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High quality ITO thin films for application as conductive transparent electrodes
S. Kitova*, V. Mankov, D. Dimov, V. Strijkova and N. Malinowski

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

Received October 10, 2016; Revised November 10, 2016

A detailed study of structural, electrical and optical properties of ITO films, obtained under various deposition
conditions by RF sputtering in pure Ar gas atmosphere, has been performed. The relationship between sheet resistance
and optical transmittance of the films studied was followed through the variation of sputtering voltage, substrate
temperature and film thickness. The figure of merit of these films, which is a measure of their quality as transparent
conductive electrode, was evaluated. It is established that the deposition of ITO films at higher sputtering voltages leads
to a considerably lower sheet resistance, better optical transparency and lower roughness of the films. The investigation
of the film microstructure by X-ray diffraction (XRD) analysis showed that the prepared ITO films are polycrystalline
with preferred (111) orientation. The AFM study performed revealed the formation of smooth films at higher Vs, with
nanosized grains and uniformally distributed electrical current. Besides, smooth uniform ITO films with low resistance
of 8 Q/sq and average transmittance above 82% in the visible range 400-800nm were obtained on glass substrates
without additional annealing of films. Thus, the possibilities of producing high quality ITO films by the RF sputtering

method used at the established optimal experimental conditons have been demonstrated.
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INTRODUCTION

Indium tin oxide (ITO) is one of the most widely
used transparent conducting oxides due to its
excellent combination of high optical transmission,
high electrical conductivity and good chemical
stability [1]. Nowadays thin films from ITO are
widely used as transparent electrodes in such
advanced applications as photovoltaic cells [2, 3]
organic light emitting diodes (OLEDs) [4] and flat
panel displays (PDPs) [5, 6]. However, due to the
complexity of starting ITO materials the thin film
properties are strongly dependent on the deposition
processes. So far various deposition methods such
as RF and DC sputtering, thermal evaporation,
chemical vapour deposition, sol-gel method, spray
pyrolysis, etc. have been applied for achieving a
suitable compromise between low electrical
resistivity and high transmittance of the films in the
visible spectral range [1-2, 7]. Among them, DC
and RF sputtering are the most attractive techniques
because of their high deposition rate, good
reproducibility and possibility of using available
large area commercially sputtering systems [8-11].
Many research groups have studied the effects of

the deposition conditions, such as substrate
temperature, RF/DC power, oxygen-to-argon ratio,
deposition pressure, substrate-to-target distance and
bias voltage on the properties of ITO films [10-13].
However, most of the reports in this area were
devoted to reactive sputtering and relatively little
papers reported on sputtering in pure Ar gas
without oxygen mixing [14-16]. Depending on the
sputtering system and plasma discharge mode used,
an essential difference of optimum sputtering
conditions (discharge power, pressure, OXxygen
concentration, etc.) was observed, as well as a
difference in the crystalline structure and
morphology of the formed layers [9].

In the present paper the results of a systematic
investigation of the structural, electrical and optical
properties of the ITO films as a function of the
sputtering voltage, substrate temperature and film
thickness are presented. The purpose of our study
was to obtain ITO films with both high
transmittance and low sheet resistance applying RF
sputtering of ITO target with RF power supply at 2
MHz in pure Ar gas atmosphere. In order to
simplify the growth process we did not introduce
oxygen gas during the film deposition.

