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Accepted 7 December 2017

heat-treated in air at different temperatures in the range of 523-923K for 60 min. The
use of oxygen during deposition resulted in highly transparent (>80%) in visible and
Keywords: infrared ranges of spectra films. It has been found from the electrical measurements
:)“;::é?‘cgr“r:r’:t'ie stterin that as-deposited films under optimum sputtering conditions at working gas flow rate of
Electrical propelrjties & Q(Ar)/Q(02)=50sccm/0.5 sccm showed minimum volume resistivity of about 694 w<2cm.
Optical properties As-deposited thin films obtained under the optimum condition showed amorphous struc-
Surface roughness ture. Improving of crystallisation has been observed with increasing heat treatment
temperature. It has been found that DC sputtered films with decreasing amount of indium
oxide have smooth surface in contrast to typical ITO (90 mass% indium oxide).

© 2017 Elsevier GmbH. All rights reserved.

1. Introduction

The major applications of the transparent conducting indium tin oxide (ITO) thin films are semiconducting window
electrodes for solar cells and transparent conducting electrodes for liquid crystal displays (LCD’s) [1-4]. Increasing demand
for ITO thin films for industry provoked a significant increase in price of indium. Therefore in order to decrease the use of
indium during the production of indium-tin-oxide films, a new target, which considers a smaller quantity of In,03 in its
composition and improves or maintains electrical and optical properties of typical ITO, is required to be developed. Details
of the various deposition methods and characterization studies of indium saving ITO thin films have been reported [5-15].
Thirumoorthi et al. [7] have prepared ITO thin films with Sn concentration 0-30 mass% by jet nebulizer spray pyrolysis
technique and found that film deposited at 20 mass% Sn showed the best optoelectronic properties. Similar result was
obtained by Utsumi et al. [8] when depositing ITO thin films with 0-100 mass% SnO, by magnetron sputtering. Two peaks of
carrier concentration at 5-10 atomic% of Sn and at 50 atomic% of Sn were revealed by Minami et al. [9]. ITO thin films with 50
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Fig. 1. Schematic diagram of the sputtering apparatus.

atomic% of Sn were obtained by Minami et al. [9-12] with low resistivity and high transmittance. In [9,11,12] it was shown
that optical and electrical properties of ITO thin films with 50 atomic% of Sn are affected by both the substrate temperature
and the oxygen content during deposition. O’Neil et al. [ 13] have described ITO thin films of composition In4Sn301, obtained
by pulsed laser deposition method. The structural, electrical and optical properties of these indium saving ITO thin films
were considerably affected by the pressure of oxygen and substrate temperature. Li et al. [14] have studied the effects of
oxygen flow rate and heat treatment on the optoelectronic properties of ITO thin films with ~50 mass% of SnO, deposited
by RF magnetron sputtering method. However effect of heat treatment only at 300°C was investigated. So there was no
clear report on the effects of heat treatment on the ITO50 (50 mass% In,03-50 mass% Sn0O;) films properties. A novelty of
our work is to investigate the effect of heat treatment together with effects of Sn content and oxygen flow rate in a wide
range of values on structural changes as well as related optical and electrical properties of the ITO50 films to have a clear
understanding in order to use the films for suitable applications in various fields.

Sputtering is the most widely investigated technology available for ITO thin films large-scale production. In this work,
we choose to deposit ITO50 thin films by DC sputtering method. It is well known that by increasing substrate temperature
of ITO films [16,17], the structure of films can be changed and hence better optoelectronical properties can be obtained in
comparison to those of thin films deposited onto unheated substrates. In this investigation ITO50 thin films with reduced to
50 mass% amount of indium oxide were sputtered onto glass substrates preheated at 523 K (PHS) under the rotation of the
substrate holder in order to obtain a homogeneous deposition.

2. Experimental details

ITO50 (PHS) thin films were deposited onto glass substrates (Corning EAGLE 2000, surface: 50 mm x 50 mm, thickness:
0.7 mm) preheated at 523 K by DC sputtering method using a ceramic ITO50 target (Mitsui Mining & Smelting, 50 mass%
In;03-50 mass% Sn0, ). A schematic diagram of the sputtering apparatus (ULVAC, CS-200) used in the present study is shown
in Fig. 1.

