaTypa U PeaklMOHHO BpeMe, 3a 1a
ce HaMepAT Hal-NOAXOMAIINTE YCIOBUS 32 HUCKO TEMIIEpaTypHO oOpasyBaHe Ha YHCTU (HOC(O-OIUBUHU. Y CTAHOBEHO
€, 4ye TpaHC(OPMHUPAHETO Ha JUTMApPUTHUS MPEKypcop B HaTpHeBO-MaHraHoB (ocdo-onuBrH nporrya mexay 200 u
250 °C B npHCBHCTBUE Ha TOJISIM M3JIMIIBK OT HAaTPUEBA COJI MHOTO 10-0aBHO B CpaBHEHHE ¢ Obp3usi HOHEH OOMEH Ha
NH," ¢ Li" iionu, Bomem mo obpasyBane Ha LiMnPO, camo 3a 90 wmun. Ilomydenute (ocho-oJquBHHE ce
XapakTepu3upar ¢ 100pa KpUCTATHOCT U HaHO-pa3MepHH kpuctanuty (50-60 nm).
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Enhanced electrochemical properties of LiNi;,»,Mn;,0,4 by acid treatment
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New data on the improvement of the electrochemical properties of high-voltage LiNi;,Mn;,0, eclectrodes by
controlling particle size distribution are provided. Acid treatment is used as an effective experimental tool to modify the
particle size distribution without changing the Ni,Mn distribution on the octahedral spinel sites. The mechanism of the
acid action depends on whether nano- or submictometric spinel particles are treated. We found that acid treatment of
LiNi; ,Mn;,0, with submicronmetric particles has a strong impact on its capacity and cycling stability.

Keywords: Lithium nickel manganese spinels, Cation distribution, Lithium intercalation, Lithium ion batteries, Acid

treatment

INTRODUCTION

Lithium nickel manganese spinel,
LiNi;,Mn;,0,4, is nowadays considered as a
promising cathode material for a new generation
lithium-ion batteries. The most remarkable property
of LiNi;»,Mn;,04 is its capability to intercalate
lithium reversibly at a high voltage (around 4.7 V)
delivering a high specific energy [1]. The
electrochemical reaction is concomitant with a
reversible oxidation of Ni** to Ni*" ions, while the
role of Mn*" is to stabilize the spinel structure. The
electrochemical performance of LiNi;;Mn;,0, has
been shown to depend critically on its structure and
morphology [2-4]. There are two spinel cubic
modifications that can be differentiated on the basis
of the way of Ni/Mn distribution in octahedral
spinel sites [5-7]: disordered spinel with a Fd-3m
space group and 1:3 ordered spinel with P4;32
space group. Recently we have demonstrated that
the Ni/Mn distribution has an impact on the lithium
intercalation properties of LiNi;»Mn;,0,, while the
particle size distribution affects their rate capability
and interactions with electrolytes [8].

In this contribution we extend our studies on the
relations between particle size distribution and
electrochemistry of both structural modification of
LiNi;,Mn;,0,. For the preparation of disordered
and ordered spinels, we applied an acetate-oxalate
precursor method, which is based on the interaction
of metal acetates with oxalic acid at room

* To whom all correspondence should be sent:
E-mail: svetlana@svr.igic.bas.bg

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria

temperature. The modification of the particle size
distribution is carried out by acid treatment. The
probable Li'-H" exchange reaction is studied by
thermogravimetric and differential thermal analysis
(TG and DTA). Powder XRD, IR spectroscopy and
TEM analysis are employed for the structural and
morphological characterization of the spinel
compositions. The electrochemical performance of
pristine and acid treated LiNi;,Mn3,Q0y, is evaluated
in model lithium cells using a galvanostatic mode.

EXPERIMENTAL

Pristine LiNi;»Mn;3,04 spinels are prepared by
the acetate-oxalate precursor method. The details
are given elsewhere [8]. Spinel compositions were
annealed at 400, 600 and 800 °C for 10 h. Acid
treatment of the spinels was achieved by processing
of 1.5 g of LiNi; ,Mn;,04 at room temperature with
100 ml 0.1 M HNO;j for 4 hours. The solid residues
were then dried at 40 °C under vacuum. Further on,
the pristine spinels will be denoted as LNM-400,
LNM-600, LNM-800 (where 400, 600 and 800
correspond to the annealing temperature), while
acid treated counterparts with A-LNM-400, A-
LNM-600 and A-LNM-800, respectively.

The X-ray structural analysis was made by
Bruker Advance D8 powder diffractometer with
CuKa-radiation. The scan range was 15< 26 <120
with a step increment of 0.02°. The IR spectra were
recorded on a Fourier transform Nicolet Avatar-320
instrument using KBr pellets (resolution < 2 cm™).
The thermal analysis of the acid treated
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compositions is carried out by a combined
LABSYS™ Evo DTA/TG system of the
SETARAM Company, France. The samples are
investigated at a heating rate of 10 °C/min in O,
flow (20 ml/min). The TEM investigations were
performed on a TEM JEOL 2100 instrument at an
accelerating  voltage of 200 kV. The
electrochemical charge-discharge of LiNi;,Mn;,0,4
was carried out by using a two-electrode cells of the
type L1|L1PF6 (EC:DMC)|LiNi1/2Mn3/204. The
positive electrode, supported onto an aluminium
foil, was a mixture containing 80% of the active
composition LiNi;»,Mn;,04, 7.5% KS 6L graphite
(TIMCAL), 7.5% Super C65 (TIMCAL) and 5%
polyvinylidene fluoride (PVDF). The electrolyte
was an 1M LiPF¢ solution in ethylene carbonate
and dimethyl carbonate (1:1 by volume) with less
than 20 ppm of water. The electrochemical
reactions were carried out using an eight-channel
Arbin BT 2000 system in galvanostatic mode. The
cell is cycled between 4.95 and 3.5 V at C/20, C/10,
C/5 and C/1 rates.

RESULTS AND DISCUSSION

In accordance with our previous studies [8], the
acetate-oxalate precursor method yields at 400 °C
the disordered modification of LiNij»Mnz,0s,
while between 600 and 800 °C an ordered
modification is stabilized.

Acid treatment of spinels takes place with
preservation of the spinel structure. For
LiNi;»Mn;,0, obtained at 800 °C the lattice
parameters remain the same, while for the low-
temperature spinels they are slightly lower: 8.1851,
8.1700 and 8.1580 A for LNM-400, LNM-600,
LNM-800 respectively and 8.1665, 8.1587 and
8.1562 A for the acid treated LNM-400, A-LNM-
600 and A-LNM-800.

In order to distinguish clearly between the two
cubic modifications of LiNi;»Mn3,04 with Fd-3m
and P4332 space groups, the IR spectroscopy is
applied (Fig. 1). The IR spectrum of the low-
temperature modification consists of two typical
spinel modes at 500 and 610 cm™, while the high-
temperature modification display a splitting of the
IR spectra into several components, indicating the
reduction of the symmetry due to the Ni**/Mn*"
ordering. It is noticeable that the IR spectra display
the same features for the pristine and acid treated
spinels. The changes in the IR profile demonstrate
clearly that LNM-400 and A-LNM-400 adopt a
disordered spinel structure, while the 1:3 ordered
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spinel structure is stabilized for LNM- 600 and
LNM-800 and acid treated A-LNM-600 A-LNM-
800. Thus, IR spectroscopy reveals that the
Ni**/Mn*" cationic distribution is preserved after
acid treatment.

487
463 e57 621 b

21 a
§24

~ Absorbance, a. u. Absorbance, a. u. Absorbance, a. u.

=
=)

500 600 700 800
v, cm™’

Fig. 1. XRD patterns of pristine LiNi;,Mn;,04 annealed
at 400 °C and 800 °C: LNM-400 (a), LNM-800 (b) and
acid treated spinel oxides A-LNM-400 (a") and A-LNM-
800 (b"). The asterisks denote the most intensive
diffraction peaks due to the impurities of NiO phase.