EXPERIMENTAL
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The ITO films were prepared by a commercial
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sputtering system HZM-4 with RF power supply at
2.5 MHz and diode electrode configuration. A 20
cm diameter sintered ceramic target with 99.9%
purity, containing 90 wt.% of In,O3 and 10 wt.% of
SnO; (supplied by Leadmat Advanced Material Co.
Ltd.) was used for the deposition of the films. The
system was first pumped down to a base pressure of
1.3x10® mbar. ITO sputtering was carried out in a
pure Ar atmosphere without oxygen at a constant
pressure of 7x10 mbar. The argon gas flow was
controlled by MKS mass flow controller. A pre-
sputtering of ITO target for 15 min was necessary
for preparing homogeneous films with reproducible
properties. The sputtering voltage employed during
deposition was varied from 800 V to 1400 V which
corresponds to sputtering power density from 0.5
Wcm? to 2.45 Wcm? The target to substrate
distance was kept constant at 6 cm. The film
thickness was varied by adjustment of the
deposition time. The film thickness was measured
by thin film analyzer (F20, Filmetrics) with
accuracy of + Snm. The temperature of the
substrate was measured by a K-type thermocouple
attached directly to the substrate surface and was
controlled with 1% measurement accuracy.

ITO films were deposited on polished Corning
glass substrates, preliminary ultrasonically cleaned
in isopropyl alcohol and de-ionized water baths.

The structural properties of the films were
analyzed by X-ray diffraction using a Philips (PW
1710) apparatus with Cu-Ka radiation separated by
a graphite focusing monochromator. The intensity
and full width at half maximum (FWHM) of an
(hkl) plane were determined by profile fitting
procedure, using an Gaussian or pseudo Voigt peak
shape after baseline correction and Ka2 stripping
procedure. Scherer’s equation was used to estimate
the average crystallite size. This estimate has
excluded the effects of peak broadening due to the
instrument used and any effect of residual stresses
in the ITO films.

The surface morphology of the films was
studied by an atomic force microscope (AFM,
MFP-3D, Asylum Research, Oxford Instruments).
The grain size was determined by Gwyddion mask
segmentation function applied to a preprocessed
image [17]. The function is based on the classical
Vincent algorithm for watershed in digital spaces.
The mean size was calculated by averaging the
equivalent square size of one grain [17].

The transmittance (T) of the samples were
measured at normal light incidence in the spectral
range 4 = 400-800 nm by a Cary 5E spectro-
photometer with an accuracy of £0.5%.

The sheet resistance of the films was determined
by four-point probe method. The set-up consisting
of Keithley 220 Programmable Current Source and
Agilent 3458A multimeter was controlled by a
Labview program.

RESULTS

It has been well established that the electrical
properties of ITO films depend both on film
thickness and deposition parameters such as applied
sputtering power, substrate deposition temperature,
etc. [1, 2]. The sputtering power is a product of
sputtering voltage (Vs) and sputtering current (ls).
We have found that more expressed dependences
are obtained using Vs instead of power, most
probably due to observed little instabilities in Is at
constant sputtering pressure.
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Fig. 1. Sheet resistance of ITO films as a function of the
thickness of the films deposited at various sputtering
voltages.

Fig.1 shows the influence of sputtering voltage
Vs at constant sputtering pressure of 7x10- mbar on
the sheet resistance (Rs) of ITO films with
different thickness (d). It can be seen that the Rsn
decreases considerably with the increase of Vs from
800 V to 1400 V and film thickness from 80 nm to
400 nm, which is in good accordance with the
literature data [11]. As seen, the films with
thickness 300 nm, deposited at Vs of 1300 — 1400 V
have minimum sheet resistance of 8 Q/sq.
Simultaneously, a dramatic rise of Rs, is observed
for films thinner than 100 nm, which were
deposited at Vs lower than 1200 V.