Aresonance circuit (L/C) filter to eliminate ripple frequencies, an active arc killer (A2K) to prevent abnormal discharge, and
a DC power source were used to sputter the ITO50 target. Process chamber was vacuumed at 10~ Pa for its base pressure
while total experimental pressures were resulted to be between 0.67 and 0.69 Pa. DC plasma power was kept at 100 W.
Rotation speed for the substrate holder was set to 40 rpm. The argon flow rate Q(Ar) was kept constant at 50 sccm while
oxygen flow rate Q(O,) changed in a wide range 0.1-1.0 sccm, and the deposition time was fixed at 30 min.

To measure thickness of sputtered thin films a very thin line of about 50 wm of width and 1 mm of length was removed
with a laser (Laser X, LXSY-UV) in three positions, separated 1.5 mm to each other and located along the vertical line in a
right part of the glass substrate. Depth of each line corresponding to film thickness was measured in each of those positions
by using a scanning probe microscope (SPM, SII L-trace II), under dynamic force mode (DFM).

The deposited thin films were heat-treated in air at 523-923 K for 60 min and cooled to room temperature. Using the
obtained thickness information, their optoelectronical properties were determined for both as-deposited (as-depo.) and
heat-treated (HT) conditions. The measurements of volume resistivity py were carried out with a resistivity meter (Mitsubishi
chemical analytech, Loresta GP Model MCP-T610) by using a 4-terminal method. Optical transmittance T was measured into
the 200-2600 nm range of wavelength using a Spectrophotometer (Hitachi High-Tech, U-4100).

Structural changes in the films caused by different heat-treated temperatures (523-923 K) were determined from their
X-ray diffraction measurements using an X-ray diffractometer (Bruker, D2 phaser) with Cu-Ko (wavelength: 0.15418 nm)
radiation.

Surface analysis was taken for the as-depo. ITO50 thin films in comparison to ITO75 (75 mass% In,03-25 mass% SnO5)
and typical ITO90 (90 mass% In,03-10 mass% Sn0O,) by using a scanning probe microscope (SPM, SII, L-trace II) under the
DFM.
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Fig. 2. ITO50 thin film deposition rate at different oxygen flow rates.

Table 1
Average thicknessd,ye of ITO50 (PHS) thin films.
0O, flow rate, Q(0;)/sccm 0.1 0.2 0.3 0.4 0.5 0.6 0.8 1.0
Average thickness, daye /nm 125 119 119 119 119 114 104 104
Table 2
Volume resistivity of as-deposited ITO (PHS) thin films.
Sample 0O, flow rate, Q(0;)/sccm Volume resistivity, py/.€2cm
ITO90 (PHS) 0.2 116
ITO75 (PHS) 0.3 318
ITO50 (PHS) 0.5 694

The ITO50 thin films to be investigated by transmission electron microscopy (TEM) were cut into cross-sectional speci-
mens, which were ground, dimpled, and ion-milled to become electron transparent. The TEM characterization was carried
out using a transmission electron microscope (Hitachi High Technology, H-9000NAR) operated at 300 kV.

3. Results and discussion
3.1. Deposition rate

ITO50 (PHS) thin films were deposited under different oxygen flow rates Q(0;)=0.1-1.0 sccm. Fig. 2 shows the relation
between the deposition rate and the oxygen flow rate.

It was found that deposition rate continuously decreased from 4.2 to 3.5 nm/min when Q(O,) increased in the range from
0.1 to 1.0 sccm. Thickness of ITO50 (PHS) thin films listed in Table 1.