The next question is related with a possible
exchange of Li' with protons from the acidic
solution. This reaction usually proceeds during acid
treatment of lithium transition metal oxides [9]. To
check for possible H'/Li" exchange reactions, TG
experiments were undertaken. TG analysis shows
that the acid treated spinels release H,O after
heating up to 250 °C, the H,O amount being 1.50,
0.47 and 0.12 wt.% for A-LNM 400, A-LNM-600
and A-LNM-800, respectively. Comparison shows
that the H'/Li" exchange reaction proceeds easily
for the disordered spinels. It is noticeable that
LNM-800 is most stable against acid treatment.
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An important parameter that changes after acid
treatment is the particle size distribution (Fig. 2).
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Fig. 2. Particle size distribution of acid treated
LiNil/zMn3/204 A-LNM-400 (a), A-LNM-600 (b), A-
LNM-800 (c).

The low-temperature disordered modification
consists of well-crystallized particles with
nanometric dimensions and a close particle size
distribution: more than 50% of the particles are
between 10 and 20 nm for LNM-400 (Fig. 2). Acid
treatment of LNM-400 leads to a broadening of the
particle size distribution due to preferential
dissolution of the smallest particles (Figs. 2). For
the pristine spinels obtained at 600 and 800 °C, the
ordered modification is obtained in the form of
nanometric and submicronmetric particles: at 600
°C, the particles are distributed predominantly
between 15 and 30 nm, while at 800 °C there is a
particle growth, resulting in formation of thick
particles with dimensions of 150 - 300 nm. The
acid treatment of nano- and submicronmetric
ordered spinels proceeds in a different way: the

particle size distribution becomes broader for A-
LNM-600, while a three-modal particle size
distribution curve with maxima at 18, 88 and 275
nm is obtained for A-LNM-600 (Fig. 2).
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Fig. 3. First derivative of the capacity —voltage curves
(right) of LNM-400, LNM-600, LNM-800 (red lines)
and the acid treated counterparts A-LNM-400, A-LNM-
600 and A-LNM-800 (black lines). Figures a, b, ¢ are
related to the annealing temperature: 400, 600, 800 °C
respectively.

Figure 3 compares the first charge-discharge
curves for pristine and acid treated spinels. The
figure gives the capacity-voltage curves as first
derivatives. All curves show intensive peaks of
oxidation and reduction in the high voltage region
of 4.7 V due to Ni**/Ni** couples. In addition, low-
intensive peaks in the 4.0 -V region, which
originate from the Mn’"/Mn*" couple, are also
distinguished. Both oxidation and reduction peaks
are split, this splitting being dependent on the
Ni,Mn cationic distribution. In the 4.7 V-region, the
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peak splitting decreases when going from
disordered to ordered composition: 80 mV versus
40 mV, respectively. In the 4.0 V region, the peak
splitting seems to increase for the spinels having an
ordered Ni/Mn distribution: from 140 mV to 210
mV, respectively. It is of importance that both
reactions at 4.0 and 4.7 V are reversible. The
insensitivity of the peak positions on the particle
size distribution indicates that Ni,Mn cation
distribution is the main factor controlling the
electrochemical reaction. This result is in a good
agreement with the data established by several
research groups [2]. The new finding is the
preservation of the charge-discharge profile of the
spinels after acid treatment (Fig. 3). This is an
another proof that acid treatment does not attack the
NiMn distribution on the spinel sites. The acid
treatment of the spinels has a significant impact on
the capacity and its stability during cycling (Fig. 4).

130 F
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Fig. 4. Cycling stability curves at different rates for
LNM-400, LNM-600, LNM-800 and the acid treated
spinels A-LNM-400, A-LNM-600 and A-LNM-800.

The first charge capacity increases for both
disordered and ordered spinels, while the first
discharge capacity displays a complex dependence:
there is a decrease in the discharge capacity for
nanometric A-LNM-400 and A-LNM-600 spinels,
while A-LNM-800 spinel that encompass both
nano- and  submicronmetric  particles s
characterized with an increased discharge capacity
(Fig. 4). As a result, the first irreversible capacity is
significant for A-LNM-400 and A-LNM-600, while
the irreversibility is limited for A-LNM-800.

The next cycles reduce the irreversibility and the
columbic efficiency reaches of 98-99%. A
characteristic feature of all acid treated spinels is
their good cycling stability during cycling (Fig. 4).
The best electrochemical performance is observed
for the acid treated spinel having ordered type
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structure and three modal particle distributions.
This spinel provides also good rate capability: by
increasing the rate from C/20 to C/1, discharge
capacity decreases only from 120 mAh g' to 95
mAh g

CONCLUSION

Acid treatment is an effective way to modify the
particle size distribution of LiNigsMn;sO,4 spinels
without changing the Ni,Mn distribution over the
octahedral spinel sites. When nanometric
LiNiysMn,; 504 spinels with ordered and disordered
structure are treated with acid, the particle size
distributions are broadened. The submicronmetric
particles are broken during acid treatment, as a
result of which the particle size distribution
becomes complex comprising both nano- and
submicronmetric particles. The mechanism of acid
treatment is associated with partial spinel
dissolution. The side reaction of exchange of Li"
with H™ proceeds more easily for the disordered
spinel modification, while the ordered modification
is most stable.

After acid treatment, both disordered and
ordered spinels display good cycling stability. The
best electrochemical performance in terms of
capacity, cycling stability and rate capability is
achieved for the ordered spinel LiNijsMn;sO4
having a  combination of nano- and
submicronmetric particles.

In general, an enhancement of the
electrochemical performance of high-voltage
LiNigsMn,; sO4 can be achieved by acid treatment of
the spinel with submicronmetric particles. This
approach can be applied to other Mn*"-containing
lithium transition metal oxides in order to improve
their electrochemical performance.
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INOAOBPABAHE HA EJIEKTPOXUMWYHUTE XAPAKTEPUCTUKHM HA LINI;,MN3,0, YPE3
TPETUPAHE C KUCEJIMHA

Cs. BaHoBa, E. Keuena, P. CrosHOBa

Huemumym no obwa u neopeanuuna xumust, Boreapcka axademus na naykume,
oyn. Axao. I'. Bonues, 6ok 11, Cogpus 1113

Ilocrbnuna Ha 17 okromBpu 2013 r.; kopurupasa Ha 25 HoemBpy, 2013 r.

(Pesrome)

Bce mno-mmpokara ynorpeba Ha JMTHEBO-WOHHM OaTepuy Haiara pa3paboTBaHeTO Ha Oarepuu C IO-BHUCOKA
IUIBTHOCT Ha EHEPIusiTa M Ha MOIIIHOCTTA, KOUTO J1a ca 0€30IacHH 3a OKOJIHATa Cpella, C BUCOKA IIBTHOCT Ha EHEeprusTa
u Hucka neHa. LiNij,Mn;z,O4 MINHHETICH OKCUI € OT TEXHOJOTHUCH M HM3CJICIOBATEICKH HMHTEPEC KaTO CJICKTPOJICH
MaTepHal 3a JMTHEBO-HOHHU Oarepuy, Thil KaTo JMTHH ce MHTEepKajhpa oOpaTuMO INpH BHCOK noteHuman (4.7 V),
KOETO CIIocoOCTBa 3a BHCOKa IUTBTHOCT Ha eHeprusita (658 Wh/kg), crabuieH e n uma n00pH €IeKTPOXUMHYHU
XapaKTepUCTUKHU. PasnpenenieHneTo Ha HUKEJIOBUTE U MaHTaHOBUTE HOHU B OKTaCAPUYHWUTE MO3UIMN OKa3Ba BIHSHHE
BBPXY CBOMCTBaTa Ha JINTHEBO-HUKEIOBO-MAaHTaHOBHSI LINMUHEN. B Ta3u craTus ca nmokasanu epeKTUTE OT TPETHPAHE Ha
LiNi; p)Mn;,0, ¢ KucenmnHa 4Ype3 TpIUIaraHeTo Ha JUQPPAKIUOHHH M CHEKTPOCKOIICKM METONH. TpeThpaHeTo Ha
HoApeaieH CyOMHKpOpa3MepeH LIMMHENeH OKCUJI ¢ KUCeIMHA MOIU(UIMpa pa3npeneIeHHeTo Ha YacTUIUTE [0 pa3Mep
0e3 a HacThIIBA NPOMSHA B PA3NpPENCICHUETO HA KATHOHUTE B OKTACAPUYHHUTE IIMHHEIHH Mo3uuud. CHHEPrHIHUAT
epeKT MeXAy HaHO- M MHKPOPa3MEPHH YacTHUIM OKa3Ba BIMAHHE BBPXY CTAaOWIHOCTTa Ha KamanuTeTa Ha
LiNi;,Mn;,0, mimuHe npu MHOIOKPATHO ITUKJIAPAHE.
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The lifetime of the excited charge carriers in Cr-doped Bi;,TiO,y (BTO) crystals is characterized by measuring the
optical density changes after nanosecond pulse excitation. It is found that the Cr-addition in the BTO crystal structure
significantly increases the relaxation decay time, which is attributed to the increased densities of trapping centers. The
observed relaxation dynamics follows a double-exponential behavior, assigned to the two long-lived intermediate levels

in BTO:Cr crystal structure.

