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Preface
Dear reader,

This special issue of the “Bulgarian Chemical Communications” comprises most of
the studies, presented at the Scientific Session on “Advanced Materials and
Technologies”, that was held in Sofia on October 10-11, 2016.

The Scientific Session was organized by the Institute for Optical Materials and
Technologies “Acad. Jordan Malinowski” at the Bulgarian Academy of Sciences.
The program involved invited lectures and poster presentations in three contemporary
scientific directions in material science: optical characterization and monitoring of
processes; materials for biomedical and environmental applications; thin films and
multilayer systems for applications in photonics, optoelectronics and sensor
technique. The testimony for the vivid interest this event provoked was the really high
response rate materializing into more than 60 participants. The presentation of the
invited distinguished lecturers in the above key research fields along with the
participation of prominent Bulgarian scientists, working together with colleagues
from leading international Institutes was highly appreciated by all present. The
significant attendance of young scientists and PhD students indisputably added to the
attractiveness of the session. Moreover, the continuous face-to-face communication
during the session days provided valuable opportunities to the attendees to share
knowledge and exchange experience, to network actively and confer on the latest
developments in the fields of research and technologies in the corresponding areas of
interest, that in fact was session’s core mission. 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 round.

Wishing you an exciting and beneficial experience,

Guest editors of the special issue:
S. Kitova
J. Dikova
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The present investigation deals with the sol-gel synthesis and optical characterization of gels in the binary TiO, —
TeO, system. Titanium butoxide and telluric (VI) acid (H¢TeOg) were used as main precursors for preparation of the
rich in TiO, (above 35 mol %) compositions. The heat treated up to 300°C gels are predominantly amorphous and
contain small amount of metallic tellurium. Several crystalline phases TiTe;O0g, TeO,, TiO, (anatase) and TiO, (rutile)
simultaneously exist above this temperature. Two maxima about 230 — 250 nm and 290 — 330 nm related to the isolated
TiO, units and condensed TiOg groups, respectively were observed in the UV — Vis spectra. The heating of all samples
above 500°C led to an increase of the UV absorption peak at 330 nm (instead of that at 230 nm) which is related to the
greater condensation processes. In comparison to the pure Ti butoxide gel, a red shifting of the absorption edge for
samples containing up to 50 mol % TeO, was observed, while composition containing higher TeO, amount (above 50

mol %) exhibited blue shifting.

Keywords: sol-gel, telluric (V1) acid, crystallization

INTRODUCTION

In the past decade much attention has been paid
on the binary TiO, - TeO, system. From one side,
TiO,-based materials have always been of primary
research interest for the materials chemists driven
by the unique properties of TiO, and its ability to
create  high surface area structures for
photocatalysis and sensing [1]. On the other side,
the binary TiO,-TeO, system is of special interest,
as it has been shown that TiO, inhibits structural
changes of the Te polyhedra and maintains a
continuous amorphous network [2, 3]. It was found
that the addition of TiO, increases the thermal
stability of TeO,-based glasses by replacing Te-O-
Te linkages by more rigid Te-O-Ti ones [4].
However, it was established that the Ti*" as an
additive is the most influential ion for improving
the optical properties of TeO, among all transition
metal ions due to effect of its d orbital [5]. The
pioneer’s investigations with reference to sol-gel
obtaining of TiO,/TeO, thin films started by Weng
and Hodgson [6]. In their earlier research the sol —

* To whom all correspondence should be sent:
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gel technique was applied as an alternative of the
melt quenching method for synthesis of TeO, based
thin films but the uncontrolled hydrolysis of
tellurium isopropoxide was found as a problem.
That question was widely discussed in several
papers [4, 7 - 13]. Most of the authors reported that
during the heat treatment of TeO, thin films highly
dispersed metallic tellurium is present up to 340°C
[7 - 9, 14]. The a-TeO, occurred when the heat
treatment temperature was further increased.
Addition of TiO, retard the crystallization of a-
TeO, but promote the formation of other TiO, or
TiTe;0g phases [9, 15]. Recently, similar results in
that system have been described in several papers
[13, 16, 17]. Up to now, dense and transparent thin
films were obtained by these methods in the TiO,-
TeO, system containing 10 mol % TiO, and in a
more complex TiO,— TeO,— PbO system [18, 19].
The Ti0,/TeO, glasses, rich in TeO, (> 70 mol
%) have been obtained by sol-gel techniques [10,
17] and the optical properties of the obtained
materials were also verified. Melt quenched glasses
in the TiO, - TeO, system were obtained in a
narrow concentration range above 75 % TeO, [2,
20, 21]. Generally, it is difficult to be prepared
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glasses rich in TiO, by conventional melt —
quenching route due to its high melting temperature
(1843°C). We have chosen the sol — gel method as
an alternative one for obtaining of rich in TiO,
amorphous materials. Our earlier investigations in
that binary system started with the phase
transformations and photocatalytical properties of
sol — gel derived TiO,/TeO, powders containing
from 70 to 90 mol % TiO, [13, 15]. Data on optical
characterization of sol — gel derived TiO,/TeO,
powders containing higher TiO, content were not
found in the literature that motivates our present
study.

The purpose of this paper is to synthesize rich in
titania TiO,/TeO, powders applying a sol — gel
technique and to characterize optically the prepared
samples as well as to verify the morphology of the
obtained products.

EXPERIMENTAL
Samples preparation

Various samples containing different TiO,
content (above 40 mol %) were prepared and some
of them were selected for detailed phase and optical
investigations: ~ 80Ti0,.20TeO, (sample A),
50Ti0,.50TeO, (sample B), 40Ti0,.60TeO,
(sample C). In order to overcome the problem with
high hydrolysis rate of tellurium (VI) alkoxides we
used Te(VI) acid (Aldrich) [6, 22, 23] in
combination with Ti butoxide (Fluka AG) and
ethylene glycol (C,H4O,) (99% Aldrich). Solutions
(A and B) were prepared via dissolving of the
precursors in ethylene glycol by means of vigorous
magnetic stirring. Thus, transparent gels were
obtained. For comparison, pure TiO, gel was
obtained from Ti butoxide without addition of
water or ethylene glycol (EG) and it is denoted as
TBT. The as — prepared gels were subjected to
heating at ~ 150°C and subsequently to calcination
in the temperature range 200-700°C. The stepwise
heating of the samples from 200 to 700°C for one
hour exposure time in air was performed, until
obtaining powders. The calcination temperature
was selected on the basis of our previous
investigations [13, 15]. The pH during the
experiments was measured to be about 7.

Samples characterization

Powder XRD patterns were registered at room
temperature with a Bruker D8 Advance
diffractometer using Cu-K, radiation. It has to be
noted that the XRD patterns obtained below 200°C
are complicated due to the presence of organic

complexes and they are not discussed. The
morphology of the samples was examined by
scanning electron microscopy (SEM) using a JEOL
JSM 6390 electron microscope (Japan), equipped
with ultrahigh resolution scanning system (ASID-
3D). The accelerating voltage was 20kV, 1~65 pA.
Transmission  Electron = Microscopy (TEM)
investigations were performed on a JEOL JEM
2100 instrument (Japan) at an accelerating voltage
of 200 kV. The specimens were prepared by
grinding and dispersing them in ethanol by
ultrasonic treatment for 6 mins. The suspensions
were dripped on standard carbon/Cu grids. The
measurements of lattice fringe spacings recorded in
HRTEM micrographs were made using digital
image analysis of real space parameters. The
analysis was carried out by the Digital Micrograph
software. Additional support for the existence of all
participated elements in the investigated samples
was performed by X-ray energy dispersive
spectrometry (XEDS) elemental mapping studies.
The optical absorption spectra of the powdered
samples in the wavelength range 200 — 800 nm
were recorded by a UV-VIS diffused reflectance
Spectrophotometer "Evolution 300" using a
magnesium oxide reflectance standard as the
baseline. The absorption edge and the optical band
gap were determined following Dharma et al.
instructions [24]. The bandgap energies (E,) of the
samples were calculated by the Planck’s equation:
_hc 1240

) A

where E, is the bandgap energy (eV), 4 is the
Planck’s constant, c¢ is the light velocity (m/s), and
A is the wavelength (nm).

E

RESULTS AND DISCUSSION
X —ray diffraction

Transparent and monolithic gels were obtained
and the gel formation region determined at room
temperature is situated between 35 - 100 mol %
TiO, and up to 65 mol % TeO,. According to the
X-ray diffraction patterns heat treated gels up to
300°C consist of amorphous part and metallic
tellurium only (JCPDS 78-2312) (Fig. 1, samples
A, B, C). The residual organic component plays an
important role in promoting the formation of
tellurium [12]. According to Wei et al. [12] the
samples heated at 300°C with preheated treatment
at 200°C in O, showed great decrease in the
metallic tellurium content and clearer amorphous
phase in the XRD pattern. Looking at our results, at
400°C only tellurium was found in the XRD pattern
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for sample A (80Ti0,.20TeQ,), while for samples
B and C containing higher TeO, content (50, 60
mol %) partially oxidation of tellurium to
paratellurite (a-TeO,, JCPDS 42-1365) was
registered. Further increasing of the temperature
(500°C) led to fully oxidation of tellurium to TeO,
and at this temperature it exists simultaneously with
TiO, (anatase) (JCPDS 78-2486) and crystalline
TiTe;O3 phase (JCPDS 50-0250). At higher
temperatures (600, 700°C) all these phase coexist in
the prepared composite materials (Fig. 1a). The The
TiO, (anatase) to TiO, (rutile) (JCPDS 21-1276)

80Ti0, 2070,
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transformation is observed at 700°C for all samples.
Irrespective of using different precursor (Te"' acid)
in our experiments, the observed phase
transformations are in good accordance with those
obtained by other teams [7, 9, 14, 17]. For
comparison, the XRD patterns of Ti butoxide gel,
showed that it is amorphous up to 300°C and the
first TiO, (anatase) crystals appeared at 400°C (Fig.
1b). The addition of TeO, (samples A, B, C) to Ti
butoxide preserved the amorphous titania up to
400°C and first TiO, (anatase) crystals appeared at
500°C.
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Fig. 1. XRD patterns of the: (a) investigated samples A (80Ti0,.20TeO,), B (50Ti0,.50TeO,) and C (40Ti0O,.60TeO,)
and (b) pure Ti butoxide (TBT).

Electron microscopy

Sample C (40TiO,.60TeO,) heat treated at
400°C was subjected to SEM observations with
microprobe analysis (Fig. 2). The sample
morphology revealed shapeless agglomerates with a
size around 50 - 100 pm, that are probably a result
of the crashing of the monolithic gels during the
drying process. The microprobe analysis was
performed in different points of the sample surface
and the obtained data are summarized in Table 1.
As it is seen there are aggregates with composition
corresponding to TeO, (spectrum 1), other pieces
with composition equivalent to the initial one

(spectrum 2) and regions with segregated Ti on the
surface (spectrum 3).

The HRTEM images performed in different
parts of sample C heat treated at 400°C confirmed
the inhomogeneous nature of the sample at unit cell
level (Fig. 3a). The SAED data exhibited presence
of tetragonal TeO, (SG P4,2,2) with the lattice
parameters a = 4.810 A and ¢ = 7.612 A (Fig. 3b).
This implies that the crystal is viewed along the
[122] zone axis. The composition map via STEM-
XEDS analysis was carried out to examine the
distribution of elements in the composite sample.
The results of mapping studies (Fig. 4) portray the
coexistence of Ti, O, Te and C elements and their
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homogeneous distribution. The TEM images of
another part of the sample rich in carbon are shown
in Fig. 5. Several pods fill up with smooth and
spherical particles are observed with size between
20 nm to 2 um. Elemental mapping studies in this
part of the composite illustrate mainly existence of
carbon and oxygen (Fig. 6).

Table 1. Electron probe microanalysis (EPMA)
performed in different points on the surface of sample C

Microprobe analysis (at %)
4OTi02.60TeO2 (mol %)
Elements initial composition, 400°C
at % sp.1 |sp. 2sp. 3
Ti 13 - 11 | 23
Te 20 33 22 | 10
O] 67 67 67 | 67

Fig. 2. SEM images of sample C (40Ti0,.60Te0,) heat
treated at 400°C.

TeO, (tellurite) - tetragonal
SG P4,2;2
a= 4810A
c=7612A

Fig. 3 (a, b). (a) Bright field TEM micrographs of
sample C heat treated at 400°C and (b) SAED pattern of
TeO, (paratellurite) particle from sample C, oriented
along [122] direction.

C ka1 2 Te Lal

h | (a) .

Fig. 4 (a,b,c,d,e). (a) Integral XEDS-STEM composition
map of sample C heat treated at 400°C; (b) composition

map of C; (c) composition map of Te; (d) composition
map of O; (e) composition map of Ti.

Fig. 5 (a,b,c). Bright field TEM micrographs from
carbon rich areas of sample C heat treated at 400°C.

Fig. 6. (a,b,c,d,e). (a) Integral XEDS-STEM composition
map from carbon rich area of sample C heat treated at
400°C; (b) composition map of Te; (c) composition map
of Ti; (d) composition map of C; (e) composition
map of O.

UV — Vis DRS characterization

The diffuse reflectance spectroscopy (DRS) studies
were executed in order to determine the absorption
edge (cut - off) as well as to calculate the band gap
energy (E,) of the binary and pure TBT gels (aged
at room temperature) as well as of the heat treated
at 600°C samples (Fig. 7a, b; Table 2). Generally,
for the heated samples (200 - 400°C) these optical
characteristics could not be determined because of
the high absorption above 400 nm caused by the
presence of carbon. Such absorption is illustrated
by the UV — Vis spectra of pure TBT (Fig. 7c¢).
The UV — Vis spectra of the investigated binary
gels were compared to those of pure Ti butoxide gel
(TBT). All spectra of the gels (samples A, B, C and
TBT) are characterized with good transparency in
the visible region. Useful structural information on
the coordination number of Ti atoms was
additionally obtained by UV—Vis spectroscopy. The
appearance of two absorption bands below and
above 300 nm, could be related to the charge
transfer of electrons from O to Ti. The main
building units in the unhydrolyzed Ti butoxide are
isolated TiO, groups with absorption band in the
region 240-260 nm. These groups change their
coordination geometry to TiOg (300 — 330 nm) as a
result of the polymerization processes (Ti—O-Ti
links between TiOg units) [25, 26]. The UV — Vis
spectra of as-prepared binary gels showed more
intensive absorption peak about 300 - 310 nm that
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could be associated with greater degree of
hydrolysis and condensation processes (samples A,
B) in comparison to pure TBT. It is also evident
that TeO, increased the absorption in the UV region
(samples A, B, C).
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Fig. 7. UV-Vis DRS of samples: (2) gels, (b) heat treated
at 600°C powders and (c) pure Ti butoxide.

It is clearly observed that the gel (sample A)
containing lowest TeO, content (20 mol %) showed
shifting of the absorption edge towards a longer
wavelength (red shift) (~ 403 nm) compared to pure
TBT gel (~ 390 nm). The highest TeO, content (60
mol %, sample C) led to shifting of the absorption
edge towards a lower wavelength (blue shift) in
respect to TBT gel (sample C, ~ 381 nm, Table 2).
It is well known that Eg depends on many factors:
generally, disordered systems cause blue shift;
increasing the covalency of the bonds and the
degree of polymerisation shift the absorption to the
visible range [27]. Obviously, the binary gel
80Ti0,.20TeO, with more completed polymeri-
zation processes exhibited red shifting of the

absorption edge, while the gel 40TiO,.60TeO, with
uncompleted polymerization showed blue shifting.

Table 2. Investigated binary gels, observed cut-off and
calculated optical band gap values (Eg).