3.2. Electrical properties

Fig. 3 gives the volume resistivity py of ITO50 (PHS) thin films prepared at different oxygen flow rates. As the oxygen
flow rate is increased py strongly decreased for both the as-depo. and heat-treated at HT523 films showing minimum at
Q(03)=0.5 and 0.8 sccm respectively. After that, the volume resistivity of the as-depo. film shows an increase as the oxygen
flow rate is increased from 0.5 sccm to 1.0 sccm probably since vacancy-like oxygen defects were substituted by oxygen
atoms and the additional oxygen atoms in the films function as carrier traps [18]. Tin in amorphous state is not efficiently
activated and free carriers are contributed mainly by vacancy-like oxygen defects [19]. At the same time no significant
changes in volume resistivity of thin films obtained at Q(O,) > 0.5 sccm at Tyt =523 K were observed (Fig. 3). However as
the heat treatment temperature increases volume resistivity of the ITO50 (PHS) thin film sputtered under conditions that
showed minimum resistivity for as-depo. state (Q(O,)=0.5sccm) increases due to the filling of oxygen vacancies at high
temperature [20]. py of thin film deposited at Q(O,)=0.8 sccm showed rapid decrease at HT523, HT723 and HT923. The
minimum value for py of 665 | €2 cm was obtained from the HT523 ITO50 (PHS) film deposited at Q(0;)=0.8 sccm. This
value is higher in comparison to that of py obtained from the ITO75 (PHS) deposited at Q(O5)=0.3 sccm and ITO90 (PHS)
as-depo. films sputtered under Q(0,)=0.2 sccm, respectively (Table 2). Such increase of volume resistivity with increasing
of tin oxide amount was observed since the tin ion, which is surrounded only by In,03 at a low SnO, content in ITO90 can
behave as a donor whereas in an overdoped state the excess of Sn leads to suppression in its donor ability [21]. This result
is also correlated with the loss of crystallinity in ITO films for higher than optimum dopant levels [21].
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Fig. 3. Effects of oxygen flow rate and heat treatment temperature on the volume resistivity of ITO50 (PHS) thin films.

Table 3

Mobility and carrier density of as-deposited ITO (PHS) thin films with 150 nm thickness.
Sample 0, flow rate, Q(0,)/sccm Mobility, p/cm? V! s~ Carrier density, njcm—3
ITO90 (PHS) 0.2 36 1.62 x 10%!
ITO50 (PHS) 0.5 40 1.57 x 1020

As is reported in Table 3, carrier density of ITO50 (PHS) is one order lower than that of ITO90 (PHS), whereas mobility of
ITO50 (PHS) is slightly higher as compared to ITO90 (PHS) due to absence of structural discontinuities in amorphous state.
The same tendency was observed in other studies [5,6].

At the same time py data for as-deposited ITO50 (PHS) are promising in comparison to that of ITO50 thin films deposited
on unheated substrates (UHS). The later showed relatively low volume resistivity of 2990 w2cm only after HT at high
temperatures (923 K).

3.3. Optical properties

Transmittance spectral measurements for ITO50 (PHS) thin films sputtered at different oxygen flow rates are shown in
Fig. 4a.

Fig. 4a shows that the transmittance in visible range noticeably increases with increasing oxygen flow rate up to 0.5 sccm
and keeps almost the same value under Q(0,) > 0.5 sccm showing 7> 85%. Such increase can be connected with decreasing of
film thickness when oxygen flow rate increases. T in infrared (IR) region increases with increasing oxygen flow rate except
the sample obtained at Q(0,)=0.2 sccm . It can be explained by an increase of the amount of free electrons with decreasing
Q(0,), because the electrons are from oxygen vacancies in the film [22].

T curves for as-depo. and heat-treated ITO50 (PHS) thin films sputtered under the condition of Q(0;)=0.5 sccm at which
the best electrical properties were observed are shown in Fig. 4b. Optical transmittance is higher than 93% at A =550 nm and
does not change with increasing heat treatment temperature.

Fig. 4c shows that transmittance of ITO50 (PHS) at A =550 nm is higher than that of ITO75 and ITO90 and kept high in
the near infrared and infrared regions of the spectrum in contrast to that of ITO75 (PHS) and ITO90 (PHS) thin films, which
are opaque in this wavelength range. Higher transmittance in the IR part of the spectrum is optional for example in new
transparent electrodes for QD-LED.

For small thicknesses ITO90 thin films are transparent in IR, and at a thickness of 150 nm in other works [3,23] the
transparency is much higher (>50%) than transmittance of ITO90 presented in our work (less than 20%). It can be explained by
higher carrier concentration of ITO90 thin film in our work (1.62 x 102! cm~3)in comparison with lower carrier concentration
(1.12 x 1029 cm~3, 5.5 x 1020 cm~3) observed by other authors [14,23]. Such a difference in the carrier concentration can be
explained by different conditions for the deposition of films.
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Fig. 4. Effects of oxygen flow rates (a) and heat treatment temperature (b) on the transmittance of ITO50 (PHS) thin films and comparison of T curves
of as-depo. ITO50 (PHS) obtained at Q(Ar)/Q(0O2)=50sccm/0.5 sccm, as-depo. ITO75 (PHS) sputtered at Q(Ar)/Q(0,) =50 sccm/0.3 sccm and as-depo. ITO90
(PHS) obtained at Q(0,)=50sccm/0.2 sccm (c).