The results from numerous investigations
performed have shown that the deposition of ITO
without heating the substrate results in the
formation of amorphous films with high resistance.
are [1, 3]. On the contrary, crystalline ITO films
with low resistivity were obtained by raising
substrate temperature during deposition or by post
annealing of the films at temperatures above 250 °C
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[2, 3, 16]. It should be noted here that the results
presented in Fig. 1 were obtained without
additional heating of the glass substrates during
sputtering or after deposition. Nonetheless, we have
found that the surface of the substrate is heated
during the deposition process in which the sputtered
particles condense on the substrate surface and give
up energy. Most probably, the substrate heating
arises not only from the condensation energy of the
depositing adatoms, but also from the high Kinetic
energy of the depositing particles, particularly at
low pressures where the particles have not been
thermalized. The substrate heating can also arise
from plasma effects such as radiant heat of the
target and the bombardment by high energy
secondary electrons or energetic neutral [18]. Fig.2
shows the change of the substrate temperature (Ts)
with deposition time at different sputtering
voltages. For comparision the time for depositing
300 nm thick ITO film at 1200 V was 9.3 min and
8.5 min at 1400 V. It is seen from Fig. 2 that for
these deposition times the substrate temperature
rised up to 480 °C at 1200 V and respectively to
620 °C at 1400 V without need for additional
substrate heating. On the one hand this temperature
effect is favourable for preparing crystalline films
with low resistivity. On the other hand it limits the
range of usable voltage up to 1200 V- 1300 V and
the deposition time at those voltages up to 10 min.
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Fig. 2. Variation of the substrate temperature Ts with the
deposition time at indicated sputtering voltages.

The X-ray diffraction patterns of ITO films,
deposited on different sputtering voltages, are given
in Fig. 3. The XRD data show that the deposited
films have the cubic bixbyite structure of In,Os.
Besides, the spectra of all films exhibit an intense
(222) peak of In,Os, indicating a preferred
orientation in the (111) direction, which takes place
when Ts increases over 300 °C (see Fig. 2). This
result is consistent with data of other authors, who
have obtained the same (222) prominent peak [19,
20]. Furthermore, the (400) peak indicating the
coexistence of the (111) and (100) textures, is
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observed only in the spectra of films, deposited at
800 V. As seen from the figure, the crystallinity of
the ITO films increases with rising sputtering
voltage, most probably due the the elevated
substrate temperature. No systematic change in
orientation was observed with variation of film
thickness in the range 50<d< 350 nm. Applying
the Scherrer formula, it was found that the
crystallite size range from 10 to 20 nm. Fig. 4
presents crystallite size determined by half peak
width of the (222) peak as a function of the
sputtering voltage. It is seen that the size decreases
with increasing Vs up to 1300V.
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Fig. 3. X-ray diffraction patterns of 180 nm thick ITO
films, deposited at indicated sputtering voltage.
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Fig. 4. Crystalite size of 180 nm thick ITO films as a
function of sputtering voltage.

In the literature a low resistivity of ITO films
was found to be related to a big grain size, which is
attributed to less scatting at grain boundaries [3,
21]. Obviously, the established by us decrease of
Rsh with Vs could not be explained only on the base
of the better crystallinity and larger grain size.

The results obtained by AFM study showed that
apart from the grain size, the surface of the films
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had a significant impact on the sheet resistance
values. Figs. 5 presents 3D topography and current
map AFM images of 180 nm thick films deposited
at different sputtering voltage. The corresponding
height and current section across line on the images
are shown in Fig. 6. The surfaces of ITO films
seem to be formed by small nanosized grains with
current uniformally distributed in the grains of
films deposited at higher Vs. However, the presence
of areas with big peaks and valleys, where the
current has very low value was detected on films
deposited at low V.

Vs =800V

Vs =1000V

Vs = 1200V
Fig. 5. 3D AFM images (contact mode) of the 180 nm
thick ITO films deposited at indicated Vs. The
topography is shown in z-scale of 40 nm, while the
colour is the measured current, overlaid on the surface.
A bias of +100 mV was applied to the sample surface
during measurements.