Compositions, mol % as prepared gels (ZSOC)
Eq, eV cut-off, nm
TiO2 (Ti (IV) n-butoxide) 3.18 389.71
80Ti02.20TeO2 3.08 402.86
50TiOZ.5OTeO2 3.39 365.55
40Ti02.60TeO2 3.25 381.58

The UV-Vis spectra of the investigated samples
(A, B and C) heat treated at 600°C possessing two —
edge absorption (Fig. 7b) that could be related to
the simultaneous existence of different crystalline
phases [TiTe;0s, TeO, and TiO, (anatase)] (Fig. 1)
and probably the absorption curves contain the
contributions from each of the components. Similar
explanations are made by other authors [28]. It was
also stated [28] that in such cases the dominant is
the influence of the compound with smaller E,.

CONCLUSIONS

By the new combination of organic and
inorganic precursors a simple route for obtaining of
complex homogeneous gels in the TiO, — TeO,
system is offered. The crystallization process
started about 400°C and above this temperature sol
— gel derived composite powders containing TiO,
(anatase), a-TeO, (paratellurite) and TiTe;Og were
obtained depending on composition. By UV — Vis
spectroscopy was established that the gels are
characterized with good transparency in the visible
region. It is also found that the low TeO, content
(20 mol %) causes red shifting of the absorption
edge while higher TeO, (60 mol %) amount leds to
the blue shifting, both cases compared to pure Ti
butoxide gel. It was found that the sol-gel method is
suitable for obtaining of amorphous samples which
are difficult to be prepared by conventional melt
quenching route due to the high melting
temperature of TiO,.
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30JI- TEJIEH CUHTE3, XAPAKTEPU3MPAHE U OIITUYHU CBOMCTBA HA TiO,/TeO, [TIPAXOBE

A. T BLqBapOBa—Hez[enqual, pP.C. ﬁopaaHOBal, P. ]I FGFOBal, II. B. MapKOBl,
. . HuxtsiroBa'” u S1. B. }II/IMI/ITpI/IeB3

! Unemumym no O6wa u Heopeanuuna Xumus, BAH, yn. “Axaod. I'. Bonues”, 6. 11, 1113 Cogpus, Boreapus

2 Unemumym no Munepanozus u Kpucmanoepagus, BAH, yn. “Akao. I'. Bonues”, 6. 107, 1113 Cogus, Bvaeapus
7 Xumuromexnonoauuen u Memanypeuuen Ynusepcumem, oyn. “Kn. Oxpuocku”, 1756 Cogpus, Bvreapus.

[MToctbruna Ha 10 okromBpu 2016 r.; kopurupana Ha 20 HoemBpH, 2016 T.

(Pesrome)

B Hacrosmoro m3cienBaHe ca OOCHIECHH 30JI — TEIHUAT CHHTE3 M ONTHYHOTO XapaKTEepU3UpaHe Ha TelId OT
neykomnonentnara Ti0, — TeO, cucrema. Tenyposa (VI) kucenvHa ¥ THTAHOB OYTOKCHJL Ca M3MOJI3BAHH 32 CUHTE3a
Ha 6oratu Ha TiO, (Hag 40 mon %) cberaBu. PentrenodazoBusaT ananus Ha TepMudHO Tpetupanute a0 300°C renu
IOoKa3a MPUCHCTBUE NPEAMMHO Ha opraHndHa amopdHa ¢da3za u MetaneH Temyp. Han Tasm TemmepaTypa, HAKOJIKO
kpuctanau ¢aszu TiTe;O0g, TeO,, TiO, (anata3) u TiO, (pyTnn) ca peructpupann. ¥YB — Buc crekTpockomnusaTa mokasa
MIpUCHCTBHE Ha J1Be abcopOrmonnn uBuIM npu 230 — 250 am u 290 — 330 HM, KOUTO MOTaT Ja Ce OTHECAT ChOTBETHO
kbM uzosupanute TiO4 u TiOg rpynu. Harpssanero Ha Benuku obpasuu Hax 500°C goBeie 10 MOBHMINIABAHETO HA
abcopbumonaust muk mpu 330 nm, KOETO MOXKE J1a C€ CBBPXKE C MO-IIBIIHO MPOTEKINTE KOHACH3AIMOHHU TPOIecH. 3a
cbeTaBu chabpkamm g0 50 mon % TeO, Oe HaOmomaBaHO €IHO OTMECTBaHE Ha aOCOPOIMOHHUSAT PHO KBM IO —
BHUCOKHTE CTOMHOCTH Ha JABJDKMHATA Ha BBJIHATA, JOKATO MPH ChCTaBU chAbpkaimu Hax 60 moa % TeO, ormecTBaHeTo
Ha abCOpPOLMOHHUSAT PBO € KbM 110 — HUCKUTE CTOMHOCTH Ha JBbJDKMHATA Ha BBJIHATA.
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Glass and glass-crystalline materials with nominal composition 55B,03'35Bi,05-10La,0; doped with 1 mol%
Eu,03; were synthesized by melt quenching method. Different phases were developed, applying several melting
temperatures. According to the XRD data, glass-crystalline materials containing LaBO; as crystalline phase were
obtained at 1050 °C and 1100 °C, while X-ray amorphous samples were prepared at 1200°C. Thermal parameters of the
obtained glass samples were estimated by DTA analysis. It was found that the thermal stability of the glass drastically
increased with the addition of Eu,03 (1 mol%). UV-Vis diffuse reflectance spectrum showed that the quenched glass is
transparent in the visible region. LaBO:Eu** crystals enhanced red °D,—'F, photoluminescence emission of the glass—
crystalline samples as compared with the glass sample. This is due to the incorporation of the active Eu®* ions with low

symmetry into the crystal phase.

Keywords: Glass; IR spectra; Luminescence spectra

INTRODUCTION

In the last decades, borate materials have largely
demonstrated their potential for the development of
new optoelectronics devices. Their interesting
properties do not only limit to the crystalline phases
but also can be extended to the glass form with
different compositions [1]. In particular, remarkable
attention has been directed towards complex
bismuth-borate based glass systems, containing rare
- earth metal oxides (RE) [1-3]. Such glasses have
many technological applications as lenses, lasing
materials, magneto-optic  materials, optical-
switching materials and sensors [1-3]. They have to
posses, a high thermal stability, excellent surface
polishing properties, high refractive index, etc. [1,
4] to be promising materials for use in all-optical
devices. It has been reported that the glass structure
of bismuth borate glasses can be stabilized by
doping with RE oxides. In particular, Bi,O3'B,0;
glasses doped with suitable amount of La,O3 could
tighten the glass network structure and improve the
microhardness of bismuth-borate glass [2, 5, 6]. In
this study, glass and glass-crystalline materials with

nominal composition 55B,05-35Bi,03-10La,03
doped with 1 mol% Eu,0; have been prepared by
melt quenching method. The influence of Eu** ions
on the structure and optical properties of the
55B,03'35Bi,03-10La,0; glass has been also
investigated.

EXPERIMENTAL

Reagent grade Bi,0s, H;BOs, La,03 and Eu,0;
were used as starting materials to prepare one
sample with nominal composition
55B,03'35Bi,03°10La,03 and three samples with
the same nominal composition doped with 1 mol%
Eu,0s;. The homogenized batches were melted at
the temperature range between 1050-1200 °C for 30
min in a platinum crucible in air. The melts were
guenched by pouring and pressing between two
copper plates (cooling rates 10'-10? K/s). The
phase formation of the samples was established by
x-ray phase analysis. Powder XRD patterns were
registered at room temperature with a Bruker D8
Advance diffractometer using Cu-K, radiation. The
data were obtained in the 10 < 26 < 60° range with
a step 0.02 for two different scanning times - of
0.02 seconds for the 55B,03-35Bi,05-10La,04

*To whom all correspondence should be sent:
E-mail: lubomirivov@gmail.com

sample and at longer scanning time of 0.1 seconds
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for the three Eu,O; doped specimens. Thermal
parameters of the glasses were determined using
differential thermal analysis (DTA) (Setaram,
LabsysEvo 1600). The heating rate was 10K/min in
air atmosphere under air flow of 20 mL/min. The
IR spectra of the glasses were recorded in the
1600400 cm™ region, using the KBr pellet
technique (Nicolet-320 FTIR spectrometer). The
optical spectra of powder samples at room
temperature were recorded with a spectrometer
(Evolution 300 UV-vis  Spectrophotometer)
employing the integration sphere diffuse reflectance
attachment. The uncertainty in the observed
wavelength is about + 1 nm. The Kubelka—Munk
function (F(R)) was calculated from the UV-Vis
diffuse reflectance spectra. The band gap energy
(Eg) was determined by plot (F(Reo) hv)™, n = 2
versus hv  (incident photon energy). The
photoluminescence (PL) spectra in the visible
region of Eu®** ions for the glass and glass—
crystalline samples were recorded with PL
spectrometer (Scinco FS-2 with wavelength
accuracy 1 nm) at room temperature in which the
excitation light of a wavelength A = 464 nm was
used.

RESULTS

Different phases were developed, applying
several melting temperatures. According to the
XRD data (Fig. 1 a, b, c, d), glass-crystalline
materials containing LaBO; (JCPDS-00-012-0762)
as crystalline phase were obtained at 1050 °C and
1100 °C, while x-ray amorphous samples were
prepared at 1200°C. Visual observation of the
obtained samples supported these experimental
results. The two glasses 55B,05°35Bi,03-10La,03
and 55B,05-35Bi,03-10La,05; Eu** were dark
brown and completely transparent. Glass-crystalline
55B,05:35Bi,03 10La,05; Eu®* specimen obtained
at 1100 °C was yellow and opaque, while the
sample melted at 1050 °C was opaquer probably as
a result of its higher crystallinity.

We used the IR spectroscopy in order to check
the effect of addition of Eu,O; in
55B,03-35Bi,03°10La,03 glass matrix (Fig. 2). As
it is seen from the figure, there is no noticeable
difference in the spectra of both glasses. They
contain absorption peaks characteristic of the BO;
(1360 cm™, 1290 cm™, 1190 cm™ and 695 cm™):
BO, (1020 cm™ and 910 cm™) and BiOg (540 cm®
'and 480 cm™) structural groups [6-8]. In order to
get more precise information about the europium
ions effect on the glass structure, we deconvoluted
glass spectra to check the relative population of
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boron in different structural units (BO3; and BO,).
Fig 3 (a, b) shows the deconvolution in Gaussian
bands, of the investigated spectra. Each component
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Fig. 1. XRD patterns of 55B,03-35Bi,0510La,05 ()
and 55B,0;35Bi,03°10La,05 : Eu** (b-d) glass and
glass-crystalline samples obtained by melt quenching at
different temperatures.
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Fig. 2. IR spectra of 55B,03-35Bi,03'10La,03 (a) and

55B,05°35Bi,05°10La,05 : Eu®" (b) glass samples
obtained by melt quenching technique.

band is related to some type of vibration in specific
structural groups. The concentration of the
structural group was considered to be proportional
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to the relative area of its component band. The
deconvolution parameters (the band centre at C and
the relative area A) and the band assignments are
given in Table 1. These characteristic parameters
are used to calculate the fraction N, of BO, units in
the bismuth-borate matrix. N, can be defined as the

Absorbance (a. u.)

Absorbance (a. u.)

558,0,-3581,0,10La,0, «'4//5\;;203 358ip03-10Lag05Eu>*

1600 1400 1200 1000 800 600 1600 1400 1200 1000 800 600
Wavenumber (cm™!) Wavenumber (cm")

Fig. 3. Deconvoluted IR spectra of:
(a) 55B,03:35Bi,05° 10La,05 and (b)
55B,05:35Bi,04° 10La,05 : Eu®* glass samples obtained
by melt quenching technique.

Table 1. Deconvolution parameters (the band centers C
and the relative area A) and the band assignments for the
undoped and Eu®* doped 55B,03-35Bi,03-10La,03 glass

Sample C A Assignments Ref.

B-O stretch 6-8
vibration in BO,
groups

B-O stretch 6-8
vibration in BO,
groups

B-O stretch 6-8
vibration in BO,
groups
B-O stretch 6-8
vibration in BO3
groups
B-O stretch 6-8
vibration in BO3
groups
B-O stretch 6-8
vibration in BO3
groups

55B,0; 815 2.8
35Bi,0,
10La,05
892 121

1025 21.9

1197 24.7

1319 29.5

1408 9.0

55B,0; 816 2.2
35Bi,0;
10La,0

Eu®* 887 9.7

B-O stretch 6-8
vibration in BO,
groups

B-O stretch 6-8
vibration in BO,
groups

B-O stretch 6-8
vibration in BO,
groups
B-O stretch 6-8
vibration in BO3
groups
B-O stretch 6-8
vibration in BO3
groups
B-O stretch 6-8
vibration in BO3
groups

1024 26.18

1199 214

1314 29.2

1405 112

samples ratio of the concentration of BO, units to the
concentration of (BO3+BO,) units [4, 8]. The calculated
N, values for the studied compositions are 0.36 and 0.38
for the undoped and Eu®** doped
55B,03-35Bi,03'10La,03 glass respectively. The higher
N, values for the Eu** doped sample calculated reveals
that the presence of europium ions influences the
surroundings of the B¥* cations favouring the formation
of the BO, structural units and in this way the glass
network became more stable [8].
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Eg=304 /
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Fig. 4. DR-UV-Vis spectra and the band gap energy Egq
(inset) of 55B,05-35Bi,03-10La,05 and
55B,0;35Bi,05°10La,05:Eu** glasses and
55B,05:35B1,05° 10La,05 : Eu®* glass-crystal obtained
by melt quenching technique.

The  structural ~ modification  of  the
55B,03-35Bi,03'10La,05 glass network, caused by
the presence of Eu,0; is also evidenced by DR-UV-
vis spectroscopy. Fig. 4 displays the diffuse
reflectance spectra of undoped and Eu®*‘doped
55B,03-35Bi,03-10La,04 glasses and
55B,03-35Bi,05 10La,03: Eu** glass-crystal. In all
spectra, two absorption bands at 260 nm and 305-
325 nm are observed. In the Eu®" free spectrum
these bands are due to 'S;—°P; and *P; transitions of
Bi** ions [9, 10]. The higher absorption intensity in
the spectrum of Eu®*doped glass is a result of the
contribution of ligand-to-metal charge-transfer
band of Eu*" ions (310-315 nm) [11, 12]. In
addition, the band located at 315 nm in the
spectrum of Eu®* free glass slightly blue shifts to
305 nm in the presence of Eu,0;. The observed
spectral differences can be explained in terms of the
structural changes that are taking place with the
incorporation of the Eu®* ions in the glass network
[9, 10]. The shift towards lower wavenumber can
be explained with the formation of more
symmetrical EuOs and BiOg units [13]. Optical
band gap values (Eg) evaluated from the UV-Vis
spectra can also give information about the
structural arrangement of the glasses under
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investigation. The calculated band gap (E,) energy
values for indirect transition (see the inset in the
Fig. 4) are 3.11 eV and 3.17 eV for the undoped
and Eu**doped 55B,05:35Bi,05-10La,0; glass
respectively. According to the literature in glasses
the variation of E; may be attributed to the network
structural changes [14, 15]. It is well known that in
metal oxides, creation of non-bonding orbitals with
higher energy than bonding ones shifts valence
band to higher energy which results to E,
decreasing. However, in our case, E, value of Eu®
doped glass increases which evidence that Eu,0Os
improves the connectivity inside the network by
decreasing of the non-bridging oxygen species. In
the case of glass-crystalline Eu®" doped sample, the
band above 300 nm shifts to higher wavenumber —
325 nm and Eq value is lower — 3.04 eV. These
spectral features indicate that Eu®* ions are with
lower local symmetry.