Keywords: doped BTO crystal, light-induced absorption, charge carriers, trapping centers

INTRODUCTION

Sillenite crystals Bi;;M(M=Si,Ge,T1)O,j are well
known as excellent photoconductors and due to
their remarkable high photosensitivity and charge
carrier mobility these belong among the fastest
photorefractive materials for real-time image
processing and related dynamic purposes [1-3].
Sillenite crystals found applications in real-time
holography, coherent light amplification, optical
phase conjugation, optical information processing,
optical metrology, etc. Doping with transition metal
ions is well known approach to enhance the
response time and photosensitivity of sillenites,
especially at near infrared spectral range [4-6]. For
example, Ru addition in BSO structure leads to
significant improvement of the response time at
1064nm and the beam-coupling enhancement,
which opens further opportunities for the
development of near infrared sensitive devices for
bio-medical diagnostic and real-time image
processing [7]. Furthermore, by using green light
pre-exposure significant improvement of the
operation speed has been achieved [7].

Recently, sillenites become very attractive
media for combination with liquid crystals or
functional molecules into so called hybrid
organic/inorganic cells (light valves) for non-linear
optic and photonic applications, especially at near
infrared [8-10]. In such kind of devices (optically
addressed spatial light modulators) the detail

characterizations of the photogenerated charge
carriers dynamic processes in photoconductive
substrate (as doped BTO, BSO) are essentially
important. In that aspect, the light-induced
absorption spectroscopy is a valuable technique to
study defect levels and to characterize the transport
properties of the excited charge carriers.

In the present work, we report relaxation
dynamics in Cr-doped BTO induced by nanosecond
pulse excitation by measuring the time evolution of
the photoinduced absorption.

EXPERIMENTAL DETAILS

Cr-doped BTO crystals were grown by Top
Seeded Solution Growth Method [11]. Chromium
was introduced into the melt solution as Cr,Oz and
it's concentration of 6 x10"™ ¢cm™ in the grown
crystals was determined by Atomic Absorption
Spectroscopy.

An optically polished plate (thickness of 0.5
mm) was prepared for the absorption measurements.
The absorption spectra were measured in the visible
range using a Varian Cary 5 UV spectrophotometer
after thermal annealing at 350°C for 2 hours.

For the relaxation dynamics study we used
pump-probe technique (Flash Photolysis instrument
LP 920). The time scale length covered from the
first fraction of ns (after photoexcitation) to the
several hundred seconds. The sample was irradiated
with single shot pulses from a frequency doubled
Q-switched Nd:YAG laser (A=532 nm, pulse
duration 6 ns). A weak monochromatic probe beam

* To whom all correspondence should be sent:
E-mail: vmarinova@iomt.bas.bg
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(600 nm) transmitted through the sample was used
to measure the absorption changes, detected by a
photomultiplier and recorded by a high bandwidth
digital storage oscilloscope. For the long-time
scanning (up to several hundred seconds) a halogen
lamp was used as a probe light. Alternatively, a
xenon lamp operating in a pulsed mode was used
for a short time scanning (ranges below 1 ms). The
sample was placed in a holder allowing near anti-
collinear geometry with an angle of 5° between the
pump and probe beam. At least 10 shots
measurements are always averaged in order to
improve the signal to noise ratio. Also, we wait few
minutes interval between each two shots, which is
considering enough for complete the relaxation
process.

For the temperature dependent measurements,
the sample was fixed in a helium flow cryostat with
a temperature-controlled holder. The temperature
was measured with a Pt-100 thermocouple,
mounted just above the sample with an accuracy of
* 1K.

The monitored light-induced absorption data are
presented as change in the optical density OD

OD =-log,, T =log,,({,/I) 6]

which is related to the change in transmittance 7, or
alternatively in the relative transmitted light
intensity through the sample / to incident light
intensity /.

RESULTS AND DISCUSSIONS

Figure 1 shows the absorption spectrum of Cr-
doped BTO compared with the non-doped BTO. At
it seen, the main absorption edge is shifted from
~400 nm to the 500 nm range. The long wavelength
tail together with the three characteristic peaks

3— . . .

N

optical absorption
P

400 500 600 700 800
wavelength (nm)

Fig.1. Optical absorption spectrum of Cr-doped BTO
compared to the non-doped BTO crystal.

around 700-800 nm are typical for Cr addition into
BTO structure and assigned to the strong absorption
by Cr-related defects [4].

The temporal evolution of the dark decay of the
light-induced absorption at different time scales
(from sub-microseconds to several hundred sec
range) after pulse intensity of 8 MW/cm? hits the
sample is presented at Fig. 2 (a,b). At the beginning
of the process (after the laser shot hits the sample)
the signal is constant (Fig. 2a) following with long
lasting component of the decay process (Fig.2b). As
it seen, the relaxation process of Cr-doped BTO
crystal takes very long time and 500 s time scale
interval is not enough to detect the full relaxation
process at room temperature. The complete
relaxation of the excited charge is achieved when
the sample was heated at 160°C. Further, we will
focus on the tail of the decay process (at longer
time range) and its temperature dependence which
are supposed to reveal relevant information about
the charge carrier’s dynamics.
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Fig. 2. Time evolution of the light-induced OD change
of Cr-doped BTO after laser pulse of 532 nm hits the
sample: from the beginning of the process until 500 s

time scale.
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It was found that in a longer time scale (Fig.2b)
the OD decay is well fitted by a sum of two
exponential functions:

s

OD(t)=0D, exp[— tJ +0D, exp[— tj ()
Ty T

where “f” and “s” correspond to a faster and a
slower component of the decay, OD; and OD,
denote their amplitudes, 7z and 7; are their time
constants, respectively. We calculate a relatively
fast component with a time constant within 10s (at
room temperature) and a slower one with a long
lived level ~10° s. After heating the sample in the
cryostat (Fig.3), the complete relaxation happens
with slow decay of 7, =253 s at 160 °C.

1.0 : : : . -
‘ BTO:Cr

o
[
1

O
o

OD change, a.u.
o
n

O
[N

0.0

0 160 260 360 400 500
time (s)

Fig. 3. Normalized OD change measured at room
temperature and at 160°C. The symbols refer to the
measured results, the straight lines results from the curve

fitting.

The detected two time constants of Cr-doped
BTO can be attributed to the existence of two
different  types of traps centers. The
photoconductivity in sillenites is assumed as n-type,
therefore the light-induced absorption is associated
with the filling of initially empty shallow traps with
the electrons released by the action of light. The
measured significant slow decay gives evidence for
exceptionally high concentration of Cr- related
defects acting as acceptor centers with high
trapping efficiency for the photoexcited electrons.
Ru-addition in BSO structure also caused longer
relaxation time (z7=3.2s and 7, =20s) in comparison
with non-doped BSO (where the decay occurs
within few ms), however the relaxation process in
BSO:Ru happens in much shorter time interval than
in BTO:Cr [12]. The long relaxation indicates that
Cr-related traps are located rather deeper in the
energy gap of BTO:Cr crystal in comparison with
Ru-related trap levels in BSO structure.
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Light-induced absorption with a double-
exponential decay on time scales ranging from
seconds to even days was already observed in
various sillenite crystals [5]. For example, the
above presented results are in good agreement with
the recently published photo-induced absorption
data in BTO crystals, irradiated with a high
intensity pulse laser of 532 nm [13]. The observed
relaxation dynamics follows a double-exponential
behavior, which the authors explained with two
very long-lived (about 10* s to 10° s) intermediate
levels located in the forbidden band of BTO.