It is known that in quantitative analyses on AFM
images the surgface roughness is most commonly
described by amplitude parameters including the
average deviation R,, root mean square (Rrms) and
the standard deviation Rq. These parametes have
units of length with higher values indicating greater
height variation. Rrms and Ry are more sensitive
than Ra to occasional hight and lows. Fig. 7 shows
the standard deviation R of surface roughness as a
function of the thickness of ITO films deposited at

um V=800 V

wm Vs = 1000V

[N %

gs.s:u" “l‘A“ ‘
E:::\ -‘}d «‘lwn‘ ;‘M M“i

Vs = 1200V
Fig. 6. Height and current section acrros the line shown
inFig. 5
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Fig. 7. Standard deviation R of surface roughness as a
function of the thickness of ITO films, deposited at
indicated V.

different Vs. It can be seen that the height
roughness decreases with increasing the sputtering
voltage and hence the deposition power. The ITO
thin films, deposited at Vs up to 1000 V have larger
clusters and further become rougher with increasing
their thicknesses, while the Rq of films deposited at
high Vs (1200 V- 1400 V) changes slightly with the
thickness. As known, the average energy of
adatoms is considered to be determined by the
kinetic energy of the sputtered atoms, controlled by
sputtering voltage just before arriving at the
substrate. Simultaneously, the substrate heating
imparts a thermal energy to the heated atoms thus

201



Kitova et al.: High quality ITO thin films for application as conductive transparenet electrodes ...

enhancing the adatom mobility. Consequently,
more uniform ITO films with small roughness are
deposited at high voltages.

Fig.8 shows the lateral grain size obtained from
surface profiles. As a whole, the values derived are
larger than the values for crystallite sizes obtained
by XRD (see Fig. 4). Most probably this stemps
from the fact that the Scherer’s equation used is
only an approximation, which did not include any
effect of residual stresses in the films along with the
effects of peak broadening due to the instrument
used. However, in accordancane with the XRD
results the same tendency of the grain size
reduction with the increase of sputtering voltage
was obtained. On the contrary, at a given Vs the
grain sizes became larger in films with increased
thicknesses.
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Fig. 8. Grain size, calculated by AFM images as a
function of the thickness of ITO films deposited at
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Fig. 9. Transmittance spectra of 180 nm thick ITO films,
deposited at indicated V.

The resistivity of intrinsic n-type of ITO films
strongly depends on the oxygen vacancy amount,
Sn dopant and microstructure [1, 22]. It has been
supposed that the carrier density is determined
mainly by oxygen vacancies while the carrier
mobility by the grain size, respectively [22]. On the
basis of this assumption we can suppose that the
existence of a minimum resistance of films
deposited at high sputtering voltage is determined
mainly by enhanced oxygen vacancies and hence,
the increased carrier density in films, obtained in

202

atmosphere of oxygen deficiency. At a given Vs
further drop in Rsy with the film thickness most
probably is due to the larger grain sizes that leads to
the enhanced electron mobilities in the films.

The optical properties of ITO thin films along
with the resistivity are known to depend strongly on
the growth techniques, deposition parameters and
microstructure. Fig. 9 illustrates the transmittance
spectra of 180 nm thick ITO films, deposited on
glass substrates at different sputtering voltages. It is
seen that the films prepared at higher Vs have lower
transmittance, but as a whole the average
transmittance (T,) is above 82 % in the spectral
range 450-800 nm. Since T and Rs are inversely
related in order to determine the best trade-off
between electrical and optical properties, a figure of
merit ¢ = T.'%Rs as suggested by Haake for
transparent conductive layers, was calculated [23].
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Fig.10. Figure of merit as a function of the film
thickness and the sputtering voltage.

The variation of the calculated figure of merit with
sputtering voltage and film thickness is presented in
Fig. 10. It is evident that the highest value of ¢
(15.5 x103sg/Q) is obtained for 300 nm thick ITO
films deposited at sputtering voltage of 1300 V.