Exo.

558,04 35Biy0510Lag05
Tk

553203'35Bi203'10L32033 EU3+

<-— Endo.

100 200 300 400 500 600 700 800 900
Temperature, °c
Fig. 5. DTA curves of 55B,03-35Bi,03-10La,03 and

55B,05:35Bi1,04° 10La,05 : Eu®* glass samples obtained
by melt quenching technique.

The formation of more rigid glass structure with
the addition of Eu,Os is also confirmed by the DTA
data obtained (Fig. 5). For the undoped
55B,03'35Bi,03°10La,03 glass, DTA shows a
hump, corresponding to the glass transition
temperature T, at 505 °C, followed by one
exothermic peak at 530 °C, corresponding to
crystallization temperature - T, and other
endothermic event, corresponding to the melting
temperature T, — 650 °C. For the Eu®" doped glass
the glass transition temperature T4 is at 457 °C,
exothermic peak of crystallization Ty at 590 °C and
endothermic peak, corresponding to the melting
temperature T, at 680 °C. The temperature
difference AT = T,-Ty, gives a measure of the
thermal stability of a glass against crystallization is
25 °C and 133 °C for the undoped and Eu®" doped
glass respectively. As it is seen from the DTA data
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obtained, Eu** doped glass has higher glass
crystallization temperature T, and possesses much
higher thermal stability ( higher AT) as compared
with the undoped glass. These results suggest that
the network structure of 55B,05-35Bi,03-10La,0s.
Eu** glass is becoming stronger with the
introduction of Eu,0s.

A =615
12000 %, =615 nm —_

—1100
10000 —— 1200

)

5 8000

6000

Intensity (a. u

4000

2000 A
a L
04

- T T T - T '
350 400 450 500 550 600
Wavelength (nm)

14ooo+ 7\.\:464 nm
— 1050

— 1100

12000 1200

10000
8000

6000

Intensity (a. u.

4000

2000 - J\
o b

T T
! 550 600 650 700 750

Wavelength (nm)

Fig. 6. PL (a) excitation and (b) emission spectra of
55B,05:35Bi,05° 10La,05 ; Eu®* glass and glass-crystal
samples obtained by melt quenching technique at
different temperatures.

The PL excitation and emission spectra at room
temperature  for  prepared  55B,03:35Bi,05-
10La,05:Eu® glass and glass-crystals are shown on
Fig. 6 a and b. The monitoring of excitation spectra
(Fig. 6a) shown that the intensity of the absorption
peak at 464 nm dominates in comparison with the
intensity of the absorption at 394 nm. That is why
the emission was registered with excitation at 464
nm. The emission spectra (Fig. 6b) excited at
Aex=464 nm consist five peaks assigned to the 4f
transitions of Eu** ions, i.e., °D—'F, J=0, 1, 2, 3
and 4). It is seen that the peaks intensity for sample
melted at 1050°C dominate as compared to the
other samples because of its higher degree of
crystallinity. 1t is well known that the *Dy—'F;
transition situated around orange light (590 nm) is
due to the magnetic dipole transition while
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*Dy—'F, with red line (615 nm) corresponds to the
electric dipole transition which band is dominant in
all spectra [16, 17]. The ratio of integrated
emission peaks intensity of the >Dy—'F, transition
to that of the °Dy—'F; transition can be connected
with the covalent/ionic bonding between Eu** ions
and surrounding ligands. The increasing ratio value
is due to the increasing of asymmetry between
europium and oxygen ions [17]. For the sample
synthesized at 1050 °C the calculated value is 0.25
while for the glass sample decrease to 0.15. These
values indicate that Eu®* ions are with lower local
symmetry in the glass crystalline sample and they
are in agreement with the DR-UV-vis results.

CONCLUSIONS

Glass and glass crystalline materials with
nominal composition 55B,03-35Bi,03°10La,0;
doped with 1 mol% Eu,Os; were synthesized by
melt quenching technique and the influence of Eu®*
on the structure and optical properties of the glasses
was investigated. The IR studies revealed the
existence of BO;, BO, and BiOg as the main
structural units of the amorphous network.
Europium ions generate structural changes,
favoring the formation of the BO, units. The optical
absorption studies revealed that the optical band
gap energy (Eg) of glasses increases in the presence
of Eu® ions, while Eg of glass crystalline sample
decreases. Increase in Eg value evidence the
decrease in number of non-bridging oxygen ions in
the glass structure. DTA data showed that the
introduction of Eu,0; significantly improves
thermal stability of 55B,05-35Bi,0310La,03 glass,
LaBOs:Eu® crystals enhanced red °Dy—'F,
photoluminescence emission of the glass—
crystalline samples as compared to the glass
sample.
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OIITUYHO OXAPAKTEPM3UPAHE HA [IOTUPAHU C EU* IOHU, CTHKJIA U
CTBKIIOKPUCTAJIHU MATEPUAJIN B CUCTEMATA B,05-B1,05-LA;0;

P. C. Hopoanosa®, M. K. Munanosa®, JI. H. Anexcandpos', A. Kanna®, H. I'eopeues®
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IMocremmna Ha 10 okToMBpu 2016 T.; KOopurnpana Ha 10 HoemBpH, 2016 T.

(Pesrome)

ITo merona Ha mpeoxiageHa CTONMMIKA, Ca CHHTE3UPAaHM CTHKIA U CTHKJIOKPHUCTAIHM MaTepHaIN C HOMHHAJICH
ceeraB 55B,03-35Bi;05°10La,03, motupanu ¢ 1 momn% Euy,O;. B 3aBucuMOCT OT mpmiiokeHaTa TeMmIepaTypa Ha
TOIEHE, ca MOoJy4eHH pa3nnyHu ¢a3u. Cropeq TaHHUTE OT PEHTTeHO(a30BHAT aHAIN3, Ca MOJIYYEHH CThKIOKPUCTAIHU
Marepuany, cpabpxamu LaBO; karto xpucranna ¢aza npu 1050 °C u 1100 °C, nokaro npu 1200°C e cuHTe3upaH
peHTreHo-amopden obpasen. TepMUYHUTE TTapaMeTPH Ha MOJYYEHHTE CTHKJA, Ca ONpeAeieHH 4pe3 audepeHnanto-
TEPMHUUYECH aHaJU3. YCTaHOBEHO €, Y€ TepPMUYHATa CTaOMJIHOCT Ha CTBKIO, chabpxkaimo Eu,O3 apactuyHo HapacTsa.
OnruyHHUTE CIIEKTPH, MOKA3BaT, Ye CTHKJATa ca NpPO3payHH BbB BHIMMAaTa O0JNACT Ha CIIEKTHPa. YCTAHOBEHO €, 4e
CTBKJIOKPUCTAIHUTE 00pa3ly, ChIbpiKALIK LaBO3:EU® ce XapaKTepH3UPaT C MOBHIIEHA uyepBeHA eMucus “Do— F, B
CpaBHEHHE ChC CTHKIOTO. TOBa MOXe 1a ce OGACHH C TO-HHCKaTa JToKamHa cumerpus Ha Eu®* ifonnTe B KpucTanHara
(a3a B cpaBHEHHE CHC CTHKIOTO.
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Optical band gap dependence on the oxalic acid concentration of antimony anodic
oxide films
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A decrease of the optical band gap of thin films of anodized antimony was observed when the concentration of the
oxalic acid used as an electrolyte was increased. The thin films of antimony were obtained using vacuum-thermal
evaporation on glass substrates. Electrodes were attached to them and the samples were galvanostaticaly anodized at a
constant temperature in a standard two-electrode cell in an aqueous solution of oxalic acid at various concentrations.
The normal-incident transmittance and reflectance spectra of the samples were measured and used to calculate by
different numerical methods the absorption coefficients and the optical band gaps.

Key words: anodized antimony, oxalic acid, optical band gap, Tauc plot

INTRODUCTION

Interest in the thin antimony oxide layers is
mainly related to their use in batteries, corrosion
protection and the creation of catalysts. The
anodizing is a very simple and cheap process used
to obtain thin oxide films. Layers of various metals
and semiconductors in which a high voltage
anodizing can be achieved were investigated over
many years. Antimony is such a valve metal, which
in anodizing shows interesting features such as the
presence of induction periods of time when in
galvanostatic mode the voltage remains stable for a
long period of time, and then suddenly begins to
grow as normal. The study [1] of this phenomenon
shows dependence on the electrolyte concentration
and has no generally accepted explanation yet. The
aim of our experiment is to find if another physical
property - the optical band gap depends on the
concentration too. Such dependence is interesting
from theoretical and practical point of view.

An effect of reducing the width of the band gap
of anodically grown ZnO thin films by increasing
the concentration of oxalic acid has been observed
in [2]. The same phenomena of band gap structure
modification of amorphous anodic Al oxide film by
Ti-alloying is observed in [3].

EXPERIMENTAL

Anodized antimony films, the objects of this

study, were prepared in two stages. First, on
borosilicate glass plates, thin layers of antimony
were obtained by thermal evaporation in vacuum,
situated to get gradually changing thickness. At the
second stage a copper wire was attached to the film
surface and the samples were placed in a galvanic
bath at a constant room temperature. In a
galvanostatic mode they were anodized using, at
different concentrations, water solutions of oxalic
acid as electrolyte. It is not possible to prepare a
continuous, unbroken antimony oxide film if the
thickness of the metallic antimony layer is constant.
In this case cracks appear which can stop the
process of anodizing on the parts of the film. The
variable thickness of the antimony film provides a
possibility for fully and smoothest oxidation of the
layer, starting from the end with a smaller thickness
and spread to the other end.

Measurements and calculations

X-ray diffraction studies show that the anodized
layers have an amorphous structure. The thickness
of the film on each sample was measured by
interferometric method and used in calculations. All
thicknesses are in the range of 200 — 340 nm.

In order to determine the optical band gap the
spectrophotometer JASCO V-600 was used and the
coefficients of transmission T and reflectance R
were measured, illuminating the samples by
incident light with different wavelengths, nearly
normal to the surface. The optical band gap E4 can

* To whom all correspondence should be sent: be extracted from the dependence of the absorption
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coefficient o on the light energy, which for
amorphous materials is [4]:

(aE)]/ZzE—Eg

E, can be found approximating (a.£)* by
straight line in the absorption region (Fig. 1 and
Fig. 2).

500

thin film

extrema
400 H ® ® thickfilm
thick-10%d
thick+10%d

300
e ——

200

(aE)"2, (cmeV)"2

100

0
3 32 34 36 3.8 4 4.2
E, eV

Fig. 1. Tauc plot for 0.01 M oxalic acid concentration.
The results shown by circles are calculated from
expressions for thin film, the boxes are from formulae
for thick film, triangles correspond to results obtained
from extrema of R and T.

600
o
% 400
- oxalic acid
I concentration
EN 0.015
g 0.03
w 08 -
2200 8

E, eV

Fig. 2. Tauc plots for all oxalic acid concentrations. The
tangent straight lines are used to find the optical energy
bands shown at the bottom axis.

According to this method the absorption
coefficient « have to be calculated from measured
transmission  coefficient T and reflectance
coefficient R. They depend on the refractive
indexes of the film and substrate, their absorption
coefficients and the film thickness, according
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expressions (1) — (2) given in Appendix. This
system of two equations with two unknowns can be
solved numerically for each wavelength, but a
problem exists due to the periodic functions in
Egns. (1) and (2), which results in many solutions
for the refractive index n. To select one an
additional criterion is needed. We used n,
calculated from the extreme of R and T according
Egn. (4) in Appendix and approximated linear in
the regions between two extreme. The closest
numerical solution is taken and referred in Fig. 1 as
thin film.

We are interested of the region above 3.5 eV
(Fig. 1), where the effects of interference are
suppressed by the absorption. In the case of no
coherent interference which happens in thick films,
T and R are given by Eqgns. (5) in Appendix. They
are simpler then Egns. (1) — (2) and have this
advantage than can be solved explicitly — Eqns. (6)
in Appendix. The results obtained, using this
method, are referred in Fig. 1 as thick film.

We calculated absorption coefficients for all our
samples using both methods. An example for a
sample at 0.01M concentration is shown in Fig. 1.
Dots denoted by circles are obtained from
expressions for thin film Egns. (1) — (2), the boxes
are from Eqgns. (6) for thick film and triangles
correspond to results calculated from extreme of R
and T. The difference between absorption
coefficients obtained by both methods is small and
the difference between correspondent optical band
gaps does not exceed 0.06 eV for all samples. We
calculated R and T according different models for
the refractive index and extinction coefficient,
including those in [5], and in all cases we found
negligible the difference for the absorption
coefficient in the absorption region.

Transmission and reflectance coefficients
spectra for each sample are obtained in two
separate measurements. It is possible that light rays
from the spectrophotometer have been passed
through different regions of the sample with
different thickness. In order to explore the influence
of this effect on the final results we calculated the
absorption coefficient under assumption that
transmission coefficient has a measured thickness,
but the reflectance coefficient has a thickness which
differs at +£10%. The Eqns. (6) for thick film were
modified and Eqns. (7) obtained were solved
numerically as explained in Appendix. The
correspondent results for one sample are shown in
Fig. 1 by solid lines. The error due to different
width is less than 0.02 eV in all cases.
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RESULTS

The Tauc plot for samples anodized in oxalic
acid with different concentrations is shown in Fig.
2. The absorption coefficients are calculated using
Egns. (6) for thick film. The corresponding
concentration is shown at the beginning of each
curve. The line tangent to the curve in the region of
absorption intercepts the abscissa at the optical
band gap E,. Each point is denoted by triangle in
Fig. 2 and the corresponding value for band gap is

given.
3.2

2.8

2.6

Eg, eV

2.4

2.2

0.01 0.02 0.03 0.04
concentration, M

Fig. 3. Optical band gap of anodized antimony films
depending on the concentration of the oxalic acid.

Fig. 3 shows the dependence of the optical band
gap of anodized antimony thin films on the oxalic
acid concentration. The straight line in Fig. 3 is a fit
to the data. It is seen the variation of the molar
concentration of the electrolyte has a significant
effect on the optical band gap of the antimony films
obtained in the process of anodic oxidation. The
increase of the concentration leads to decrease of
the band gap.

Our result corresponds to the reducing of the
band gap of anodic oxid film of other metals. Such
a decrease of the band gap due to increase of the
concentration of oxalic acid has been observed in
[2], but for ZnO thin films. This effect is explained
there by the structure of the layer, composed of
nanocrystals. The observed dependence correlates
with the increasing size of the nanocrystals with
concentration. Our case is different because the
anodized antimony film has an amorphous
structure. In [3] is observed the decrease of the
band gap energy of Ti-alloyed anodic Al oxide with
increasing Ti concentration.

CONCLUSIONS

Thin films of anodized antimony in solution of
oxalic acid at various concentrations were obtained.

Their optical band gaps were calculated using very
simple methods, based on the measurements of the
coefficients of transmission and reflectance. A
strong dependence of the optical band gap on the
oxalic acid concentration has been observed.
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APPENDIX

For a thin film on a thick transparent layer the
transmission coefficient T for light normal to the
surface is given by [5]:

T= Ax
B -Cx - Dx?
A=16s(n*+k?)
B=[(n+1)* +K][(n+1)(n+s?)+K?]
C=[(n* —1+k?)(n? —s? +k?)—2k?(s* +1)2cos ¢
—k[2(n? —s? +k?)+ (52 +1)(n* —1+k?)sing

D=[(n-1) +k*][(n—1)(n—s* )+ k] @
where n is the refractive index and k is the
extinction coefficient of the film, s is the substrate
refractive index and:
gp=4rnd/ A, xX=exp(-ad), a=47k/l 1 (2)
According to [6] the reflectance R from a thin film
on a thick substrate illuminated at nearly normal
incident light is given by:
_ A+ BX + Cx?