Earlier, the photocurrent decay in non-doped
sillenites after short pulse illumination has been
studied at RT and decay curves with multiple time
constants were reported. For example, the authors
in [14] announced about the dark decay processes
which consists of a rapid initial decay (ascribed to
the filling of shallow traps below the CB) followed
by a slower “coasting” decay (associated with the
recombination of charges to the deep traps). Also,
Okamoto et al. [15] reported the existence of
several kinds of shallow acceptor levels during
thermally stimulated current measurements and
proposed two shallow acceptor levels to explain the
transient response up to a few ms.

We suppose that in Cr-doped BTO the excited
charge carriers are not directly trapped by deep
centers, but they are captured and re-excited
numerous times by shallow levels before they
finally recombine with the deep centers.

CONCLUSION

A photo-induced absorption study of the
dynamics of charge carriers generated by
nanosecond pulse laser excitation in Cr-doped BTO
is reported. Cr-addition significantly slows down
recombination kinetics, which is attributed to the
increased densities of the relevant trapping centers.
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PEJIAKCALIMS HA CBETJIMHHO- UHJIYILIMPAHATA ABCOPBIMS B KPUCTAJIU OT BI,,TIO,
JIOTUPAHU C Cr

Bepa Mapunosa', Etuen I'yaeprir’
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ITocrbnuna Ha 17 okromBpu 2013 r.; kopurupasa Ha 25 HoemBpy, 2013 r.

(Pestome)

OmnpeneneHo € BpeMeTo Ha XMBOT Ha BB30yAeHHUTE 3apsiioHocuTeny B kpuctanu ot Bij, TiOyy (BTO) notupanu ¢ Cr
ype3 MpociesBaHe Ha IMPOMEHHUTE B CBETIMHHATa abcopOuus Hpu o0JbYBaHE ¢ HAHOCEKYH[IHM JIA3€PHU UMITYIICH.
YcraHoBeHO € ue BciencTBUe BKItouBaHeto Ha Cr B kpucranHara crpykrypa Ha BTO Bpemero Ha 3aTMXBaHe Ha
penakcanusTa HapacTBa 3HAUYUTEIHO, KOETO I0Ka3Ba yBEJIMYCHA ILTBTHOCT Ha yJoBKHTe. HaOmonaBanata quHaAMHKa
Ha pelakcalusTa clie[Ba IBOHHO ESKCIOHCHLHMAJIECH XapaKTep, KOETO Ce CBBbP3Ba C HANMYHMETO HA IBE MEKIUHHH
SHEPrUTHYHH HHBA C MPOIBDKHTEIIHO BpEeMe Ha XKHMBOT B KpucTaiiHaTa cTpykrypa Ha BTO: Cr.
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Strontium borate glasses SrB4O; doped with Sm ions are prepared by conventional melting-quenching method. The
effect of y-ray irradiation on the glass samples is studied by measuring the absorption spectra and the
photoluminescence. It is found that the vy -ray irradiation caused partial reduction of Sm** to Sm*" at room temperature.
Borate framework is supposed to be responsible for the Sm** to Sm** transition.

Keywords: Sm’" doped SrB,O; glass, y-ray radiation, photoluminescence, room temperature dosimeters

INTRODUCTION

Strontium borate glasses SrB4O; due to their
simple preparation, low cost, high transparency,
easy shaping and long term stability found
applications in many optoelectronic devices, as
solid state laser materials (owing to their persistent
spectral hole burning), non-linear parametric
converters and broadband optical fiber amplifiers
[1-3]. Furthermore, the absorbance of borate
glasses is very close to that of human tissue, thus
makes them very attractive for radiation dosimetry
applications, based on their luminescent properties
[4]. In that aspect, the search for new dosimieric
materials is still constant to meet up the medical
and environmental needs.

Strontium borate SrB4O; glass is well known as
a suitable host material to accommodate divalent
lanthanide ions (Eu*", Sm*", Yb*") on the Sr*' site.
Therefore, when doped with rare earth (RE) ions
strontium borate matrix become very attractive for
radiation dosimetry due to the RE’" to RE*
transition [1]. When doped with Samarium, which
is generally stable at its trivalent state, Sm’" must
be reduced to Sm®" and keep it stabilized. The well
known and effective method to transfer Sm’" to
Sm*" is by heating the sample under reduction
atmosphere in H, stream [5]. Although this method
is very effective, it requires a rather complicated

* To whom all correspondence should be sent:
E-mail: vmarinova@iomt.bas.bg ; veramarinova@nctu.edu.tw

gas flow system that is difficult to perform
practically. Another reduction method is to irradiate
the glass sample with femto-second laser pulses [6]
or with high energy radiation (y-irradiation [7], B-
irradiation [8] or x-ray irradiation [9]). For a first
time Pei at al [1] reported that three valent RE*"
jons were successfully reduced to RE*" ions in
SrB;O; host without reduction atmosphere. Since
then an intense attention has been paid on the
incorporation of RE*" jons in strontium borate
matrices towards different practical applications.

In the present work synthesis of Sm®" doped
SrB4O; glasses with two different concentrations is
reported. The absorption and photoluminescence
spectra before and after y-irradiation are recorded
and analyzed. In addition, the refractive index
values are measured at the visible spectral range.

EXPERIMENTAL DETAILS

Two glasses compositions were prepared by
mixture of SrO, B,O; and Sm,0;, by varying the
ratio of the starting materials. A conventional
melting- quenching method was used to prepare the
samples. For the first composition we added 7 %
Sm,0; in a mixture of SrO and B,O;. For the
second one the Sm,0; content was increased to
10%, varying the SrO to B,0; ratio in the mixture.
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Table 1. Chemical composition (in weight %) and sample code.

Chemical composition (in weight %)

Sample code

N —

28% SrO + 65% B203 + 7% Sm203
40% SrO + 50% B203 + 10% Sm203

0.28S5r0-0.65B0O-0.07Sm

0.4Sr0-0.5BO-0.1Sm

The nominal glasses compositions by weight % are
given in Table 1.

Further, the obtained glasses were annealed at
400°C for 48h for thermal and structural stability
enhancement. Samples of 1mm thickness were cut
and polished to optical quality. To study the effect
of y-irradiation, the samples were irradiated with
%Co isotope with the dose rate of 0.1mGy.s"'. The
optical absorption spectra of the initial state
(denoted hereinafter as non-irradiated) and the state
after y-ray irradiation (denoted as y-ray irradiated)
were measured at room temperature in the spectral
range 200-1800nm using Shimadzu
spectrophotometer.  Photoluminescence  spectra
were measured with a monochromator equipped

with PMT (Hamamatsu) detector at room

T

4
(8) 0.285r0-0.65B0-0.07Sm

—— no imadiation

""" y-Tay iradiation

absorbance

0 . A 7 . .
300 400 500 600 700 800
wavelength (nm)

1 1 1 1
1000 1200 1400 1600

temperature. The laser excitation at 405 nm was
used. In addition, the refractive indices of
synthesized glass compositions were measured by
polarizer-sample-analyzer ellipsometry at the
visible spectral range [10].

RESULTS AND DISCUSSIONS

Figure 1(a,b) shows the absorbance spectra of
both glass compositions at wavelengths from
300nm to 1700nm. As it seen, y-ray irradiation
induced significant absorbance in 0.28SrO-0.65BO-
0.07Sm  sample, with  several intensive

characteristic peaks at the ultraviolet and infrared
spectral range.

(b) 04Sr00.5B0-0.1Sm
————— noimadiation

— y+ay imadiation 13

absorbance

30 400 500 600 700 80 1000 1200 1400 1600
wavelength (nm)

Fig. 1. Absorbance spectra of (a) 0.28Sr0-0.65B0-0.07Sm and (b) 0.4SrO-0.5BO-0.1Sm glass.
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Fig. 2. PL (a.u) spectra of Sm-doped glass compositions before and after y-ray irradiation at room temperature.

Furthermore, two very intensive absorption peaks
around 400 nm and 1200nm are detected, which

could be considered for further application of the
above glass composition as narrow band cut off
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filters. At the same time, there is almost no obvious
absorbance change in  0.4SrO-0.5BO-0.1Sm
composition.