CONCLUSION

The present work represents a systemathic
investigation of electrical, structural and optical
properties of ITO thin films, prepared by RF
sputtering in pure Ar atmosphere, aimed at
assessing  their  potentiality as transparent
conductive electrodes. A big difference in sheet
resistance Rsn of ITO films, obtained at different
sputtering voltages Vs has been observed. It is
established that samples deposited at high
sputtering voltage have much lower sheet
resistance. Besides, further drop in R, of the films
has been measured whith increasing their thickness.
Simultaneously, the analysis of XRD spectra show
that the crystallinity of the ITO films increases with
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increased sputtering voltage. Strong (222) peak and
preferred orientation in the (111) direction was
detected for low resistance samples, obtained at
high V.. Furthermore, the surface of the films
appeared to have a significant impact on the sheet
resistance values. The results from AFM study
revealed the formation of smooth films at higher
Vs, with nanosized grains and uniformally
distributed electrical current. The presence of areas
with high roughness, where the current has very
low value has been detected in films deposited at
low V.

Summarizing the above, it is worth to highlight
the most important results of the study, which
demonstrate the possibities of preparing high
guality ITO films by RF sputtering deposition at
high Vs of 1300 V with thickness of 300 nm, the
lowest sheet resistance of 8 Q/sq and the highest
figure of merit 15.5 x103sq/Q, without of necessity
of additional annealing of films
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TBHKU ITO ®UJIIMU KATO [TPOBOANMMU ITPO3PAYHU EJIEKTPOIU

Cu. Kurosa, B. Maukos, JI. lumos, B. CtpmwkkoBa n H.ManuHoBcku

Hnemumym no onmuuecku mamepuanu u mexronoeuu ""Axao. 1. Manunoscku",
Buvneapcka Axademus na nayxume,yn. "Axao. I'. Bonueg", 6a. 109, 1113 Cogpus, Boreapus

[MToctbnuna Ha 10 okromBpu 2016 r.; kopurupana Ha 10 HoemBpu, 2016 T.

(Pesrome)

B paborara ca mpencraBeHH pe3yiaTaTHTE OT MOAPOOHO H3CieBaHE Ha CTPYKTYPHH, €IEKTPUYECKH W ONTHYHHU
cBoiicrBa Ha uHaueBo-kajgacHu (ITO) Gpuamu ¢ pasnuuna neGenraa. GUIMHUTE Ca OTIIOKEHU TPH Pa3IiuHK yCIOBHS Ha
RF pasznpamiBane Ha ITO Tapret B uncta armocdepa oT Ar ra3 B OTChCTBHE Ha KHCIOpoJ. V3ciienBaHa e 3aBUCUMOCTTa
Ha JMCTOBOTO CchipoTuBieHne (Rsy) u omrrunarta mpomyckmuBoct (T) va momydenure ITO Guimu OT MPHIOKEHOTO
Hampe)kKeHHWEe Ha pas3mpalliBaHe, TeMIlepaTypa Ha MOIUIOKKaTa W jaebenuHa Ha ¢unma. HampaBeHa e oreHka 3a
Ka4yecTBOTO Ha OTJIOXKCHHWTE (HUIMH KaTO TNPO3PAaYHH  MHPOBOJSIIN E€JIEKTPOIH. Pe3ynTatuTe OT MPOBEACHHUAT
pentreHocTpyktypeH ananu3 (XRD) mokazsar, de monyderute ITO TBHKHM ClIO€Be NpPUTEXKABAT MOJUKPUCTAITHA
cTpyiTypa ¢ npennountana (111) opueHranus. YcTaHOBeHO e, ue QuiIMHUTE, OTIOXKEHH IIPH HO-BHCOKH HANPEKEHUS
Ha paslpallBaHe ca C I0-HUCKA IPamaBoOCT, 3HAYUTEIHO MO-HUCKO JIUCTOBO CHIIPOTUBIIEHUE U I0O-BHCOKA ONTHUYHA
MPOMYCKIMBOCT. [afKu 1 paBHOMEPHH GHIMH ¢ HUCKO Rsh = 8 Q/SQ u cpeaHa mpomycKIUBOCT Haa 82% BBB BHIUMHS
muana3od 400-800 nm ca nosryyenu npu otiaraneTo Ha ITO BbpXy CTBKIICHU MOIJIOKKH 0€3 TAXHOTO JOMBJIHUTEIHO
OTTpsIBaHE.
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