D + Ex + Fx?

A=[(n—1) +K][(n+s)® +(k+k, )]
C=[(n+1)? +Kk?][(n—s)* +(k—k, )]
D=[(n+1) +K][(n+5s)* +(k+k, )]
F=[(n—17+Kk?][(n—s)® +(k—k, )]

R
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A=(1-n*-k*)(n* —s* +k* —kZ )+ 4k(nk, —sk)

In our casek / n << 1, and Eqgns. (5) can be

B'=2(1-n® —k*)(nk, —sk)—2k(n* —s* + k> —k?) rewritten:

B = 2[A cos ¢+ B' sing]

C'=(1-n*-k*)(n*—s* +k* —k?)—4k(nk, —sk)
D'=2(1-n®—k?)(nk, —sk)+2k(n* —s* +k* —k?)

E = 2[C' cos ¢+ D' sing] (3)
where n, k, s, X, a, ¢ have the same meaning and ks

is the substrate extinction.
The condition for extreme of T and R is:

2nd =mA 4)
where m=1,2,3... is an integer number in the case
of maximum of T and minimum of R, and a half-
integer number 1/2,3/2,5/2... in the case of
minimum of T and maximum of R. It is seen the
refractive index can be easily calculated if the
thickness d is known and the order m of at least one
extremum is known.

The formulae of transmittance and
reflectance from a thick slab given in [4] are:

k2
1+ R)2[1+2je2“"
R=R,|1+ n ,
1

2 n—20d
-Rje

rA-RJe” () K
1-R ™™ n’

g = (-1 <k (5)
(n+1) +k?

1+(1-2R)x* _ (1-R,)x
1-RXx* 1-R¥
These equations can be solved explicitly:
C142R-R*+T?—J(1-2R+R*—T?) +4T°
° 2(2-R)
X=—1+2R—R2+T2+\/(1—2R+R2—T2)2+4T2
2T

R=R

R

(6)
The absorption coefficient is calculated from (2),
and after that k and n:

_1+R, + /4R, —K*(1-R Y
N 1-R,
If R and T of a sample are measured at different
thickness the formulae above must be changed. Let

us suppose that R is measured at thickness d; and T
at dy:

x, =exp(—ed,), X, = exp(—od, ),
) _ 2
Rep SR ¢ BRSe g
— R X 1_R0Xz

These equations can be solved very easily by
iteration method. Starting with the values obtained
at equal thickness, R, from the first equation is
found and after that o from the second. The
convergence is very fast and 2-3 iterations are
enough.

3ABUCUMOCT HA OIITUYECKATA HIMPOYNHA HA 3ABPAHEHATA 30HA HA AHOJIUPAHU
AHTUMOHOBU ®UJIMU OT KOHLIEHTPALIUATA HA OKCAJIOBATA KMCEJIMHA

E. W. JIunos, B. JI. JIunosa, C. H. Henes

Qusuuecku axynmem, XumMukomexnoio2suier u Memanypeuier yhugepcumen,
oyn. Knumenm Oxpuocku, 8, Cogus 1756, Bvreapus

[ocremmna va 10 okromBpu 2016 r.; kopurupasa Ha 10 HoemBpH, 2016 T.

(Pesrome)

HabnonaBaHo € HamassiBaHE Ha ONTHYECKaTa IMMPOYMHA Ha 3a0paHeHaTa 30Ha Ha THHKU CJIOEBE OT aHOAUpPaH
AHTHMOH, KOTaTO KOHIICHTPAIMATa HAa OKCAJIOBaTa KHCEJIMHA M3IMOJI3BaHA KATO EJCKTPOJUT Ce YBeNIW4aBa. TBHHKHTE
CJIOEBE OT AaHTHMOH 0siXa MOJTyYeHH 4pe3 BaKyyMHO-TCPMHYHO U3MApeHHE BBPXY CTHKIO. KbM TaX 0sXa MpUKpEreHu
CJICKTPOAH U OsXa aHOJMPAHH TaJTBAHOCTATUYHO IMPH MOCTOSIHHA TEMIIEpPAaTypa B CTAHIAPTHA JIBY-CICKTPOIHA KIETKA
BBB BOJICH Pa3TBOpP Ha OKCAJOBA KHCEIHMHA C Pa3iMYHU KOHIeHTparuu. CHeKTpUTe Ha NMPEMUHABAHE M OTPAaXKCHUE,
MEPIICHANKYJIIPHO Ha MOBBPXHOCTTa Ha MpoOWTe, OsfXa W3MEPEHU M W3IOJ3BaHU 3a IMPECMATaHE 4pe3 pPa3IuIHU
YHCIICHA METOIX Ha KOS(HUIIMECHTHTE HA MOTIbIIAHE U MUPOYHHUTE HA 3a0paHEHUTE 30HH.
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Lithium niobate (LN) and lithium tantalate (LT) are nonlinear, birefringent crystals with an important role in
optoelectronics. Beside their excellent optical properties, their most prominent feature is the high electro-optical
coefficient (rz3»30.5 pm/V) which allows the light field to be easily controlled by electric signals. Proton exchange (PE)
is a method of obtaining LiM,,H,O3 layers (M = Nb, Ta) on LiMO; substrates. The PE layers have a significantly
higher extraordinary refractive index (n.) than the non-protonated crystal; the change is An, = 0.120-0.150 for LN and
Ane = 0.015-0.020 for LT at wavelength 0.633 um providing a strong waveguide and polarizing effect.

The present paper aims at summarizing the most significant technological modifications of the method of PE and the
most important waveguide structures of LiM,H,O3 for different modulators used in modern optoelectronic devices

(navigation and communication systems, biosensors, etc.).

Keywords: proton exchange, optical waveguides, integrated optics

INTRODUCTION

Two of the most widely used ferroelectric
materials in integrated optics (IO) are lithium
niobate - LiNbO; (LN) and lithium tantalate -
LiTaO; (LT). This is due to their high electro-
optical (EO) coefficients (r;3230.5 pm/V) and the
possibility to change the refractive index by
modifying their composition in regions where
waveguiding of light is required. These features,
combined with excellent optical properties and
suitability for industrial production, make them key
materials for photonics.

Proton exchange is a technology with already
well-studied advantages and known prospects for
the obtaining of optical waveguides in LN and LT,
as well as of a wide range of passive elements and
active optoelectronic devices.

PROTON EXCHANGE TECHNOLOGY

Proton exchange is an induced - at favorable
conditions - diffusion of protons into the surface
layer of a crystal substrate, whereby the layer’s
refractive index becomes higher than that of the
substrate. The method is interesting with its
simplicity and fastness, combined with the
possibility of a strong waveguide effect (a

significant change of the refractive index), low
diffusion temperature (150-300 °C, of particular
importance for LT) and decreased photorefractive
susceptibility. Proton exchange increases the
extraordinary refractive index (up to 0.15 for LN
and 0.02 for LT at 633 nm) and lowers the ordinary
refractive index; therefore, depending on the
orientation of the substrate, the propagation of only
one polarization is sustained (TE for X- and Y-cut
samples or TM for Z-cut samples), ie. PE
waveguides guide only light polarized along the
optical axis of the crystal. Going by the scheme:

LiMO; +xH" = Li; ,HyMO3 +xLi* (M=Nb, Ta),

PE modifies the surface layer (several um in depth)
by Li-H ion exchange at a relatively low
temperature (160250 °C), usually in acidic melts.
The diffusion is anisotropic and the value of the
diffusion coefficient depends on the substrate
crystallographic orientation. This process changes
the structure and the composition of the exchanged
area. The PE layers show complex phase behavior
depending on the hydrogen concentration (the value
of x). The value of x determines the concentration
limits of the different phases that could form in the
waveguide layer (up to 7 in LN and 5 in LT) [1, 2].
The formation of phases depends in a complex way
on the crystallographic orientation and the diffusion
parameters. Each phase forms a separate sublayer
of submicron thickness, and differs from the others

* To whom all correspondence should be sent:
E-mail: m_kuneva@yahoo.com

by its structural and optical properties. The phases
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also have different lattice parameters. At the
interface of two phases, a rapid change of the
extraordinary refractive index (An.) and the
deformation perpendicular to the surface is
observed. Within each phase, An. is proportional to
x. The phase composition determines the properties
and the quality of the obtained waveguides. Strong
protonation considerably worsens the electro-
optical properties, causes higher losses and some
instability of the parameters over time. These can
be avoided by using the methods given below for
optimization of proton concentration and optical
profiles of the PE layers:

PE — proton exchange [3] — a one-step process
which takes place when LN or LT substrate is
immersed in an appropriate proton source. PE
waveguides usually have step-like optical profile
and nearly vanished EO-coefficients [4].

DPE - deep proton exchange [5] — proton
exchange for achieving a large change of the
refractive index (An.=0.15). Optical profile is
almost  step-like, better approximated by two
rectangular steps (or truncated parabolic profile
shape) [6].

ADPE - DPE with subsequent long time and
high temperature annealing (two-step process)
applied for obtaining deeper (over 20 um thick)
waveguides [5].

VPE — PE in vapors (one-step process) [7, 8].
VPE allows highly homogeneous monophase
waveguides with very low propagation losses to be
obtained by PE and reverse diffusion within a
single chemical reaction [7].

SPE — soft proton exchange in buffered melts
(i.e. lithium benzoate added to the benzoic acid) -
one-step process for obtaining of waveguides with
preserved EO properties [9].

HTPE - high temperature PE (one-step
process). Acid with a higher boiling point and
lower vapor pressure is used as a proton source
[10]. High quality a-phase waveguides could be
obtained directly (with no phase transitions) for a
short time.

APE — PE with subsequent annealing (two-step
process) for obtaining monophase (o) waveguides
with restored EO properties after phase transitions
from phases of high values of x to the phase of
lower value of x [11].

PEAPE - two-step PE with intermittent
annealing (three-step process) [12, 13], appropriate
for obtaining deep waveguides with high refractive
index change in Y-cut LN.

RPE - reverse PE (two-step process) [14] for
obtaining buried waveguides with various

22

properties. Takes place when PE-waveguide is
immersed in eutectic mixture of LiNO;, KNO; and
NaNO3.

RAPE - RPE in APE waveguides (three-step
process) [15] used to bury the waveguide under the
crystal surface, increasing that way the circular
symmetry of the optical mode.

Thus a predetermined phase composition
that meets particular requirements — a high
refractive index, high electro-optical coefficients,
low optical losses, stable parameters over time,
decreased  photorefractive  susceptibility, or
combinations thereof — can be achieved with an
appropriate  selection of proton exchange
conditions.

APPLICATIONS IN PHOTONICS,
OPTOELECTRONICS AND SENSORS

Proton exchange is mainly used for the
obtaining of high-quality waveguides for different
modulators, switches, multiplexers and Y-splitters
as main elements of modern optoelectronic devices
for navigation equipment, communication systems,
in a number of sensors (detectors of molecules in
fluids, biosensors, contamination detectors,
temperature sensors, etc.) and many devices for
interferometric control. Proton-exchanged LN and
LT waveguide devices are favored over Ti-diffused
LN ones in cases where high optical powers are to
be transmitted and/or single polarization operation
is desired. Some examples illustrating the use of the
PE technology in modern optoelectronics are given
below.

1. Phase modulator

Phase modulation originates from the elecrto-
optical properties of LN (LT) when the refractive
index changes, causing phase variation of
propagating light. Principle schemes of three
modifications of the phase modulator are shown in
Fig.1. The device consists of a stripe waveguide
(2) formed in the crystal substrate (1) and electrode
configuration (3) (Fig. 1 a and b). When electric
field is applied via electrodes, a phase change (Ag)
takes place in the light travelling along the
electrodes (longitude L). The phase shifting is
expressed by

A@=kAnL (D)

where k is a wave factor k=2n/A (A is the light
wavelength in vacuum) and An is the refractive
index change.

As a phase shifter, this modulator is an
important component in many EO lightguiding
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structures, due to its simplicity, efficiency and high
speed, e.g., in different interferometric systems for
phase deviation or compensation in the two arms.
The EO phase shifters are very popular in fiber
optic sensor technology because of the advantage
that the phase measurements are not influenced by
amplitude variations.

Fig. 1. A principle scheme of a phase shifter (a); PELN
on insulator phase modulator (b): 1 — substrate, 2 — PE
stripe waveguide, 3- electrodes, 4 — SiO, layer;
schematic representation of a dipole inverted PE element
for electric field sensor (c): 1, 2 — DI regions, 3 — PE
stripe

An example of the application of combined
advanced technologies for obtaining a phase
modulator is discussed in [16]. A proton-exchanged
stripe waveguide (near cut-off) is formed in the LN
on insulator film (Fig. 2b). The lithium niobate on
insulator technology (LNOI) is attractive due to the
high optical confinement and enhanced lightguiding
capability. The structure has a low driving voltage
and could be used in high sensitivity sensors.

Another example of a device based on dipole
inverted (DI) PELN is an all-optical electric field
sensor proposed in [17]. A proton-exchanged stripe
waveguide (3) near cut-off is fabricated in the
central DI region (2) of a Z-cut LN substrate (Fig.
2c). When external electric field is applied parallel
to the z-axis of the substrate, the refractive index in
the DI region increases/decreases but that in the
surrounding domains (1) decreases/increases
causing mismatch of the guided modes between
active and passive regions and thus produces a loss
after a sufficient propagation length. Electric field
intensities up to 20 MV/m could be measured this
way.

2. Mach-Zehnder (MZM) modulator/interferometer

The Mach-Zehnder interferometer structure is

the most frequently used type of EO amplitude
modulator and is a basic structure in a variety of 10
devices. As in the classical bulk configuration of
the MZ interferometer, light splits into two optical
paths with no possibility of interaction. The key
point in the interferometric modulators working on
the Mach-Zehnder principle from classic optics
consists of (in their integrated-optical version) two
Y-junctions which perform the function of beam
splitting and coupling into the stripe waveguides
which represent the interferometer’s channels (Fig.
2a). The refractive index (i.e. the propagation
velocity) in each arm could be modified by applying
electric field, changing that way the interferometric
pattern at the output. The performance of the device
strongly depends on the electrode configuration and
waveguide architecture.

a

Fig. 2. Principle schemes of MZM: (a) - classical
configuration; (b) — single-stripe MZM; 1 — substrate, 2-
PE-stripe (supports single mode), 3 — electrodes, 4 —
deeper stripe (supports 2 modes)

A fundamentally new, technologically simpler
broadband 10 modulator - a single-stripe MZM
(Fig. 2b) has been designed based on the polarizing
action of PELN [18]. The waveguide structure is
formed in the LN X-cut wafer (1) and consists of a
single-mode channel waveguide (2) whose central
region (4) is deeper (produced via double proton
exchange), has a higher rate of refractive index
change and supports two modes. This new
construction uses the simplest electrode
configuration consisting of two parallel driving
electrodes (3). Upon reaching region (4), light
divides into two orthogonal modes which propagate
independently, and after voltage is applied to the
electrodes, the phase for each optical mode changes
in a different way because the overlapping integrals
for electric and optic fields are different for each
mode. Reaching the end of the two-mode region,
these two modes interfere and the light continues
propagating as a single mode whose intensity
depends on the phase difference between modes in
the central region, i.e. on the voltage applied. This
construction together with the technology used
allows easier control of the geometry and the
composition of waveguiding regions as well as
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TEXHOJIOT'USTA ITPOTOHEH OBMEH 3A OIITUYHU BBJIHOBO/U B LiNbO; 1 LiTaO3 —
KPATBK OB30P

M. KnHeBa
Hucmumym no ¢usuxa na meovpoomo msno ,,Axao. I'. Haooicaxos”,0y1. Lapuepadcko woce 72, 1784 Cogus

ocremmna va 10 oktomBpu 2016 r.; kopurupana Ha 20 HoemBpH, 2016 T.