Photoluminescent (PL) spectra at room
temperature of both compositions before and after
y-ray irradiation are presented at Fig.2 (a,b). The
emission lines in the range from 680nm to 720nm
correspond to the Dy-'F; (J=0,1,2,3,) transitions of
the Sm®" ions [11,12]. Evidently, the y -ray
irradiation caused Sm®" reduction to Sm*" in the
host glass matrix. The effect is stronger in the case
of 0.28SrO-0.65B0O-0.07Sm composition, leading
to more intensive peak of Sm*" around 700 nm and
diminishing the intensity of Sm’" luminescence
between 550-600 nm.

Generally, the excitation and emission of rare-
earth doped glasses are due to the transitions from
the 4f" electronic states of RE’" ions (RE’"
electronic configuration of 4f"5s5p®), which are
highly sensitive to the symmetry, structure and
phonon energy of the host matrix. During the
irradiation, free electrons and holes are created and
some electrons can be trapped by Sm’" ions,
leading to the formation of Sm*" ions, while holes
can be trapped by other defects. In SrB,O; glass
matrix_all of the boron atoms are tetrahedrally
coordinated with oxygen atoms and form a three-
dimensional borate network [13]. Therefore, the
basic structure of SrB4O; can be expressed as
SrO.nB203 (with different n values, different anion
units are linked together, forming different
networks —thus the number of triangularly
coordinated boron atoms (BO;) per tetrahedral
coordinated boron atoms (BO4) is equal to n-1
[3,13]). As a result the divalent ions in SrB,O; are
completely surrounded by the tetraherdral BiO,4 and
therefore are hardly expected to be attacked by
oxygen. From another side, since the ionic radii of
Sm*" (1.32A) is very similar to those of Sr**
(1.31A), with the same valence state, some Sr** can
be replaced by Sm®" without expecting serious
distortion in the structure. Therefore, the two main
anion units: BO; and BO, are expected to play
significant role for the Sm®" reduction. These two
units are supposed as the basis of the infrared
spectra as well [14]. The above statement is well
confirmed by the photoluminescence results
presented at Fig.2 (a). The increasing the B,Oj; ratio
in a glass composition, the Sm*" to Sm*‘reduction
is more efficient.

In addition, the refractive index measurements
using polarizer-sample-analyzer ellipsometry were
performed at 632.8nm, 594.1nm, 543.5nm and
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473nm. The refractive indices for different
compositions shown in Fig. 3 were calculated by
using the formula [10]:

Ty S
P (1)

n, = n, tan@]l- 17

where n; is the refractive index of the ambient air,
and 6; is the incident angle for measurements and p
is an ellipsometric parameter, defined by the ratio
of r, to 7, (denoted as reflection coefficients in the
parallel (p) and perpendicular (s) planes to the
incident plane, respectively. As it seen, there is a
difference in refractive index values for both
compositions.

18 A 0.28Sr0-0.65B0-0.07Sm

o 0.4Sr0-0.5B0O-0.1Sm
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Fig. 3. Refractive index values measurements using
polarizer-sample-analyzer ellipsometry. The standard
deviation is = 0.001.

Although at the first trial there is a partial
reduction of Sm®" to Sm®" transitions, further
adjustment of Sm concentration and B,O; ratio are
necessary for dozimetry requirement applications at
room temperatures.

CONCLUSIONS

Sm doped SrB,O; glasses have been synthesized
by conventional melt quenching method. The
performed luminescence measurements verified
that Sm®" ions can be partially reduced to Sm** by
y-ray irradiation at room temperature. The y -
irradiation doze can be estimated from the
luminescence peaks intensity change. The effect is
stronger in 0.28SrO-0.65B0O-0.07Sm composition
with less Sm concentration, but with larger B,O3
content. In addition, the above composition
displays shows potential ability for narrow band
filter application both at ultraviolet and infrared
spectral range.



Marinova et al.: y-ray induced effects in Sm-doped Strontium Borate glasses

Acknowledgments: This work has been done
through bilateral collaboration project supported
by National Science Council (NSC), Taiwan and
Bulgarian Academy of Science under the contract
#NSC99-2911-1-009-008. Glass compositions were
obtained at the Crystal Growth Laboratory,
Institute of Solid State Physics, Sofia.

REFERENCES

1. Z.Pei, Q. Su and J. Zhang, J Alloys Compd., 198,
51-53 (1993).

2. P. Mikhail & J. Hulliger, Inorg. Chem., 21, 263-
283, (1999).

3. S. Park, K. Jang, I. Kim, Y. I. Lee and H. J. Seo,
J. Phys. Soc. Japan, 75, 054709 (2006).

4. 8. S. Rojas, K. Yukimitu, A. S. S. de Camargo, L.
A. O. Nunes, A. C. Hernandes, J . Non-Cryst.
Solids, 352, 3608-3612 (2006).

5. Z. Chao and C. Shi, Sci. China (Ser. B) 9, 904
(1992).

6.

7.

10.

11.

12.

13.

14.

J. Qui, K. Miura, T. Suzuki, T. Mitsuyu and K.
Hirao, Appl. Phys. Lett., 74, 10 (1999).

E. Malchukova, B. Boizot, D. Ghaleb and G.
Petite, Nucl. Instrum. Methods Phys. Res. A, 537,
411 (2005).

E. Malchukova, B. Boizot, G. Petite and D.
Ghaleb, J. Non-Cryst. Solids, 353, 2397 (2007).
M. Nogami and K. Suzuki, Adv. Mater., 14, 923
(2002).

Y. F. Chao, W.C. Lee, C. S. Hung and J. J. Lin, J.
Phys. D, 31,1968 (1998).

M. Santiago,C. Grasseli, E. Caselli, M. Lester, A.
Lavat, F. Spano, Phys Status Solidi (a), 285
(2001).

E. M. Yoshimura, C. N. Santos, A. Ibanez and A.
C. Hernandes, Opt. Mater., 31, 795-799 (2009).

S. Park, K. Jang, S. Kim, I. Kim and H. J. Seo, J.
Phys. Cond. Matter., 18, 1267 (2006).

Q. Zeng, Z. Pei, S. Wang and Q. Su, J. Mat . Sci
Technol., 15, 449-452 (1999).

E®EKTU OT TAMMA-OBJIBUBAHE B Sm -JIETUIPAHU CTPOHLIMEBO BOPATHU CTBKJIA

B. Mapurosa'?, B. Tomos® C. U. Uyanr?, V. C. JIux*, C. X. JIur*, V. ®. Yao®,
B. C. Yoy", M. Tocnoguros’ and K. V. Xcy?

"Hnemumym 3a onmuunu mamepuanu u mexnonozuu, Y. Axao. I'. Bonues 109, Copus, Bvneapus
? enapmmenm no pomonuxa, Hayuonanen Yao Tyne Yuusepcumem, Taiigan
 Unemumym no gusuxa na mevpdomo mano, Byn. Lapuepadcko woce 72, Cogusi, Bvieapus
! Ilenapmmenm no exexmpogusuxa, Hayuonanen Yao T ‘yHe Yuueepcumem, Tatisan

ITocrbnuna Ha 17 oktomBpu 2013 r.; kopurupasa Ha 25 HoemBpy, 2013 .

(Pesrome)

Crpina ot crpoHnmeB 6opat SrB,O; nmermpanu ¢bc Sm ca HMOJTYYEHH 1O KOHBEHIMOHATHHUAT METOJ Ha TOIIEHE-
3akansBaHe. Epekra Ha 0O6IpUBaHE C Y—ITHYM € M3CICIABAH Ype3 U3MEPBaHE HA aOCOPOIMOHHUTE CIIEKTPH U CIIEKTPHUTE
Ha (OTOTYMUHECIICHIHS. Y CTAHOBEHO €, Ye 0OTBYBAHETO C Y—ITBYH BOJH J0 BaJICHTCH MPEXO Ha Sm*" keM Sm?*" Honn
npu craitHa temrneparypa. [Ipeamnonara ce, ue OopaTHUTE BPH3KU Ca OTTOBOPHHU 3 TO3H BHUJL IIPEXOIH.

225



Bulgarian Chemical Communications, Volume 45, Special Issue B (pp. 226-228) 2013

Crystals growth of topological insulators in Biy(Se,Te.4); system

D. Dimitrov **, V. Marinova ®, V. Tomov °, P. Rafailov °, M. Gospodinov "

¢ Institute of Optical Materials and Technologies, Sofia 1113, Bulgaria
b Institute of Solid State Physics, Sofia 1723, Bulgaria

Received October 17, 2013; Revised November 25, 2013

Topological insulator single crystals of Bi,(Se Te;,); and doped Bi,Se; are prepared by modified Bridgman
technique. The crystals are with high quality as confirmed by XRD and Raman spectroscopy measurements. These new
materials are of great importance for the research on devices and technologies based on topological insulator properties.