3.4. Structural characterization

XRD patterns of as-depo. and heat-treated ITO50 (PHS) thin films sputtered under optimum condition Q(0;)=0.5 sccm
are shown in Fig. 5a. As-depo. film may be regarded as amorphous since no X-ray diffraction peaks were revealed. The hump
between 26 =20° and 30° is owing to the background of the glass substrates. As can be seen from Fig. 5a heat treatment at
523-723 K did not improve crystallinity of ITO50 (PHS) samples sputtered at Q(O,)=0.5 sccm. At the heat treatment temper-
ature of 823 K the prominent diffraction peaks appeared showing polycrystalline structure corresponding to In4Sn3 01, [24].
In opposite to amorphous as-depo. ITO50 (PHS) thin film the un-annealed ITO75 (PHS) and ITO90 (PHS) film are crystalline
in nature with dominant (222) plane (Fig. 5b). The analysis of XRD patterns of ITO75 (PHS), ITO90 (PHS) films reveals that the
peak positions of (211), (222), (400), (431), (440), and (622) planes agree fairly well with JCPDS card No. 71-2194 for cubic
bixbyite structure. Results of XRD analysis were summarized in Table 4. The X-ray diffraction profile of In4Sn301, shows a
clear difference from that of In, O3, in particular the standard diffraction profile of In4Sn301; shows first relatively intensive
peak at 18.744°, but indium oxide In,03 has first peak from reflection (211) at 21.497°. The experimental XRD profile of
crystallized ITO50 (PHS) Q(Ar)/Q(0,)=50sccm/0.5 sccm film showed fist peak at 18.850°.

Fig. 6 shows TEM images of the cross-section of the as-deposited ITO50 (PHS) thin film with 150 nm thickness. From
these results it is clear that ITO50 thin film consists of two regions. The first one near glass substrate possesses most likely
to be amorphous structure. The first region is thinner and may be as thick as about 30 nm. The second region consists of the
individual columns, which are single crystals.
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Fig. 5. (a) XRD results for ITO50 (PHS) thin films deposited at Q(Ar)/Q(02)=50sccm/0.5 sccm; (b) XRD pattern of as-depo. ITO50 (PHS) sputtered at
Q(Ar)/Q(03) =50sccm/0.5 sccm, ITO75 (PHS) deposited at Q(Ar)/Q(03) =50 sccm/0.3 sccm and ITO90 (PHS) film obtained at Q(Ar)/Q(03) =50 sccm/0.2 sccm.

Table 4
X-ray diffraction data of as-deposited ITO90 (PHS) [Q(02)=0.2 sccm] and ITO75 (PHS) [Q(0,)=0.3 sccm] films and ITO50 (PHS) film [Q(O2) =0.5sccm]
heat-treated at 923 K with the main standard data of In4Sn301, [24] and In;03 [25].

Standard data (JCPDF)

In,03 (No. 71-2194)

In4Sn304; (No. 88-773)

ITO90 (PHS) as-depo.

ITO75 (PHS) as-depo.

ITO50 (PHS) HT923

hkl 20/° 1/1lo hkl 20/° I/1Io 20/° /1y 20/° I[1lo 20/° I[1lo
110 18.744 3 18.850 8
211 21.497 12 012 22.805 3 21.499 21 21.431 13
021 23.913 3
003 30.243 34
222 30.586 100 12-1 30.557 100 30.542 100 30.551 100 30.866 100
400 35.463 29 21-2 35.338 39 35.398 25 35.404 56 35.572 19
11-3 35.820 3
411 37.693 5 37.675 4
332 41.847 4 41.807 3
431 45.689 8 303 45.188 3 45.600 8 45,613 5
12-4 50.634 24
440 51.025 33 140 51.043 24 50.943 27 51.039 22 51.530 22
32-2 52.872 4
611 55.985 4 55.878 1
541 59.134 4 502, 21-5 60.121 10 59.043
14-3 60.487 18
622 60.669 23 42-1 60.669 18 60.600 10 60.693 11 61.127 12
631 62.182 5 62.161 3
444 63.675 4 24-2 63.610 7 63.382 4
543 65.148 2 15-1 64.099 2 64.122 4

It was performed the detailed investigation of the film in two regions - near the glass substrate and region of individual
columns using Fast Fourier Transformation (FFT). The region near the glass substrate (Fig. 7a) is amorphous and that is
confirmed by the diffused ring on the FFT image (Fig. 7c). The FFT analysis of high resolution image from the single crystal
columns (Fig. 7b) showed the diffraction spots from crystal planes with the lattice d-spacings of about 0.29 and 0.18 nm.
Thus, TEM investigations confirmed the XRD analysis and both methods showed a low crystallinity of as-deposited ITO50
(PHS) films.