(Pesrome)

JlutneBust HnoOat (JIH) n nutuesmsr Tanranat (JIT) ca HelMWHEHHN, TBOWHO THYETPEUYNBALIN KPUCTATIH, KOUTO
ca OT Ba)XKHO 3HAY€HHE 3a ONTOEJeKTpOoHHKaTa. Haii-3a0e1exKuTeTHOTO B TSX, OCBEH OTJIMUHUTE ONTHYHM Ka4ecTBa, ca
BHCOKHTE UM EIICKTPOONTHIHN KoedurmeHTr (r33»30.5 pm/V), KOUTO MO3BONSABAT CBETIMHHOTO MOJE Ja Obje JIECHO
VIIPaBISIBAHO C MOMOIITA HA eJEKTPUUECKH CHTHAIHM. [IpPOTOHHUAT OOMEH € MEeTO[ 3a ToJTydaBane Ha cioese oT LiMy.
xHxO3 (M = Nb, Ta) Bepxy nmomioxka ot LiMO3;. OGMeHeHHTE CIIOEBE MMAT CHINECTBEHO IMO-BUCOK MMOKA3aTesl Ha
npeuynsaHe (N.) 32 HEOOMKHOBEHHMS JIbY OTKOJIKOTO HEIIPOTOHUPAH KpHcTall (MMpOMsIHATA B ITOKA3aTells Ha MPedyIBaHe
cren mpotorupane e Ane = 0.120-0.150 3a JIH u An, = 0.015-0.020 3a JIT npu gb/okiHA Ha BhiHata 0.633 pm).
[Topaau ToBa Te MPOSIBSIBAT CHIIHO BBHIHOBOAHO U MOJISIPH3HMPAIIO /I CTBHE. Lenta Ha HacTosaTa MyOJIMKALUS €
0000111eHne HA OCHOBHHUTE TE€XHOJOTUYHU MOJIU(HKAIMKM Ha METO/A M NPUWIOKEHUETO MY 33 Pa3IM4HU MOJYJIaTOPH,
M3MOJI3BaHU KaTO OCHOBHA YacT Ha ChbBPEMEHHHTE ONTOEIEKTPOHHH YCTPOMCTBA (HaBUTALMOHHU U KOMYHUKAIMOHHH
cUcTeMH, OMOaTYMLHU U Jp.)
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Digital image processing is an important area of preservation and representation of cultural and historical objects.
Part of it is the task of cleaning images corrupted by noise. Many different methods and approaches have been
successfully implemented, but still filtering and denoising techniques are developing and improving intensively. Herein,
we report numeric simulations of 2D image filtering. Effects of impulse noise are very efficiently reduced by adaptive
median filtering. The situation of additive noise, which itself depends on the intensity of the original image, is more
complicated. However, we demonstrate that in this case the use of wavelet transforms in the denoising procedure is very

productive and promising..
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INTRODUCTION

One of the principle areas of digital image
processing methods is related to an improvement of
pictorial information for human interpretation [1]. It
includes preservation and representation of cultural
and historical objects. Image enhancement and
image restoration no doubt are related to denoising
images with certain degradation. Many different
methods and techniques have been successfully
implemented, but still filtering and denoising are
developing and improving intensively. That is due
to the fact that there is no such thing as the ‘best’ or
the ‘ultimate’ filter. Restoration techniques are
based on mathematical models of image
degradation [1]. Thus denoising (a particular case
of restoration) uses certain a priori knowledge of
the degradation phenomena. It develops a
probabilistic model of the noise and by a variety of
numeric approaches, then solves the so-called
inverse problem i.e. recovers the original.

Herein, we report numeric simulations of 2D
image filtering. The original image is assumed to be
without noise, and then it is corrupted by certain
degradation. In Section 1 we consider the so-called
‘impulse noise’, which is widespread in many
image deteriorations. In this case, we have
implemented the adaptive median algorithm [1].
The denoising software is ‘friendly’ and effective,

so it can be used by non-IT specialists. Section 2 is
addressed to image processing specialists. There,
the situation of additive noise, which itself depends
on the intensity of the original image, is treated. We
demonstrate that in this case the use of wavelet
transforms [1, 2] in the denoising procedure is very
productive and promising.

IMPULSE NOISE: ADAPTIVE MEDIAN
FILTERING

Impulse noise is also called shot noise, binary
noise or ‘salt and pepper’ noise. It is easily
identified in grayscale images because its
appearance has randomly scattered white (‘salt’)
and black (‘pepper’) dots (pixels) over the image
[1]. In color images, the noisy pixels bear no
relation to the color of the surrounding pixels. It is
known [1, 2, 3] that Median Filtering (MF) is
effective and widely used technique for reducing
such noise. The main idea of MF is to scan the 2D
image with a window (mask) of smaller size, and
replace the value of each pixel in the image by the
median of the neighboring pixels. A significant
drawback of this nonlinear filter is that it does not
preserve all details (edges) while removing noise
[1, 3, 4]. As a result, the denoised image appears
blurred. That is why we implemented the so-called
Adaptive Median Filter (AMF). ADF main feature
is that the size of the mask is changing during the
processing. The filter adapts its behavior on the

* To whom all correspondence should be sent:

_ : _ characteristics of the image in the mask region [1,
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4]. So, details are preserved and distortion is
reduced. In our implementation there is one
additional parameter: the size of the mask. In the
modeling, we use another additional parameter:
noise density. It gives the number of noise affected

Fig. 1. Original image.

In Fig. 1 we present the original image that will
be corrupted with impulse noise. It is a 19-th
century icon and its grayscale image has 988 x 768
pixels. We have affected 7% of pixels with impulse
noise. In Fig. 2 a section of the ‘degraded’ image is
shown, so that salt and pepper dots are clearly
visible.

Fig. 2. Section of the original image, contaminated with
impulse ‘salt and pepper’ noise.
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The AMF used in the denoising procedure has
maximum window size of 11 x 11 pixels. The
processing is robust and effective. In fact, AFM can
smooth other noises that may be not impulsive [1,
4, 5].

In practice, visual control of the AMF denoised
images is quite enough. However, for evaluation of
the denoising procedure, we apply the Figure of
Merit (FM) criterion, defined below in Section 2.
The lower FM value, the better - when FM = 0, the
denoised image is ‘equal’ to the original. The FM
before the processing of the degraded image gives
the starting point of the filtering. In this case FM =
0.036. After AMF processing, FM = 0.002 and we
can consider the denoising as very effective. We
have compared this result to the ‘classical’ median
filtering, which results in FM = 0.02. Section of the
denoised image is shown in Fig. 3.

Fig. 3. Section of the denoised image.

INTENSITY DEPENDENT NOISE: WAVELET
TRANSFORM FILTERING

In digital image processing Wavelet Transforms
(WT) are successfully used for edge detection,
image enhancement and restoration, signal
compression, denoising, etc. [1, 6, 7]. WT are often
compared to the Fourier transform. WT have the
advantage over Fourier transform because they
provide insight into both image spatial and
frequency characteristics [7, 8]. That is why WT
are more efficient in image restoration. However,
WT efficiency in denoising depends on the type of
disturbance in the image. If we have in the
preprocessing activity some information on the type
of noise, which is to be expected, we can choose
the most appropriate denoising method. If no such
information is available, several WT should be
explored [1, 7]. For 2D images usually discrete
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wavelet transformations are applied and the wavelet
is discretely sampled.

In general, the procedure includes several steps:
1) Compute signal WT. 2) Alter the transform
coefficients. 3) Compute the inverse transform. 4)
Evaluate the result.

In what follows we consider an image model
(O) with additive intensity dependent noise. The
‘degraded’ image (J) can be described by the
equation: J = O + N*O, where N is uniformly
distributed random noise with zero mean and
certain variance V. In the numeric modeling we
have chosen the variance to be V = 0.02.

Fig. 4. Section of the original image, contaminated with
intensity dependent noise

Fig. 5. Section of the denoised image.

In Fig. 4 we present a section of the model
(original) image from Fig. 1, contaminated with
intensity dependent noise. We have tried to denoise
the image J by the adaptive median filtering, but the
results were not satisfactory. Much better results
were obtained when the denoising was performed
with orthonormal wavelet “db4-2” (Daubechies
wavelet of order 4, level of decomposition - 2).

In order to evaluate the efficiency of the
filtering, we define a Figure of Merit (FM) as the
ratio of the Euclidean norm of the difference
between the original image and the processed
image, to the Euclidean norm the original image.
The norm of the difference between the original
and the noisy image gives the starting point of the
processing. In this case FM = 0.0612.

After the denoising, the FM is equal to 0.0087.
This is a 7 fold improvement, even without
optimization of the process. We continue the
investigations in this field and results will be
published elsewhere. Section of the denoised image
with “db4-2” wavelet is shown in Fig. 5.

CONCLUSIONS

We have demonstrated that 2D images can be
efficiently denoised by the help of adaptive median
filtering and wavelet transforms. In the numeric
modeling presented here, only the case of additive
noise was considered. The impulse noise is cleared
by AMF, while intensity dependent noise is better
removed by WT. Both filtering approaches are
found to be wvery robust and effective. The
correlation between noise and filter characteristics
indicates that we need a variety of filtering
procedures and that the filtering process should be
optimized over several different approaches. We
intend to develop a set of diverse filters in order to
attack the problem of multiplicative noise, which is
of high practical importance.

Acknowledgement: N. Berberova acknowledges the
World Federation of Scientists, Switzerland, for
financial support.
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OBPABOTKA HA IU®POBU NU30BPAXXEHUA: N3YMUCTBAHE HA LITYMA YPE3 AJAIITUBEH
MEJIMNAHEH ®WJITHP U 110 METOJJIA HA BBJIHUYKUTE

I1. lapnasmxues, 1. Hazpposa, H. bepbeposa

Hucmumym no onmuuecku mamepuanu u mexnonozuu ""Axao. 4. Manunoscku", bBvreapcka Akademus na naykume,
ya. "Akao. I'. bonues", 6. 109, 1113 Coghus, bvacapus

Hocmwvnuna na 10 okmomepu 2016 2.; kopueupana na 20 noemepu, 2016 2.

(Pesrome)

OOpaboTBaneTo Ha MU(POBH M300paKCHHS € BaKHA YacT OT CHhXPAHABAHETO M MPE/IC-TABIHETO Ha KYITYPHH U
nucropudecku obekTH. YacT oT 3aaunTe ca CBhP3aHU C M3-UMCTBAHETO Ha IIyMa, HACJIOXEH B M300paxeHusTa. MHOTO
Pa3IMYHA METO/U U TIO/1-XOJIH Ca YCIIENTHO NpHIaraHi, HO TEXHUKUTE 33 QWITPUPAHE U U3YNCTBAHE HA IIyMa BCE 10—
MHTEH3MBHO C€ pa3BUBAT M 1M0J00psBar. B Tasu craTus ce JOKIaaBa YHCIIeHa CUMYJIAlKs 3a GUIATPUPAHE HA IByMEPHHU
n300paxeHus. BimsHuATa Ha MMOYJICHUA IIyM Cca MHOTO e(HKAacHO peAylHpaHH 4pe3 (HUITPUpAHE C aganTHBEH
MenuaneH Guirsp. [Ipy axnTHBEH 1IyM, KOMTO 3aBUCH OT HHTEH3UTETAa HA OPUTHHAIHOTO M300pakeHNe, CUTyalusITa €
M0-CIO’KHA. BhIpexku ToBa, HHE INOKa3BaMe, Y€ B TO3M Cllyyail M3MON3BaHE Ha TpaHchopMmaimara 1Mo MeTofa Ha
BBJIIHUYKHTE 32 IPEMaxBaHETO Ha IIyMa € ¢ JOOpH pe3ylaTaTh u € MHOTO 00elaBalio.

28



Bulgarian Chemical Communications, Volume 48, Special Issue G (pp. 29-32) 2016

Phase recovery from fringe patterns with global carriers: approach based on Hilbert
transform and wavelet de-noising techniques

P. Sharlandjiev*, N. Berberova, D. Nazarova and G. Stoilov*

Institute for Optical Materials and Technologies “Acad. J. Malinowski”, Bulgarian Academy of Sciences,
“Acad. G. Bonchev” str. Bl. 109, 1113 Sofia, Bulgaria
YInstitute of Mechanics, Bulgarian Academy of Sciences
,, Akad. G. Bonchev* Str., block 4, Sofia PS-1113, Bulgaria,

Received October 10, 2016; Revised November 10, 2016

Fringe pattern analysis is an important task in optical metrology. Fringe patterns can be formed by optical
interference, by projection techniques, by overlapping two similar wave structures, etc. Patterns with constant global
angular carriers represent straight lines in the field-of-view. The presence of an object under investigation distorts the
fringes. Analysis of these distortions is called also phase recovery and it is widely used in many applications of science
and engineering, i.e. for retrieval of surface topography of 3D objects. Usually, three steps are discerned: pre-processing
(noise reduction, background zeroing), phase retrieval (extraction of the phase distribution), and post-processing
(unwrapping, smoothing and ‘cleaning’).

Herein we present an approach based on a combination of Hilbert transform for phase recovery and different
wavelet techniques for de-noising and smoothing. By numeric simulations we show that this technique is effective and
robust. Different types of noise are considered: Gaussian additive noise, multiplicative intensity dependent (speckle)
noise, high frequency environmental noise, jitter, fringe distortion due to non-sinusoidal modulation (presence of
second and third harmonics in the fringes). Each type of noise can be considered separately or all of them -

cumulatively.

Keywords: Optical metrology; Fringe projection; Numeric filter techniques

INTRODUCTION

Fringe pattern analysis is an important task in
optical metrology. Fringe patterns can be formed by
optical interference, by projection techniques, by
overlapping two similar wave structures, etc. [1].
Patterns with constant global angular carriers
represent straight lines in the field-of-view. The
presence of an object under investigation distorts
the fringes. Analysis of these distortions is called
also phase recovery and it is widely used in many
applications of science and engineering, i.e. for
retrieval of surface topography of 3D objects [1,2].
Usually, three steps are discerned: pre-processing
(noise reduction, background zeroing), phase
retrieval (extraction of the phase distribution), and
post-processing  (unwrapping, smoothing and
‘cleaning’).

Herein we present an approach based on a
combination of Hilbert transform [2] for phase
recovery and different wavelet techniques for de-
noising and smoothing. Different types of noise are

considered: Gaussian additive noise, multiplicative
intensity dependent (speckle) noise, high frequency
environmental noise, jitter, fringe distortion due to
non-sinusoidal modulation (presence of second and
third harmonics in the fringes). Each type of noise
can be considered separately or all of them -
cumulatively.

The effectiveness of the Hilbert transform is
compared to that of complex Gabor transform [1],
which can be used for phase retrieval, too. Wavelet
de-noising is compared to that of windowed Fourier
filter [2] and others filters, as well (see below).

In all simulations the phase unwrapping is done
by the Itoh approach [3]. The smoothed final result
is ‘cleared’ by an adaptive Wiener filter [1].