Keywords: topological insulators, Bi,Ses, single crystals

INTRODUCTION

Topological insulators (TIs) have generated a
great interest in the fields of condensed matter
physics, chemistry and materials science. The
topological insulator is an insulator in the bulk,
while it conducts on the surface like a metal.
Topological insulators occur as two-dimensional
(2D) — also called quantum spin Hall state — and
three-dimensional (3D) versions. They have a full
energy gap in the bulk, but host topologically
protected gapless edge (2D) or surface (3D) states.

The first TIs was predicted in 2006 and
experimentally realized in 2007 in HgTe quantum
wells. Shortly later, three well-known binary
chalcogenides, Bi,Se;, Bi,Te; and Sb,Te;, were
predicted and observed to be TIs with a large bulk
gap and a metallic surface state consisting of a
single Dirac cone. The discovery of these
topological materials opened up the exciting field
of topological insulators. Extensive experimental
and theoretical efforts are devoted to synthesizing
and optimizing samples, characterizing the
topological states, transport measurements, device
fabrications, and searching for new material
candidates [1].

The most promising 3D system is currently
Bi,Se;, which is known to have a large bandgap and
a single surface Dirac cone [2]. Bi,Ses;, Bi,Te; and
Sb,Te; have rhombohedral crystal structures [3]
and the surface Brillouin zone of the (001) surface
is hexagonal. The combination of spin polarization
and extreme robustness of the surface states on the
TIs makes these materials promising for practical

* To whom all correspondence should be sent:
E-mail: ddimitrov@iomt.bas.bg

device applications. However, in order to achieve
conduction from the surface states alone the
chemical potential needs to be placed inside the
bulk band gap, something which requires careful
control of the amount of bulk defects in these
materials. In reality, this has proven difficult in the
stoichiometric Bi,Se; due to a large number of Se
vacancies which render the materials n-doped,
placing the Fermi-level in the conduction band [4].
The surface state transport accessing in as-grown
Bi,Se; remains challenging. There are several
possible strategies [5] to reduce the bulk
conduction: reducing the thickness of the crystal;
adding more Se during growth to reduce Se
vacancies; growing mixed crystals with large bulk
resistivity (low bulk carrier density) ; growing
crystals with compensating dopants (e.g., Sb or Ca)
to reduce bulk doping. Employing one or more of
such strategies is considering important to prepare
TI materials for transport studies and device
applications of TI surface states.

In this paper growth and characterization of
Biy(SexTe;«); mixed crystals and Bi,Se; crystals
doped with Ca, Cu and Mn are reported.

EXPERIMENTAL DETAILS

Single crystals of 3D topological insulators in
the system Biy(Se Te|x);, where x= (0.5; 0.75; 1) as
well as crystals in the Bi,Se;-based system doped
with Ca, Cu, Co and Mn are grown by a modified
Bridgman technique.The starting materials with
high purity as follows Bi -99.999%, Se - 99.999%,
Te 99.9999%, Cu (99.99 %),Ca (99.99 %),
Co(99.99 %) and Mn (99.99%) are mixed
according to the desired compositions of
Biy(SesTe;); or doped BiSe; and placed in

226 © 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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encapsulated quartz ampoules with diameter 10
mm-50 mm.. The possible reaction between Ca and
quartz during the crystal growth of doped Bi,Se; is
prevented by covering the inside surface of the
quartz ampoule with pyrolytic graphite. The
Biy(SesTe x); crystals are grown with a speed of
withdrawing of quartz ampoule of 0.2mm/h, after
being heated to 800 C and kept at a constant
temperature. The ampoule rotation speed was 25
rot/min. Doped Bi,Se; crystals were grown by
melting the stoichiometric mixtures at 850°C
overnight in sealed evacuated quartz tubes. The
crystal growth took place via slow cooling from
850°C to 620°C and then quenching in cold water.

The polarized Raman spectra were measured
from (100) cubic surfaces with a triple T64000
spectrometer equipped with microscope. The
crystal structure characterization of as-grown
topological insulators was performed by X-ray
single crystal analyses. The data are collected at
room temperature on SuperNova (Oxford
Diffraction) diffractometer with Mo radiation (A =
0.071073 nm).

RESULTS AND DISCUSSION

High-quality Biy(Se Te;);, and Bi,Se; doped
with Co, Mn, Ca (shown in Fig.1a) and Cu (shown
in Fig.1b) single crystals were synthesized by
modified Bridgman technique. Bi,Se; is a direct
band gap semiconductor. Compared to other
topological insulator compounds it has a relatively
large (300 meV) bulk band gap and the Dirac point
lies well above the valence band maximum. The
crystal structure is solved by direct methods using

Fig. 1. Bi,Se; doped with Ca (a) and Cu (b) crystals.

SHELXS-97 and refined by the full matrix least-
squares procedure on F2 with SHELXL-97. The
crystal is rhombohedral and can be presented as
stacks of quintuple Se-Bi-Se-Bi-Se layers where the
Bi and Se order hexagonally. The quintuple layers
are bonded together with weak van der Waals force.
Due to the weak Van der Waals bonds the crystal

cleaves easily. Figure 2 shows an example of
cleaved Bi,Se; crystals. The prepared crystals are in
single phase as confirmed by XRD patterns shown
in Figure 3 for some representative crystal samples.
The lattice constant as determined from the powder
X-ray diffraction measurements ( not shown) are as
follows: Bi,Se; (a = 4.137 A and ¢ = 28.679 A);
Bizsez_25Tegi75 (a = b:4211A and ¢ = 29.331 A),
Cu-doped Bi,Se; (a=4.136 A and ¢ = 28.626 A);
Mn-doped Bi,Se; (a=4.106 A and ¢ = 28.563 A).

Fig. 2. Cleaved Bi,Se; single crystal.

Poptan [Thes] fopen (D)

Fig. 3. X-ray diffraction (XRD) pattern of Bi,Tes,
BiSeTe and Cu- doped Bi,Se; crystals.

A2

Bi,(Se,,Te, ),
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100 150 200 250 300 350
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Fig. 4. Raman spectroscopy spectra.

The lattice structure of the prepared single
crystals was further investigated by Raman
spectroscopy. Some representative Raman spectra
are shown in Fig.4. The spectra obtained with 633
nm, 515 nm, 488 nm, or 458 nm excitation were
observed to be practically the same. Raman peaks
for the characteristic lattice vibration modes A1g2
and E,” are detected.
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It is known that Bi,Se,Te 1is stable, bulk
topological insulator suitable for studying massive
Dirac Fermions, with a (111) cleavage-surface
derived Dirac point isolated in the bulk band gap at
the Fermi energy, with a spin texture alterable by
layer chemistry [6]. The potential use of these new
materials as a 3D — topological insulator device
requires control over the bulk resistivity, therefore
the development of high-quality materials is of
utmost importance.

CONCLUSIONS

Crystals of 3D topological insulators: -
Biy(SesTej«x); and Cu, Ca, Co and Mn —doped
Bi,Se; were grown by modified Bridgman method.
They were characterized by X-ray diffraction and
Raman spectroscopy. The frequencies of the
vibrational modes in the different samples were
compared and their shifts depending on the changes
in stoichiometry and composition as well as the
lattice parameter analyzed. Both single-mode and
two-mode behavior are observed in the mixed
crystals. In view of the recently discovered

topological-insulator states in these compounds,
studies of the variation of their mechanical and
electronic properties with composition and the
doping concentration are highly important for their
future applications.
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(Pe3rome)

MOHOKpHCTAITHU TONOJIOTHYHH H301aTopu OT Biy(Se,Te); u notupan BiySe; ca monydyeHu ¢ MOTUpHUIIEPAH METOT
Ha bpummkwmen. [lomydeHuTe KpHUCTamy ca ¢ BUCOKO KadeCTBO KOETO € MOTBBPICHO C M3CIEIABAHMS 10 METOIUTE Ha
peHTreHoBaTa mudpaknus u PamaHoBa cnekTpockomus. Te3n HOBH MOHOKPHCTAIHH MaTepHalld ca OT CHIIECTBEHO
3HAYCHUE 32 W3CJIEIBAHETO U pa3pabOTBaHETO Ha HOBU TEXHOJIOTHH W YCTPOWCTBA OCHOBABAIK CE HA TOMOJOTHYHHUTE

CBOMCTBA.
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Silicon nanostructures are attractive for optics and optoelectronics application to provide more efficient light
absorption. Most common processes for formation of silicon surface nanostructures are rather expensive and require
high temperatures, high vacuum and hazardous precursors. The silver nanoparticles assisted electroless etching process
is a simple and cheap method for preparation of nanostructured silicon surfaces. The silver nanoparticles are deposited
in-situ by electroless deposition from non- HF (Hydrofluoric acid) containing solution of activated persulfate. Silicon is
selectively etched in HF based solutions with the help of silver nanoparticles. Both the etch process and the deposition
of silver particles are studied. The experimental observations are used to get more insight into the etching mechanism.