Surface studies were aimed at examining the possible correlation between the surface morphology and the optoelec-
tronical properties of thin films under investigation. Fig. 8 shows the surface morphology of ITO50 (PHS) thin films showed
the lowest volume resistivity at Q(0O,)=0.5sccm comparing to ITO75 (PHS) and ITO90 (PHS) sputtered under optimum
conditions Q(0,)=0.3 sccm and Q(0,)=0.2 sccm, respectively.

Root mean square height (S¢) and arithmetical mean height (Sq) of as-depo. ITO (PHS) thin films are presented in Table 5.

According to the DFM results shown in Table 5, amorphous ITO50 (PHS) thin film sputtered at Q(O,)=0.5 sccm showed
the lowest roughness. So surface roughness of ITO (PHS) thin films decreased with decreasing In,03 amount in target similar
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. 20nm_

Fig. 6. Bright-field TEM image of the cross-sectional ITO50 (PHS) thin film deposited on the glass substrate under Q(Ar)/Q(0;) =50sccm/0.3 sccm. The
dashed straight line shows approximate boundary between two regions.

©)
0.18 nm

Fig.7. (a) and (b) The enlarged high resolution images of the areas surrounded by rectangles 1 and 2 in Fig. 6, respectively; (c) and (d) corresponding digital
diffractograms computed by Fast Fourier Transformation of the images shown in (a) and (b), respectively.
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Q(0O2) = 0.2 sccm

Fig. 8. Surface analysis results for as-depo. ITO50 (PHS) thin films deposited under Q(Ar)/Q(02) =50sccm/0.5sccm in comparison to ITO75 (PHS)
Q(Ar)/Q(02)=50sccm/0.3 sccm and ITO90(PHS) Q(Ar)/Q(02) =50sccm/0.2 sccm.

to results obtained in [7] for ITO with Sn concentration 0-30 wt%. Due to smooth uniform surface of ITO50 (PHS) thin films
are highly transparent.
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Table 5
Root mean square height (S;) and arithmetical mean height (S,) of as-deposited ITO (PHS) thin films.
Sample 0, flow rate, Q(0,)/sccm Root mean square height, S;/nm Artithmetical mean height, Sq/nm
ITO90 0.2 15.7 12.8
ITO75 0.3 1.83 1.44
ITO50 0.5 0.61 0.49

4. Summary

Indium saving ITO thin films have been deposited onto glass substrates preheated at 523 K by DC sputtering at different
oxygen flow rates and subsequently heat treated. In order to reduce indium usage in ITO films, an amount of indium oxide
in the target was decreased from 90 to 50 mass%. The deposition rate shows a clear decrease with increasing of oxygen flow
rate. The crystallinity of ITO50 (PHS) films was dominantly affected by heat treatment temperature. The electrical properties
of ITO50 (PHS) were improved compared to the films deposited onto unheated substrates. Minimum volume resistivity of
694 |.2cm was obtained for the as-depo. ITO50 film using a mixture of argon and oxygen Q(Ar)/Q(03)=50sccm/0.5 sccm as
sputtering gas. The resistivity of the films was found to be depended on the evolution of the structure, the oxygen content
and the heat treatment temperature. The transmittance values were higher than 80% at A =450-2600 nm for films obtained
at optimum sputtering conditions. ITO50 (PHS) thin films were obtained with very smooth surface in contrast to typical ITO.
Surface roughness of ITO (PHS) thin films decreased to Sq =0.49 nm, Sq =0.61 nm with decreasing amount of In, O3 in target
from 90 to 50 mass%. Thus the indium content in ITO thin films could be reduced as high as 50 mass% making it possible to
obtain thin films with suitable optoelectronical properties.
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