PHASE AND NOISE MODELS; FRINGES AND
COMPUTATIONAL PROCEDURES

The phase model (pm) in the simulations below
is the function “peaks”, which is more or less
accepted as a standard in surface profile analysis:

* To whom all correspondence should be sent:
E-mail: pete@iomt.bas.bg
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p=3+1-x)?*exp(-(x)* - (y + 1)?) -
1/3 xexp(—(x + D* = (»)?*) -
10 * (x/5 — x* — y°) * exp(=x* — y*);
pm(x, y)=3.5%* p; 0<x,y<51L;
The difference between the absolute maximum
and absolute minimum of the phase model is ~50

radians. In Fig. 1 pm(x, y) is shown.
3D Phase Model rad

e e

Phase, rad

Y, pixels 0 0

X, pixels

Fig. 1. Phase model function

The reference fringes 10(X, y) are simulated as
greyscale images with 8 bits per pixel with
background intensity of 0.5 and amplitude
modulation of 0.3. A certain and an avoidable
degradation of any registered image is due to noise
N(x, y). By ‘noise’ we mean any unwanted
component of the image, including jitter, non-
sinusoidal waveforms, speckle, etc. In the
simulations we consider additive Gaussian or
uniform noise; multiplicative noise; fringe
deformation and stochastic jitter of CCD rows.
Each noise can be considered separately or all of
them - cumulatively.

I, = 255 {0.5 + 0.3 * cos(w, * x)}
I, = 255 % {0.5 4+ 0.3 * cos(w, * x + pm)} + N(x,y)

where w, =2*m/T; T is the fringe period (in
pixels). N(x, y) is the noise, additive in this case. To
treat the case of fringes with constant global
carriers, it is considered that fringes lie parallel to
Oy axis. In Fig 2. the computer generated fringe
pattern, corrupted with cumulative noises (with
multiplicative noise) is shown.
The presented approach runs as follows:

1). Pre-process the input pattern. If
multiplicative  noise is present, make a
homomorphic transformation [1]. Smooth the

pattern with wavelet techniques. We do it with the
2 level discrete reverse bi-orthogonal wavelet [1,
2].

2). Phase evaluation is fulfilled with 1D Hilbert
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transformation on  row-by-raw  basis.  First,
eliminate the background illumination by
averaging, if the intensity is constant. We use also
an adapted envelope approach for illumination with
Gaussian distribution [2]. The four-quadrant
arctangent function supplies the wrapped phase. We
unwrap it, following Itoh approach [2, 3].

3). Smooth the estimated phase function by
wavelet techniques. We use 4 level symlet wavelet
[1] of 4-th order, followed by adapted Wiener
filtering [1].

Fig. 2. Computer generated fringe pattern, corrupted
with noise.

In order to evaluate the efficiency of the
processing, we define a Figure of Merit (FM) as the
ratio of the Euclidean norm of the difference
between the estimated phase function and the
model phase function, to the Euclidean norm the
phase model.

RESULTS AND DISCUSSIONS

The specific features of the noise models are as
follows:

e Additive noise with Gaussian probability
density function (PDF) with zero mean and
standard deviation (STD) of +/- 10 intensity
gray levels (out of 256)

e Multiplicative noise with Rayleigh PDF mean
value of 1 and STD = 0.2732 (maximum for
this PDF, which corresponds to two fully
developed correlation cells within one pixel of
the CCD detector)

e Non-sinusoidal modulation with  second
harmonic (ratio 2-nd to 1-st harmonic is equal
to 0.25) and third harmonic (ratio 3-rd to 1-st
harmonic is equal to 0.15)

e Noise due to stochastic high-frequency
(environmental) vibrations with uniform PDF
and values within +/- w/20 for each pixel, or
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jitter noise for each row of the phase model
(same PDF, same value)
The corrupted fringe pattern is processed with our
approach. The presented results are for
multiplicative noise. The obtained FM is 99.7%.
The difference between the model phase function
and the evaluated phase is presented in Fig. 3.

Hilbert: Phase Error = 0.022752

RMS, rad

Y, pixels X, pixels

Fig. 3. Difference between model and evaluated phase
function.

In Fig. 4 we present the histogram of that
difference. The result of de-noising and phase
evaluation and unwrapping is very satisfactory.

12000

10000 -

8000 -

6000

Number of Pixels

4000

2000 -

1 . L L
-15 -1 -05 0 05 1 15
Intensity Level Difference

Fig. 4. Histogram of the difference model and evaluated
phase function.

Also, we extracted the phase with 1D complex
Gabor wavelet and compared it to the Hilbert
transform, keeping all the rest of the approach

intact. The results are similar, but somewhat better
for Hilbert (FM = 99.7% to 95.7% for Gabor).

We compared and analyzed the performance of
different pre-processing algorithms and methods.
To name a few: windowed Fourier filters, Frost
filter, adaptive weight Wiener filter, anisotropic
diffusion method [1, 2, 4]. Their performances were
similar, but anisotropic diffusion had the highest
figure of merit - FM = 99.8%.

CONCLUSIONS

We presented an approach for phase recovery
from data, obtained from experiments in optical
interferometry, by projection techniques, etc. The
approach is based on a combination of Hilbert
transform and different wavelet techniques for de-
noising and smoothing. In our numeric simulations,
we introduced different types of noise in order to
get as close as possible to the physical reality. Our
results on patterns with constant global angular
carriers show that this approach is effective and
robust. It is competitive with other methods, which
are more complicated to implement and demand
sophisticated software.

We intend to apply this approach for
comparative analysis of single frame phase
recovery and the well-known multiframe phase
shifting algorithms.

Acknowledgement: Authors are grateful for the
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Fund under the project DCOST 01/7 and also
acknowledge the COST Action MP1205.
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BB3CTAHOBABAHE HA ®A3ATA OT CTPYKTYPU C UBULIM: TIOAXO/, BASUPAH HA
XNJIBEPTOBA TPAHCO®OPMAILIMA 1 OBE3LIYMABAHE YPE3 BBJIHUYKU

I1. [llapnasmkues, H. Bep6eposa, JI. Hazbposa u I'. Ctontos

Hucmumym no onmuuecku mamepuanu u mexnonoauu "Axao. M. Manunoscxu”, Bvieapcka Axademus na naykume,
ya. "Akao. I'. bonues", 621. 109, 1113 Coghus, bvaeapusa
YWnemumym no mexanuxa, Bvneapcka akademus na naykume, ya. "Axao. I. Bowueg", 610k 4, Cogus I11C-1113,
bvreapus

IMoctenuna Ha 10 okromBpu 2016 r.; kopurupana Ha 10 HoemBpu, 2016 r.

(Pestome)

AHaIM3BT Ha CTPYKTYpPH C UBHILM € Ba)KHA 33jJaya B ONTHYECKAaTa METPOJIOTHs. VIBUYHU CTPYKTypu ce ¢popMupat
Yype3 ONTUYHA WHTEp(EPOMETpPHs, NPOSKIHMOHHU TEXHHKH, NPHUIIOKPHBAHE Ha IOJOOHM BBIHOBH IIOJIeTa M Jp.
CTpyKTypH C TIOCTOSIHHA BIJIOBA YECTOTA MPEACTABISBAT IIPABH UBUIIM B T0JIETO Ha HaOmoaeHue. M3cnensanusaT o0exT
nedopmupa uBHIMTE. AHAIM3BT HA TE3M M3KPUBSBAHUS Ce HapH4a M3BIMYaHE Ha (a3ara U ce M3I0JI3BA LIMPOKO B
HayKaTa M TeXHHKaTa, Hamp. 3a IoJlydaBaHe Ha Tonorpadusara Ha 3/ obextn. To3u aHamu3 OOMKHOBEHO MMa 3 erama:
mpegBapuTenHa oOpaboTka (HamansdBaHe Ha ITyMa B W300pakeHHETO, HyNHpaHe Ha (oHa), M3BIMUaHe Ha (hazaTta
(mamupane Ha (a30BOTO pasmpeeNicHne) U KpaitHa o0paboTka Ha pe3ynraTute (pa3omakoBaHe Ha (hazaTa, H3TIIAXKIAHE,
,,TOUNCTBaHE”).

B Ta3u craTHs mpeacTaBsiMe IMoaxoA, OasupaH Ha KOMOMHAIMS OT mpeoOpa3oBaHue Ha XWiOepT 3a M3BIMYaHE Ha
¢hazaTa M pasIMYHN TEXHUKH C BBIHWYKU 32 00C3LIyMsBaHE W CIVIAXAaHE Ha JaHHUTE. Upe3 4MCICHO MOACIUpaHe
MOKa3BaMe, Y€ Ta3u METOJO0JIOTHs € e(peKTUBHA U CTaOMiIHA. Pa3nuyHu BHIOBE LIyM ca MOJEIUPaHU U aHAIM3UPaHU:
raycoB J00aBbYEeH, HHTEH3UTETHO 3aBUCHM MYJITHUIUIMKATUBEH (CHEKBJ), [DKUTEDP, HAINYME HA BUCOKU XapMOHUYHU B
WBULIUTE JIP.
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In this work we investigate the characteristics of reversible polarization recording in an azopolymer. Polarized light
from DPSS laser with wavelength 444 nm is used for recording photoinduced birefringence. Afterwards, two methods
for its erasure are used: heating the polymer to certain temperature or illumination with circularly polarized light.
Multiple cycles of recording and erasure are successfully realized with both methods, which allows us to compare and
outline the advantages of each of them. The photoinduced birefringence is calculated from the Stocks parameters,

monitored in real time, during the entire experiment.

Keywords: Azopolymers; Thermal and optical reversibility; Photoinduced birefringence; Polarization recording.

INTRODUCTION

In contrast to conventional optical data storage
(CD/DVD/Blu-ray technologies), where recording
is in one plane (2D), holographic data storage
allows to address the entire volume of the media
(3D) and to achieve much higher density of
information [1, 2]. Polarization holography makes
possible to increase the information density even
further by registering also the polarization state of
the recording light and realizing polarization
multiplexing [3-5].

Since 1984, when Todorov et al. [6] discovered
the possibility to inscribe high-efficient polarization
holograms in azobenzene-containing materials,
these materials are subject of intensive research for
numerous application, including holographic data
storage [7, 12]. Essential parameters for each data
storage media are the stability of the recorded
information, as well as its reversibility i.e. the
ability of the media to ensure multiple cycles of
recording, non-destructive reading and erasure of
information.

Here we present a study of the reversibility
properties of birefringence in amorphous azo
polymer. The value of the photoinduced linear
birefringence An is defined as the difference
between the component of the refractive index
perpendicular to the polarization of the recording

beam and the component parallel to it -
An=n, —n,. It is known that on illumination

with linearly polarized light within the absorbance
band of the photochromic azo groups, they undergo
cycles of trans-cis-trans isomerizations and tend to
reorient perpendicularly to the polarization
direction of light [3, 6]. As a result, birefringence is
induced in the material at a macroscopic level. On
the other hand, when the azopolymer film is
illuminated with circularly polarized light, no
preferential direction exists, so the molecules
orientation becomes random again, and the
birefringence is erased.

We apply two methods of erasure in this study —
optical and thermal. Both methods are compared in
terms of speed of erasure and anisotropy values
retention during multiple write/read/erase cycles.

EXPERIMENTAL
Materials

The polymer used in this experiment is side-
chain amorphous azocopolymer, denoted as Pi.,
synthesized earlier in the Institute of Optical
Materials and Technologies [13]. The azopolymer
chemical structure and spectrum of absorbance are
shown in Fig. 1. Its molecular weight is M,, = 3600
g/mol and glass transition temperature is
T, =102 °C [14].

* To whom all correspondence should be sent:
E-mail: lian@iomt.bas.bg
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Fig. 1. (a) Chemical structure of the azocopolymer P.,;
(b) Spectrum of absorbance of P.,.

Methods of characterization

The preparation of the polymer films includes
dissolving of the P;, copolymer in
1,2-dichloroethane and spin coating the solution at
1500 rpm on glass substrates. As a result, thin
homogeneous films are formed. The thickness of
the films is measured by a Talystep profilometer
(Taylor Hobson) and for the samples used in this
work is d = 700 nm.

To record and probe the photoinduced
birefringence, two diode-pumped solid state lasers
(DPSSL) are used: recording laser with A =
444 nm, power 35 mW, and reading (referred also
as probe) laser with Ayqe = 635 nm and power
below 2 mW. As it can be seen in Fig. 2, the
reading laser beam passes through polarizer,
oriented at 45°, while the recording beam passes
through vertical polarizer. After passing through the
azopolymer sample, the reading beam enters a
polarimeter (PAX5710 Polarization Analyzing
System, Thorlabs), which monitors the Stokes
parameters of light in real time.
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4%

Fig. 2. Experimental setup : 1 — reading laser (635 nm,
P <2mW), 2 —recording laser (444 nm, P =35 mW), 3 —
polarizer oriented at 45°, 4* — vertical polarizer/QWP,
5 — azopolymer sample, 6* — hot stage, 7 — Thorlabs
polarimeter. (* denotes an element, which is replaceable,
depending on the erasing method used).

In this case the birefringence can be calculated
from the expression:

A S
An=_Probe . ian 3
2

27d S
where d is the film thickness, and S, and S; are
Stokes parameters [10, 15].

)

RESULTS AND DISCUSSIONS

Fig. 2 is a representation of the experimental
setup for both deleting methods. The reading laser
is on throughout the entire experiment. Initially, 60
seconds of background signal is measured, without
illumination with the recording laser. During the
data processing, these background values are
subtracted from the measured data. Then we start
the illumination with the recording laser until the
photoinduced birefringence reaches saturation —
Anmax. Using Eg. (1), the time dependence of the
birefringence can be determined.

Optical erasure

During the recording, the light from the laser at
444 nm passes through a vertical polarizer, while
for the erasure it is replaced by quarter wave plate
(QWP), which converts the linearly polarized light
in circularly polarized (CP). CP light with the same
wavelength as the recording one, randomizes the
orientation of the azochromophores which leads to
erasure of the birefringence.

The processes of recording and deleting in the
azopolymer film had been repeated 10 times, all in
the same place of the sample. The results are shown
in Fig. 3. The recording time for each cycle is 4
minutes, then the recording laser is stopped and
only the reading beam is on for another 4 minutes
to determine the stability on reading. After that,
starts the illumination with circularly polarized
light at 444 nm for another 4 minutes.
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Fig. 3. (a) Ten cycles of inducing and optically deleting
linear birefringence; (b) Zoom on the first cycle. The
symbols indicate the state of polarization of the laser

with A = 444 nm.

As can be seen from Fig. 3, this polymer can be
successfully used for multiple cycles of recording
and deleting of linear birefringence. The response
of the polymer to different polarizations is fast and
relatively high values of birefringence have been
achieved. However, we should note, that after each
cycle the maximum value of birefringence is
reduced. This phenomena could be explained with
the reorientation of part of the chromophores
perpendicular to the film surface [9]. Hence, these
molecules do not contribute to the formation of
birefringence.

Thermal erasure

To study the thermal erasure, the sample was
mounted on a hot stage THMS600 (Linkam
Scientific), which can maintain or vary sample
temperature at a given speed, with high precision.
The recording and relaxation time in this
experiment were set to 2 minutes. After that time,
starts the heating process with rate 10°C/min. The
starting temperature for the measurement was 30°C.
The heating continues until temperature of 90°C is
reached, which leads to erasure of the photoinduced

birefringence, as shown in Fig.4. Then the
temperature is decreased back to 30°C for the next
cycle of recording/reading/erasure. It is important
to notice, that in this case no decrease of the
maximal value of birefringence in the consecutive
cycles is observed.
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Fig. 4. (a) Five cycles of inducing and thermally deleting
linear birefringence; (b) Zoom on the first cycle. The
arrow indicates the polarization state of the pump laser.