Keywords: silver nanoparticles, activated persulfate, silicon, wet-chemical etching

INTRODUCTION

Recently, [1-7] new methods for a nano-scale
isotropic texturing of silicon surface based on metal
particles (Au, Ag, Pt) catalyzed wet chemical
etching have been developed. These methods are
using an electroless process for texturing and
therefore, are suitable for mass fabrication of nano
structures on the silicon surface. A metal-assisted
electroless etching using Na,S,0s as an oxidizing
agent in a HF containing aqueous solution was
proposed [8, 9] to form a porous silicon surface
layer on a highly resistive p-type single crystalline
silicon. A thin layer of Ag or Pd was deposited onto
the Si surface before the immersion in the
HF/Na,S,05 solution. This technique was further
modified [10] to fabricate silicon nanowires on
silicon in aqueous HF/(AgNO;+ Na,S,0s) solution.
The targeted application of these techniques was
the photoluminescence enhancement [11].

In this paper, the development of rapid surface
nanotexturing technique consisting on two-stage
wet chemical process, which is suitable for all types
of crystalline silicon substrates and surface
morphologies, is presented. The nanotexturing
technique includes an electroless treatment in
aqueous solution of silver ions activated sodium
(potassium) persulfate for local oxidation/ reaction
on the silicon wafer surface following by
oxidation/reaction products etching in an aqueous
solution of HF and H,0,.

* To whom all correspondence should be sent:
E-mail: ddimitrov@iomt.bas.bg

Persulfates (especially Na,S,05 and K,S,0s) are
strong oxidants that have been widely used in many

industries. The standard oxidation — reduction
potential for the reaction:
S,0¢7% + 2H" + 2¢” — 2HSO, (1)

is 2.12 V, as compared to 1.8 V for hydrogen
peroxide (H,O,), which is widely used in the
electroless etching of silicon. In addition to direct
oxidation, sodium persulfate can be induced to
form sulfate radicals. The sulfate radical is one of
the strongest aqueous oxidizing species with a
redox potential estimated to be 2.6 V, similar to that
of the hydroxyl radical, 2.7 V. In addition to its
oxidizing strength, persulfate and sulfate radical
oxidation have several advantages over the other
oxidant systems. First, they are kinetically fast
(when appropriately activated). Second, the sulfate
radical is more stable than the hydroxyl radical.

Reactions involving persulfates (persulfate ions)
usually are slow at ordinary temperatures. There
are, however, several well-developed methods [12]
to activate/ catalyze the persulfates such as
transition metal ions presence, heat, or hydrogen
peroxide addition, for instance. In the transition
metal (metal ion) activation, the following reaction
is performed through the metal salt initiation (for
example, readily water-soluble silver salt — AgNO,)

and persulfate [13]:
Ag'+8,0.2— Ag"+80,"+80,” )
Ag™" is a highly reactive transition ion while
S04 and SO 4_ - sulfate radical are known as

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 229
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powerful oxidants. All these species are capable to
interact with the silicon surfaces causing local
oxidation/ surface reactions, the exact mechanisms
and the reaction products being still not clear [14].

EXPERIMENTAL DETAILS

Multi-crystalline as well as single crystalline
(100) p —type silicon wafers with resistivity of 0.5-2
Q.cm and 0.5-3 Q.cm respectively were used as
substrates. All samples were first cleaned using the
standard procedures. The saw damage (SD) of
multi-crystalline (mc-Si) wafers was removed by
treatment in an isotropic etching/texturing solution
(HCL: HF: HNO, = 11:2:7 at 10 °C) or by polishing
etching in NaOH (50%): H,O = 1:1, for 3 min at
80 °C. Single-crystal silicon (c-Si) wafers were
textured with random pyramids using the standard
KOH/IPA etching method. For a nanotexture
preparation on the wafer surfaces the samples, after

SD removal, were first immersed in mixed Na S O,

(K,S,0,) / AgNO, aqueous solution for electroless

selective  oxidation/reaction. The electroless
solution was prepared as follows: an aqueous
solution of silver nitrate in dilute nitric acid was
first prepared then solid sodium/ potassium
persulfate powder was added to the liquid. When
this is done, the liquid becomes lightly brown. The
brown color is presumably due to silver (III) ions.
In acidic media, persulfate is capable of oxidizing
silver (I) ions to silver (III) ions according to the
following reaction [15].

Ag +S,05" > Ag’ +2S04” (3)
Ag+ Agh— 2Ag" 4)

Silver (III) ions are not very stable. This liquid
slowly loses its color and releases oxygen. A black
precipitate of silver (I) silver (III) oxide was
formed. The solution was finally filtered and then
ready for use.

After the electroless treatment, an etching in
H O, HO, (35%) and HF (40%) solution was
performed. Different concentration ratios of the
electroless and the etching solutions as well as
different immersion/ etching times (ranging usually
from 5 to 20 min for electroless treatment and from
1 to 10 min for etching) were used. The
nanotexturization was performed at room
temperature (RT) and under ambient light. The
porous silicon layer formed especially after longer
etching was removed of some wafers in diluted
KOH solution. Finally, both wafer cleaning and
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metal  ions/particles removals were done
consequently, in concentrated HNO, (at RT) and

standard HPM (HCI: H,O,: H,O = 1:1:5; at 80°C
for 20 min) solutions.

The total reflectance of the texturized wafers
was measured with a Hitachi U-3010
spectrophotometer equipped with an integrating
sphere, in the wavelength range 300-900 nm. The
wafers surface morphology was studied by using
Scanning Electron Microscopy (SEM) and
Scanning Force Microscopy (SPM) techniques. For
SEM (JEOL JSM-6500F) and SPM measurements

2
square pieces of 20 x 20 mm size were prepared
using laser cutting.

RESULTS AND DISCUSSION

The surface of silicon after an electroless
treatment in Na,S O, (SPS)/ AgNO, (AN) solution

was loaded with particles as shown in Fig. 1. The
size and the shape of the particles depend on the
immersion time. On the silicon surfaces treated for
20 min (Fig.1a) in above mentioned solution
randomly distributed isolated nearly spherical
particles are obtained. Most of the particles were of
several tens of nanometers although the observed
size distribution was broad probably due to
particles aggregation up to um dimensions. Silver
and in some larger particles oxygen were detected
by EDX (Energy Dispersive X-ray spectrometry)
analyses (Fig.1b). The same analyses of the
surfaces not covered with particles show mainly
silicon and small quantity of oxygen. It could be
supposed that the particles are probably silver metal
nanoparticles or/and silver oxide particles. The
surface of the silicon is also covered (at least
partially in selected areas) with an oxide layer. The
surface changed from hydrophobic initially (after a
HF dip) to hydrophilic after the above electroless
treatment.

Since no porous layer was formed neither
hydrogen evolution was observed during the
electroless immersion treatment we suppose that
the reactions between Si and the strong oxidant
containing SPS/AN solution, (whose most reactive
species are sulfate radicals and Ag”" ions, see eq. 2)
lead to oxidation of silicon and silver
nanoparticles/silver oxide particles deposition.

The SO,” radical anion is an extremely strong
electron acceptor. It extracts an electron from the
VB (valence band) of silicon, this is equivalent to a
hole injection into the VB
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Fig. 1. Silver nanoparticles deposited onto silicon
surface plan-view SEM image, scale bar — 1um (a). EDX
analyses (b) of a silver nanoparticle.

SO, — SO, + h'ys (%)

Therefore, after the electroless treatment of the
silicon surfaces in SPS/AN solution the surfaces
became oxidized with randomly distributed silver
oxide particles and metal Ag nanoparticles.

Silicon = wafer  surfaces etching  for
nanotexturization was performed in a HF/H,0,/H,O
solution.  After an initial short period
(approximately 60- 90sec) in the etching solution
gas (H,) release was observed and the silicon
surface became visible darker. The initial period is
most probably necessary for the silicon
oxide/reaction products dissolution.

Ag" reduces onto the Si wafer surface by
injecting holes into the Si valence band and
oxidizing the surrounding lattice. The Ag nuclei
adhered to the silicon surface possess higher
electronegativity than Si and, therefore, strongly
attract electrons from Si to become negatively
charged. These Ag nuclei have strong catalytic
activity and could provide an appropriate surface
for the reduction of Ag ions. The Ag”" and Ag" ions
on the silicon surface get electrons from Ag nuclei
to be deposited around them, rather than on bare
silicon. In this way, the Ag nuclei grow into larger
particle (see Fig.1 b) as more Ag ions are deposited
[15].

Ag’+e— Ag' (6)
Ag +e > Ag (7)

Then the reaction proceeds as a localized
microscopic electrochemical process consisting of

H,0, reduction at the silver particles sites and
dissolution of silicon into H,SiFs at the wafer
surface described by the following overall chemical
process [15]:

Si+ 6HF + n/2H202 —> HZSIFG +nH,0 + [(4-
n)/2]H, (3)

Fig. 2. Plan-view SEM images (tilted 45°).
Morphologies of the silicon surfaces: multicrystalline
silicon after SDR (a); multicrystalline silicon after silver
nanoparticles-assisted etching (b) and cross-sectional
SEM of silver nanoparticles-assisted etched
multicrystalline silicon surface (c), Scale bars — 1um.

Fig. 2 (a,b) shows SEM surface morphology
images of a mc-Si wafer after acidic SDR and after
nanotexturization with SPS/ AN electroless
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treatment and etching in H O: H O,: HF = 10:5:1
solution. In comparison to the SDR surface rather
uniform texture with smooth surface features
possessing lateral size less than 500 nm was
observed in the nanotextured wafers. The reflection
suppression obtained after the nanotexture
formation on silicon wafers according to the present
method can be understood further from the
morphology of the etched surface as revealed by
SPM measurements (SII/SPI 3 800N, Seiko
Instrument). The micrograph on Fig.3 shows
densely packed hillocks with relatively rounded
shape. The etching time in H,O: H,O,: HF = 10:5:1
solution was 6 min. Usually the reflectivity
decreases with the RMS (root mean square) surface
roughness and the aspect ratio (depth to the lateral
size ratio) values. P-V (peak-to- valley, maximum
height difference) represents the difference between
the highest point and the lowest point of a
designated surface. In all samples, these dimensions
are of several hundreds of nanometer scale — i.e. the
surface is nanotextured. Some of the parameters
relevant for the texture estimation of me-Si samples
prepared by electroless immersion in SPS 0.1M:
AN 0.1M solution with volume ratio 10:1 and 20:1
respectively are listed as follows: RMS 47nm -57
nm; P-V 321nm -383 nm; aspect ratio 1.86-2.07. It
is obvious that all the measured parameters (RMS,
P-V and the aspect ratio) increased for the silicon
surfaces treated with higher SPS content electroless
solution. The estimated etching rate increases from
approximately 53nm/min to 64 nm/min as the
sodium persulfate concentration in the electroless
solution increases.

A porous layer on the surface of the mc-Si
wafer, pre-textured with an alkaline solution for
SDR, was formed after nanotexturization using 10
min SPS/AN electroless immersion and 2 min
etching in H,O: H,O,: HF = 10:5:2 solutions as
seen in Fig.4a. The surface morphology represents
crystalline facets of approximately 1 um size. The
porous layer was completely etched back after a
treatment in diluted KOH solution (Fig.4 b).

Fig. 5 shows the total reflectance spectra of c-Si
(pyramids pre-textured) surface as well as the c-Si
surface after nanotexturization using an electroless

selective  oxidation  treatment in K S O,
(PPS)/AgNO, (AN) solution in a volume ratio of
20:1 for 6 minutes and etching in H O: H O: HF =

10:5:1 solution for 6 minutes.  After the
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Fig. 4. SEM plan view images of alkaline pre-etched Si
surface after nanotexturization (a) and after the surface
porous layer removal (b), Scale bars — 1um.
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Fig. 5. Reflectance spectra of c-Si wafers after
standard pyramids etching and after an additional
nanotexturization.

Fig. 6. SEM plan-view image of silicon micro/nano
surface structure, scale bar — 10 pm (a) and cross-
sectional image (b), scale bar-1 um.

nanotexturization the reflectance decreased to less
than 5% in the whole measured wavelengths
interval from 300 nm to 900 nm. It is obvious that
the nanotexturization method according to the
present research is equally effective on both mc-Si
and c-Si substrates as well as on macrotextured
(rough) and polished surfaces (not shown).
Especially interesting from the  practical

applications point of view is the possibility to
prepare two scales texture [16], i.e. nanotexture on
top of a macrotexture as in the case of pyramids
pre-textured sc-Si as shown in Fig. 6 (a, b). In these
hierarchically  textured  surfaces  additional
functionality as superhydrophobicity could be
achieved.

CONCLUSIONS

A simple wet chemical method for nano-scale
texturization of silicon surface is proposed. The
method applied on mc-Si as well as c-Si resulted in
significant reflectance suppression in a broad
spectral range. The method is applicable for various
of silicon surface morphologies and combined
micro/nano hierarchical structured surfaces are
easily prepared allowing additional surface
functionality. The method is further potentially
applicable for surface structuring of other
semiconductor materials.
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EIIBAHE HA CUJIMIIMEBU IIOBBPXHOCTU C IIOMOIITA HA CPEBFbPHU HAHOYACTULIU

Humutsp 3. Jumutpos

HUnemumym 3a Onmuunu Mamepuanu u Texnonoeuu, Cogus 1113, Bvreapus

Hocrprnuna Ha 17 oktomBpu 2013 r.; Kopurupana Ha 25 HoemBpH, 2013 .

(Pe3rome)

HanocTpykTypupaHeTo Ha CUIMLMEBU MOBBPXHOCTH € OT CBIIECTBEHO 3HAUEHHE 33 MPUJIOKEHUS B ONTHKATa U
OIITOCJIEKTPOHHKATA C LIEJI OCUTYpsiBaHE Ha 1o e)eKTHBHA abcopOuys Ha cBeTaMHATa. [loBeUeTo OT M3BECTHHUTE Jlocera
METOJM 32 MOJy4YaBaHE Ha HAHOCTPYKTYPU BBPXY IMOBBPXHOCTTA Ha CHJIMIWN Ca CPAaBHUTETHO CKBIHM M HM3MCKBAT
BHCOKH TEMIIEPATypH, BaKyyM H OIACHH 3a 3IPaBETO XUMHKaIH. MeTomsT 3a OE3TOKOBO €IBaHE C IOMOINTa Ha
CpeObpHM HAHOYACTHIIM € JIOKA3aHO MO-JIECEH 3a MPAKTUYECKO HM3IBJIHEHHWE W C 10 HUCKH (DMHAHCOBH Pa3XOJu.
CpeOBppHUTE HAHOYACTHIIN Ca OTIIOKECHH HEMOCPECBEHO BHPXY MOBBPXHOCTTA HA CHUIMIHS Ype3 TPETUPAHE B pa3TBOP
Ha aKTHBHpPaAH nepcyindat, KOHTo He chabpxa (piyopoBogopoana kucenuHa. CHIMIUS € elBaH CEJICKTHBHO CIIe/l TOBA B
pa3TBoOp Ha (IIyOpOBOJOPOJHA KHCEIWHA U BOJOPOJEH IPEKHUC C IMOMOILNTAa HA OTJIOKEHUTE CPeObPHU HAHOYACTHILIM.
MexaHn3bMa Ha OTJIaraHe Ha cCpeObpHUTE HAHOYACTUIM KAKTO M Ha €IIBAHETO Ha CHIIUIIMS Ca M3CJICIBaHH.
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