CONCLUSIONS

We have demonstrated experimentally the
possibility for multiple cycles of recording, reading
and thermal or optical erasure of photoinduced
birefringence in the azocopolymer P, synthesized
in IOMT. Reversible recording with linearly
polarized light and erasure with circularly polarized
light at the same wavelength is realized, in contrast
to other methods where a separate UV laser is used
for the erasure [9]. The processes can be repeated
many times only with slight decrease of the
amplitude — less than 5% for 10 cycles. A possible
reason for this behaviour can be the fact that some
molecules reorient perpendicularly to the plane of
the circularly polarized light. Being in such position
they cannot be addressed by the linearly polarized
light in the next recording cycle, which results in
decrease of the maximal value of the birefringence
(Anmay), @s seen in Fig. 3a. This drawback has been
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JI. Henenqul’Z, I. I/IBaHOBl, TI. MaTeeBl, b. BnaroeBal, J1. KOCTa,E[I/IHOBal, H. ]56p66p0Bal u /. Ha31,p0Ba1

1 .
Hucmumym no onmuuecku mamepuanu u mexnonozuu ""Axao. 1. Manunoscku", bvreapcka Akademus na naykume,
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IToctpnuna Ha 10 oktomBpu 2016 r.; kopurupana Ha 10 Hoemspu 2016 T.

(Pesrome)

WscnenBan e mporechkT Ha MHOTOKpPAaTeH OOpaTHUM IOJIIPH3alMOHEH 3alic B a30MONIMMEp. 3a 3alic Ha
(OTOMHIYIIMPAHO IBYTBUYETIPEUYNBaHE € H3MOJ3BaHA IMOJIAPH3MpaHa CBETIMHA OT Jla3ep C OB/DKMHA Ha BBIHATA
444 nm. 3a u3TpUBaHE Ha 3amMca ca W3IMOJI3BAHU JIBA METOJA: 3arpsBaHE Ha MOJUMEPHHUS CJIOH Win 00J'bUBaHE C
KPBroBO MOJsIpU3MpaHa CBETIMHA. YcnemHo ca peam3npaH MHOTOKPATHU MUK Ha 3aITMC U U3TPHUBAHE U UPE3 ABaTa
METOZAa, KOETO HU IO3BOJIABA Aa TM CPAaBHHUM M IOCOYHM NPEUMYIECTBATA HAa BCCKHU OT TAX. (I)OTOI/IHJ]yHI/IpaHOTO
JIBYJIbUETIPEUYIBAHE € W3YUCIIEHO OT mapameTpure Ha CTOKC, KOUTO C€ CIEAST B PealHO BpPEeME M0 BpeMe Ha Lenus
€KCIIEPUMEHT.
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A human-centered design is an important factor for improvement quality of human life all over the world. This work
presents application of holography in human-centred design in view of the unique properties holography demonstrates
for 3D imaging. Holography enables design solutions with highly positive impact and supports design diversity. The
paper shows how holographic art-work can be used for creation of idea-based design. It proposes different types of
holograms suitable for environmental and interior design as outdoor holographic installation, artworks from rainbow
holograms or cylindrical holograms and presents their real implementation. Potential of the wavefront holographic

printing technique in holographic design is also discussed.

Keywords: holography, white light viewable holograms, holographic design

INTRODUCTION

Design is of crucial importance for human
society. Holography, as an optical tool with unique
properties, is a perspective candidate for human-
centered design because it enables solutions with
highly positive impact. It has also a potential to
support design diversity. The holograms make
possible accurate photorealistic 3D imaging with all
depth cues provided and thus enrich our perception
by expanding information capacity [1]. This
intrinsic property of the holograms can be used to
produce efficient and well-harmonized
environment, to change the interior design and to
improve quality of life [2]. Although holographic
optical elements are already widely used for
labelling products and security purposes, a lot of
research and practical implementations are needed
before the holograms can steadily step in
environmental and interior design. This task
requires understanding of 3D space perspectives
provided by the hologram.

This paper presents various types of white-light
viewable silver-halide holograms created recently
by the holographic artist Ray Park (or Joosup Park,
the first author of the paper) and discusses
perspectives of their usage in holographic design.
Potential of the recently developed wavefront
holographic printing techniques for production of

white-light viewable holograms in holographic
design is also addressed.

HOLOGRAPHIC ARTWORKS

In holography, the light scattered from three-
dimensional (3D) objects is recorded onto a 2D
plate with a photosensitive layer or encoded as a 2D
numerical array under coherent illumination. Both
real and virtual objects can get holographic
representation, and a variety of effects as e.g.
directionally dependent motion can be introduced
in the encoding process. Reconstruction of 3D
images from 2D holograms allows for development
of new design components and combinations
leading to irreplaceable design solutions. One may
argue that this really great advantage is
counterbalanced by the necessity to provide special
lighting to obtain high quality reconstructions.
Nevertheless, plane or curved holographic panels
which generate 3D reconstructions of objects
always impress the general public. The white-light
viewable holograms make possible outdoor
installations or indoor decorations by applying
inexpensive illumination with a point light source
as Sun or light-emitting diodes respectively.
Rainbow holograms allow for construction of
decorations which change their coloring with the
viewer position. Holographic displays are
autostereoscopic displays and no special means are
required to view the 3D images. Additional

* To whom all correspondence should be sent: attractive feature the holographic artwork has is

E-mail: elena.stoykova@gmail.com
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ability to be easily combined with other design
solutions. In the following we present several
holographic design solutions with the photographs
of real holograms produced during the recent years.

Fig. 1. Holographic installation ‘Holographic Lighting
Design’.

Fig. 2. Holographic lighting with the hologram attached
to a glass wall.

Fig. 3. Rainbow configuration: top view and bottom
view.

Holography  makes  possible
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design  of
holographic lighting which can be a part of large

outdoor installation. Fig. 1 shows a large size
holographic installation ‘Holographic Lighting
Design’ that has been presented at the Design Cube
competition held at Korean Foundation of Design
Culture in 2008. The author Ray Park was selected
for the ‘Designer of December’. The holograms in
this design work are attached to a glass pane; they
can be installed on a wall or in space. The size of
each panel in Fig. 1 is 2560 mm by 820 mm.
Another holographic lighting design introduced to
the Design Cube was exhibited at the outdoor space
of the Namsan Tower in Seoul, South Korea (Fig.
2). The size of the hologram was 140 mm by 210
mm. The holograms presented in Fig. 1 and Fig. 2
are analogue transmission type holograms recorded
on a silver-halide emulsion VRP-M (produced by
Slavich) with a diode pumped solid state laser
(DPSS) at a wavelength of 532 nm and laser power
of 150 mW. The holograms diffract light coming
from a light source and reconstruct incandescent
lamps floating in the air; the created impression is
of reemitted light.

A basic rainbow hologram configuration design
work has been developed by cutting the
holographic films used to record rainbow
holograms and arranging them as is shown in Fig.
3. The holograms were recorded on the VRP-M
emulsion. Their size is 160 mm by 140 mm. The
different parts of this composition reflect different
colors which vary with the viewing angle. By
overlaying the colors, a rainbow hologram design
of additive color mixture is formed. Fig. 4 shows
such rainbow hologram configuration of size 200
mm by 180 mm. When observed from the front,
varying colors can be seen by moving up and down.
The additive mixture of red, green and blue colors
in the middle creates perception of a white color.
Such rainbow hologram design works may be
coated on tiles, blocks, furniture, or walls.

Fig. 4. Composition made from rainbow holograms (left)
and its magnified view (right).
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Impressive design solution is to use a static
holographic display which provides a 3D image
floating in space. A holographic display design
work was manufactured in 2013 by combining
projection mapping with a 360 degrees cylindrical
hologram.  Projection  mapping  experiences
limitations related to projector location and objects
shape that hamper 3D observation of objects. A
cylindrical hologram is an attractive choice to make
all-directional observation available. Fig. 5
represents the cylindrical hologram of the Turtle
Ship used by Royal Korean Navy from 15" to 19"
century that is combined with projection mapping.
The hologram was recorded using a DPSS laser
(532 nm) on a silver-halide emulsion U08
(produced by Ultimate). The hologram enables
observation of the floating in the air 3D object from
all directions. The 2D representation of the Turtle
Ship is observed on the floor. One may expect
application of this method to the advertisement
design.

Fig. 5. Holographic display design by combining a
cylindrical hologram of a 3D object with its 2D
projection mapping.

HOLOGRAPHIC WAVEFRONT PRINTING

Advances in optical technology open new
prospects for holographic design. Nowadays,
analogue holography is available practically to
anyone and can be applied to the art and design
work. However, difficulties are arising when
modifying the already complicated optical set-up to
capture large scenes on the holographic plate. The
holographic printers are successful solution to this
problem [3, 4]. They record a white light viewable
hologram by partitioning it into 2D array of
elemental holograms and forming digital 3D
contents for each of them from the information
acquired about the 3D object. The numerical data

for each elemental hologram are fed to a spatial-
light modulator (SLM) which forms the object
beam for recording the hologram on the silver-
halide holographic emulsion. The holographic
stereogram printer has already proved its capability
to print large size horizontal parallax only color
holograms and so to be used for 3D advertisement
and visual design [4]. The 3D contents are
composed as parallax-related images from multi-
view incoherent capture of 3D objects. However,
the holographic stereogram records only directional
and color information, and quality of reconstruction
IS not equivalent to that from the analogue
hologram.

Fig. 6. Reconstruction from the first printed color
hologram by the wavefront printer (left); printed

hologram “Night of passion”, holographic artist Ray
Park (right).

Recently, we proposed and built a wavefront
holographic printer whose input is a computer-
generated hologram (CGH) [5]. The printed
hologram is partitioned into a 2D array of elemental
holograms. A set of CGHs is generated to make 3D
contents for the printer by using accelerated
computation of the fringe patterns. The CGHs fed
to the amplitude SLM encode the wavefront of light
coming from the 3D object and the latter is
extracted optically by a spatial filter and a
telecentric lens system to impinge the holographic
emulsion. This printer allows for manufacture of
Denisyuk and transmission type holograms with the
same quality of reconstruction as in analogue
holography. By using three continuous wave DPSS
lasers emitting at 640 nm, 532 nm and 473 nm it is
possible to print color holograms. The main
advantage of this printing modality is its ability to
produce holograms from virtual objects by using
their computer graphic models. This creates a lot of
opportunities for advertisement or design which
rely on 3D imaging. The photographs of
reconstructions from two holograms printed by our
wavefront printer are shown in Fig. 6. Actually,
Fig. 6(a) presents reconstruction from the first color
hologram printed this way. The bright saturated
colors of the reconstructed image are achieved by
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mosaic recording of the primary colors when an
elemental hologram gets a single color [5]. The
printed output can be used also as a master
hologram.

CONCLUSIONS

Unique properties of holographic 3D imaging
provided by white-light viewable analogue
holograms and recent achievements in computer
generation of holograms create rich platform for
developing impressive design solutions. The
holographically manufactured artworks can be used
for outdoor and interior decorations. The main
advantage of the outdoor white-light viewable
holographic installations is no need of a special
light source for their reconstruction.  Recently
developed holographic wavefront printing makes
possible producing of white light viewable
reflection holograms from digital contents encoding
3D information about virtual objects. The paper
included various original holographic examples to
illustrate the potential of holographic artworks
based on white-light viewable analogue holography
in design applications.
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Hocrermna va 10 oktomBpu 2016 r.; kopurupana Ha 11 HoemBpH, 2016 T.

(Pesrome)

Jw3aiiH, opreHTHpaH KbM YOBEKa, € BakeH (hakTop 3a MOJ00psBaHe HA KauyeCTBOTO HA JKUBOT MO cBeTa. Paborara
NIPE/ICTaBs M3IMOJI3BAaHETO Ha XoJorpadusaTa B OpUEHTUPAH KbM YOBEKa JM3AiH NMpeBH]] YHUKAJIHUTE CBOMCTBA, KOUTO
JIEMOHCTpHpa 32 TPUMEPHO Bu3yanuzupaHe. Xosorpagusra IaBa BB3MOXHOCT Ja CE€ OCBIIECTBIT JW3AHHEPCKU
peLIeHus] ¢ TOJSIMO TOJIOXKHTENTHO BB3JCHCTBHE M IoMara 3a yBelIMYaBaHEe Ha TIXHOTO paszHooOpasue. Paborarta
IIPE/CTaBs N3MOJI3BAHETO HA X0Jorpadcku apTUCTUYHYU TBOPOU 3a Ch3/1aBaHe Ha WjaeeH au3aiiH. Ts mpeasnara pa3nmuuHu
BUJIOBE XOJOTPAaMH, IOJIXOJSINIM 32 BIIMCBaHE B OKOJIHATa CPeAa M 3a HMHTEPHOPEH JW3aifH KaTo XOJOorpadCKu
MHCTaJIAllMU Ha OTKPHUTO, XYA0KECTBEHH TBOPOU OT JbrOBH WM LIWJIMHIPUYHHU XOJIOTPaMu U TPEJCTaBs PEaTHOTO UM
n3paborBane. OOCHXKIa ce MOTEHIMATBT Ha XoJorpadcka MPUHTHpAIIA TEXHUKA 3a CIydas Ha NMPUHTEP HA BBIHOBHUS

(poHT 3a 1enuTe Ha TU3aifHA.
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given wavelength are determined with respect to the
segment central point. The distance between the point

“p” and the central point is . The initial phase of the
sinusoid, , is a crucial parameter for matching the

wavefronts of the plane waves diffracted from all
segments. The phase contains the phase  of the

wave coming from the point “p” and may include the
distance related phase. It is also determined with respect
to the central point. Taking in view all object points, the
fringe pattern across the segment is approximated as a
superposition of 2D complex sinusoids. The fringe
pattern in each segment was calculated by FFT of
the 2D distribution in the spatial frequency domain
of complex amplitudes associated with the points in
the point-cloud seen from this CGH. Locations of
the complex amplitudes corresponded to spatial
frequencies determined with respect to the center of
the segment. The segment size should be small to
ensure good reconstruction from the phase-added
approximation. That’s why we applied the FFT
with zero-padding for a number of pixels larger
than the number of pixels in the segment to
decrease the error due to discretization of the
spatial frequencies. We used CUDA platform for
parallel programming and computing to implement
the developed algorithm.

Fig. 3. Schematic of the accelerated computation of
fringe patterns for elemental holograms.

RESULTS

The wavefront printer we built is depicted in
Fig. 4. Three continuous wave DPSS lasers
emitting at 640 nm, 532 nm and 473 nm were used.
Each laser exposed a single elemental hologram.
The first polarizing beam splitter (PBS;) after the
collimating system formed the object and reference
beams. The object beam illuminated the amplitude
type SLM by means of the PBS,. We used a liquid
crystal on silicon projector Sony VPL-HW10
SXRD with 1920x1080 pixels and a pixel interval 7
um. After diffraction from the SLM, optical
filtering and demagnification by the telecentric lens
system, the beam impinged the holographic silver-

halide plate. Due to demagnification, the pixel
interval at the plane of the hologram was 0.42 um.
We used the silver-halide emulsion Ultimate08
with an average grain size of 8 nm. The plate was
moved by a X-Y stage at precision of 1 um. For
uniform intensity distribution at the object beam
footprint on the hologram, we used only the central
part of the SLM, so the size of the elemental
hologram was 380 pum by 380 um. The shutters
controlled the exposure time. A personal computer
controlled the wavefront printer operation.

Fig. 4. Optical scheme and photograph of the wavefront
printer with demagnification of the object beam.

Fig. 5. Photographs of reconstruction from printed
holograms.

We achieved bright 3D reconstruction with a
motion parallax at saturated colors from holograms
of test objects (Fig. 5). The size of the holograms in
the top row and the left hologram in the bottom row
is 5 cm by 5 cm. They are built from 131x131
elemental holograms. Thus we proved feasibility of
recording analogue color volume holograms from
digital contents by applying spatially separated
exposures at primary colors to the eclemental
holograms. The SLM partitioning was applied for
enhancement of reconstruction quality at mosaic
delivery of exposures for primary colors. We
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checked a 3 x 3 partitioning scheme which results
in an elemental hologram built as a mosaic of 9
non-overlapping color patches recorded at the RGB
wavelengths. Thus we achieved smooth color
reproduction without high-end optical components.
The reconstruction from a 9 cm by 9 cm hologram of
a bunch of flowers that has been printed by this
method shows very good quality (Fig. 5). The
reconstructions prove that the wavefront printer is a
desirable choice for realistic 3D imaging with
quality of reconstruction as in analogue holography.

CONCLUSION

In summary, we described a holographic printer
for analogue reflection holograms from digital
contents. The information about a color 3D object

generated holograms produced with accelerated
computation proved the algorithm efficiency.
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INPUHTHUPAHE HA LITU®POBU XOJIOI'PA®CKU JAHHU KATO IBETHA OTPAXATEJIHA
XOJIO'PAMA BBPXY CPEBBPHO-XAJIOTEHUHA EMVYIICHUA

X. Jlx. Kaur?, E. Croiikosa™?", 0. M. Kum®, C. X. Xour?, JIx. C. HapKl, Jix. C. Xour*
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2
Hncmumym no opmuuecku mamepuanu u mexuoao2uu kom bvicapckama Axademus na naykume,yn.,, Axao. I'eopeu
bonues™, 61.109, 1113 Cogpus, bvreapus

IMoctrenuna Ha 10 okromBpu 2016 r.; Kopurupana Ha 10 HoemBpu, 2016 T.

(Pesrome)

Haii-nanpennanara TeXHOJOTHS 32 TPUM3MEPHO BH3yalM3upaHe ¢ LudpoBa xomorpadus € XoJorpadckusr
npunrep. Toit obenmusBa mudpoBara u aHamorora xojorpadusi Upes3 3amic Ha OTpakaTeJHa XoJorpama BBPXY
CpeOBPHO-XAIOTEHUIHA eMYJICHsl OT IU(POBM JaHHH, NOAAaBaHM KbM IPOCTPAHCTBEHO-CBETIMHEH MOIYJATOP.
XomorpamaTa € MacHB OT IIOCIIEIOBATEIHO 3alMCBAHM €JIEMEHTAPHH aHAJOTOBH Xoiorpamu. IIepBuAT pa3paboTeH
xosorpadcKi IpUHTEp ce Oa3mpa BBPXY HEKOXEPEHTEH 3alic Ha M300pa)XeHHs HAa TPUMEpHATa CIIEHA OT PaziIMYHU
BITU W NMIPUHTHPAHE Ha CTepeorpama, KOMTO C€ BB3IpHEMa TPUMEPHO MOCPEACTBOM OMHOKYISPHO 3peHHe. 3aluchT
caMo Ha TIOCOKAaTa M IIBETOBETE M3KPUBSABA BH3CTAHOBEHWY 00pa3. IMPEeKTHOTO NIpUHTHPAaHE Ha MHTEP(PEPEHUHHN HBHUIH
KaTo TBHKA MPOIyCKama xojorpama BBpXYy Xxosorpadcka emyncus ©0e3 ONOpeH CHON JaBa HEHU3KPUBEHO
BB3CTAaHOBSBaHE 0€3 CEJIEKTHMBHOCT KBbM IIBETOBETE. B craTmsTa ce mpeiacTaBd IBETEH XOJOrpad)CKH MPHHTEp Ha
BBJIHOBUSL (POHT, KOWTO IpPHHTHpAa BB3CTAHOBSBaHA C Osla CBETIMHA XOJOrpaMa KaTo JBYMEPEH MacHB OT
€JIEMEHTApHU XOJIOTPaMH BBPXY CpeOBPHO-XaJIOTEHU/IHA eMyJicHs. TpuMepHUTE TaHHU 3a TO3W NPUHTEP ce hopMupaT
KaTO CHBKYITHOCT OT KOMITIOTBPHO I'€HEPUPAHM XOJIOTpPAaMH M ChIbp)KaT MH(POPMAIM 3a ABIOOYMHATA, MOCOKaTa U
nBeta. JlaHHUTE 3a BCsKa €JIEMEHTapHAa XOJOrpaMa ce€ IOAaBaT Ha AaMIUIMTYAEH HPOCTPAHCTBEHO-CBETIMHEH
MOJyNaTop. BBIHOBHYT (POHT OT TpUMEpHUS OOEKT ce M3BIHMYA C MPOCTPAHCTBEH (QWITHP U CE€ HaMaJlsiBa HAIPEYHO
npean 3anuca. [IpuHTHpaHaTa X0I0rpamMa MpeloCTaBs PEATUCTUYHO BH3CTAHOBSIBAHE MMOJOOHO HA TOBA OT AHAJIOTOBA
OTpaXkaTesIHa X0JIOrpama.
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Improving activity visualization in dynamic speckle testing of paint drying by
evaluation of a temporal correlation radius
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We propose an approach for improving visualization of activity map obtained as an output of pointwise dynamic
laser speckle analysis. The map reflects the speed of change of the speckle pattern formed on the surface of the tested
object and thus provides information about the speed of processes leading to these change. The approach is based on

pointwise calculation of the normalized

temporal correlation function and further determination of the correlation

radius. In case of negative exponential dependence of the correlation function on the time lag between the recorded
speckle patterns, the obtained description of activity is quantitative. The proposed visualization enhancement of the
activity map has been verified by processing raw data from a paint drying experiment.

Keywords: dynamic speckle, paint drying, pointwise processing, correlation function

INTRODUCTION

Dynamic laser speckle metrology provides a
highly sensitive tool for non-destructive testing of
paint drying [1]. Evaporation process during the
drying leads to microscopic changes of the sample
surface that create “boiling” speckle pattern on the
sample under coherent illumination. This pattern
carries information about the dynamics of the
undergoing processes. Dynamic speckle testing
includes sequential acquisition of correlated speckle
patterns and their pointwise statistical processing
[2,3]. The output of the measurement is a two-
dimensional map which gives the distribution of a
certain statistical parameter chosen to differentiate
between the regions of lower or higher activity on
the sample surface. The expectations are to obtain a
detailed map with a good contrast to ensure high
sensitivity, but processing of raw data yields a
strongly fluctuating distribution of the parameter
estimate that renders difficult visualization of
activity. Furthermore, the chosen parameter usually
maps non-linearly activity time scales and this
makes possible only qualitative evaluation.

In this work we propose to enhance activity
visualization by using as a statistical parameter the
temporal correlation radius of intensity fluctuations.

As a first task we determined the form of the
temporal correlation function of the fluctuations,
R(r), where zwas the time lag, for the paint

drying experiment. We checked the applicability of
the widely wused exponential model [4],

R(z)= 0’ exp(~ 7/, ), Where & is the variance
and 7, is the correlation radius, to describe

intensity fluctuations in this case. As a second task,
we verified quality of the activity map built as a
distribution of the ratio between the correlation
radius and the time lag and proved the contrast
improvement.

PAINT DRYING EXPERIMENT

The experiment with paint drying was carried
out with a specially designed circular metal object
with two hollow regions of the same depth — a
central circular section and an annular region — and
two flat annular regions. A transparent polyester
paint was used to cover the object to form a flat
layer on its surface. Thus the circular and annular
hollow regions contained larger quantity of paint
than the other two annular regions. As a result, the
speed of paint drying was different on the object
surface. The object was illuminated with a He-Ne
laser, and dynamic speckle patterns were recorded
by a CMOS camera with a pixel interval A =7 um.

* To whom all correspondence should be sent:

E-mail: elena.stoykova@gmail.com The camera optical axis was normal to the object
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surface. The set-up was positioned on a vibration-
insulated table. The 8-bit encoded speckle patterns
were acquired at an interval At =250 ms. The size
of the processed images was N, x N, =780x582

pixels.
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Fig. 1. Speckle pattern formed on the surface of a
circular metal object covered with polyester paint; the
pattern is presented as a contour map of the recorded

intensity.

A typical speckle pattern is shown in Fig. 1 as a
contour map. It is seen that the speckle pattern is
characterized  with  non-uniform intensity
distribution across the object, most probably due to
non-uniform reflectance. The regions of different
activity are not recognizable without statistical
processing. We processed N = 128 images. The
acquired raw data allowed for pointwise processing
which means that the entries corresponding to a
given pixel (i,k)i=12.N k=12.N, form a
temporal  sequence  of  intensity  values,
lin.N=12..N of length N and enable evaluation

of the chosen statistical parameter at this pixel by
averaging over the whole sequence. The result of
the pointwise processing is a two-dimensional
distribution of size N, xN, of the obtained

parameter values.
RESULTS

Fig. 2 depicts the two-dimensional (2D)
distribution of the variance estimate of intensity
fluctuations. The variance estimate at a pixel (i,k)

is found from the formula

Mz

1N - - 1
WHZ:l(Iik,n - Iik)z;lik :Wn llik,n (1)

where I is the mean intensity at pixel (i,k). Due

to the fixed length of the formed temporal
sequences, the map of the variance estimate shows
different behaviour in the hollow regions and on the
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flat surfaces of the test object. Due to non-uniform
intensity distribution in the speckle patterns (Fig.
1), the variance distribution reflects incorrectly the
developing activity on the object surface as a result
of paint evaporation. The variance estimate must
have practically the same value in the hollow
regions; the same should be true for the flat regions.
However, we see substantial variance variation in
these regions. We built also the 2D map of the
speckle contrast as a ratio of the square root of the
variance estimate and the mean value; the map is
shown in Fig. 3. The contrast is not very high and
its variation across the object does not provide
correct description of activity.

150 300 450 600 750
X. pixels

Fig. 2. Contour map of the variance estimate that reveals
regions of different activity.
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Fig. 3. Contour map of the pointwise contrast estimate.

In case of non-uniform illumination and varying
reflectivity across the object surface one should
apply normalized processing. Recently we
introduced pointwise estimation of the normalized
temporal correlation function [5] according the
formula

1 1 X i I
N —mmé(lik,n - |ikxlik,n+m - Iik)(z)

where the index “m” corresponds to the time lag
r=mAt,m=12..M Dbetween the compared speckle
images. The maximum value of the normalized

function is 1. The 2D map of R at m =5 is depicted
in Fig. 4. The map shows much higher activity in

ﬁnorm (i' k’ m):
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the leftmost part of the object. Probably this is due

to less quantity of paint there. The map reveals the
regions of different activity but for this particular
time lag the contrast is not satisfactory.
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Fig. 4. Contour map of the normalized temporal
correlation function at a time lag 7 = 9At.

The temporal correlation function provides
information about the time scales of the undergoing
activity. The width of this function determined at
some level gives the correlation radius of the
observed process. The problem is that the
correlation  function maps non-linearly the
dependence on the time lag. This results in
decreased contrast of activity visualization based on
the normalized correlation function. The results of
processing the raw data obtained by us for different
objects [6,7] give a negative exponential
dependence on the time lag,
Room (7)= 02 exp(~17/7,,, ), as a close description to
the experimentally estimated curves. To illustrate
this statement, we calculated R(i,k,z) inside the

spatial window of 50x50 pixels in the region of
constant activity on the object surface starting from
the pixel (325,90). The average value of the
obtained estimates is shown as a function of the
time lag in Fig.5. The correlation radius is
determined at level 1/e. Figure 6 gives the

parameter Q(r):—ln{lim,m(r)} as a function of the
time lag. We see practically linear dependence on .
This result can be used for improving activity map
quality by transforming R,.(r) to Q(z). In the
case of negative exponential dependence on t of the
normalized correlation function it is possible to
build the 2D map of the estimate of the correlation
radius across the object:

o mAt
corr Q(mAt)

©)

In principle, it is enough to find Q(z) for a given time
lag. We used Eq.(3) at m = 5 and obtained the
correlation radius distribution presented in Fig. 7.

The map gives variation of the correlation radius
across the object in seconds. Besides the fact that
the map in Fig.7 provides better visualization of
activity than the map in Fig.4, it also allows for its
guantitative evaluation. The value of 6 s obtained
from Fig. 5 corresponds well to the mean value in
the spatial window of 50 by 50 pixels with its first
pixel located at (325,90).
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Fig. 5. Normalized temporal correlation function (the
abscissa gives the ratio between the time lag and the
acquisition interval At =250 ms).
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Fig. 6. Linear dependence of the logarithm of the
normalized correlation function on the time lag (the

abscissa gives the ratio between the time lag and the
acquisition interval At =250 ms).
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Fig. 7. Contour map of the normalized temporal
correlation function at a time lag 7 = 5At ; the time scale
is given in seconds.

47



Stoykova et al.: Improving activity visualization in dynamic speckle testing of paint drying by evaluation...

CONCLUSIONS

Based on processing of experimental data, we
proposed an approach for enhancing visualization
of regions of slower or faster changes on a surface
of a diffusely reflecting object that are relied to
undergoing processes of physical or biological
nature inside it. The approach included pointwise
calculation of the normalized temporal correlation
function from a recorded sequence of speckle
patterns formed on the object surface under laser
illumination and determination of the 2D contour
map of the correlation radius by accepting a
negative exponential model for the correlation
function of intensity fluctuations. The approach was
verified by processing a paint drying experiment at
which the correlation function at a given point
corresponded to the accepted model. Then it is
possible to describe activity quantitatively.
Nevertheless, even when the accepted model for the
logarithm of the correlation function is not strictly
linear, it is expected to achieve activity map
visualization enhancement.
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INOAOBPABAHE HA BU3YAJIM3UPAHETO HA AKTUBHOCTTA YPE3 OIIEHABAHE HA
PAZINYCA HA KOPEJIALIMA ITPYM TECTBAHE HA CbXHEHE HA 5O C JUHAMMWYEH CIIEKBJI
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(Pesrome)

B pabotara ce mpemiara moaxoj 3a MoA0OpsSBaHE HA BU3YAIU3UPAHETO Ha KapTaTa Ha aKTHBHOCTTA, KOATO Ce
MOJTy4YaBa KaTo M3XOJCH Pe3yJITaT MPHU MOTOYKOBHS JUHAMUYEH CIEKbI aHanm3. KapraTa moka3sa mpoMsiHaTa B CIICKBI
KapTHHATa, (OPMHpaHa BBPXY MOBBPXHOCTTA HA TECTBAHUS OOCKT M OCHUTYpsBalla MO TO3M HAYMH WHPOpPMALUS 3a
CKOpOCTTa Ha MPOLECHUTE, MPEIU3BUKATH Ta3u HpoMmsHa. [logxonbT ce 0a3upa BBPXY MOTOYKOBO IPECMSTaHE Ha
HOpMHpaHaTa BpeMeBa KOpeTalnoHHA (DYHKITHS, TIOCICABAHO OT OINpPEeITHe Ha pajnyca Ha Kopenanus. B ciydas Ha
OTPUIIATEITHA CKCTIOHCHIIMATHA 3aBUCHMOCT Ha KOpEJIAITHOHHATa (PYHKIIKS OT BPEMEBUS JIal MEXK/Ty 3alCAaHUTE CIICKbBI
KapTHHH MOJIy4CHOTO OMMCAHHWE HAa aKTHBHOCTTA € KOJMYECTBEHO. [IPeIoKEeHOTO MOI00psiBaHE Ha BU3YaTU3UPAHETO
Ha KapTaTra Ha aKTUBHOCTTA ¢ MMPOBEPEHO Ype3 00paboTKa Ha eKCIIEPHMEHTAIHH JaHHU OT €KCIICPUMEHT ChC ChXHEHE
Ha 0os.
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