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ITO films were obtained on silicon substrates using an improved chemical vapor deposition (CVD) method in a quasi-enclosed volume
at normal atmospheric pressure, without using a carrier gas. The resulting films had a thickness of 2.8-3.0 microns and a fairly low
sheet resistance. Using an SPM 9700HT type scanning probe microscope, the surfaces of 500500 nm ITO film samples were
examined, and the results are presented in the form of two-dimensional (2D) and three-dimensional (3D) images. The electrophysical
properties of the grown films were studied by the Hall method and it was shown that the films have an n-type conductivity, a mobility
of w= 2.5 cm?(Vxs) and a concentration of charge carriers n = 1.35x10%° cm™ and a sheet resistance of p = 1.85x10~° Q-sq’! (ohms
per square). It is shown that our modified method of chemical vapor deposition makes it possible to obtain ITO films with good
characteristics acceptable for use in optoelectronics and photovoltaics devices as a transparent contact layer.
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1. INTRODUCTION

ITO (Indy Tin Oxide) thin films attract a lot of attention due to their optical transparency and low resistivity [1, 2].
They are widely used in various optoelectronic devices as transparent electrical contacts or electrodes [3, 4]. For example,
they are used in LEDs [5-7], flat-panel displays [8], thin-film solar cells (SC) [9-14], and various sensors [15].
Optoelectronics typically uses transparent conductive thin-film ITO electrodes with a ratio of In,O3:SnO, = 9:1 (90 wt.% In
and 10 wt.% Sn) [16, 17]. They are also used as an anti-reflective wide-band “window” in SC due to their high refractive
index (n = 1.97-2.06) and relatively low sheet resistance (< 10107 Q-sq!). At the same time, ITO contact layers with high
charge-carrier mobility and low sheet resistance <10 Q-sq™! with optical transparency (>80%) in the visible and near-infrared
(IR) ranges make it possible to ensure high efficiency of SC [9-14]. However, due to the growing technological demand for
transparent conductive contacts for flat-panel displays with a larger area, as well as for SC and LED structures, new materials
with higher electrical and optical properties are required [8, 16], as well as relatively affordable and easy-to-manage
technologies for their production [15]. Although ITO films are transparent in the visible range (380-780 nm), their
transmission coefficients are low in the near-infrared (IR) range (950-1800 nm). This leads to a decrease in the efficiency of
SC in the long-wavelength range of the solar radiation spectrum [9-14]. Therefore, all this requires improving the
transparency of ITO films in the near-infrared range to increase the efficiency of SC, as well as the development of relatively
inexpensive technological methods for producing ITO films.

To improve transparency while maintaining good electrical conductivity of ITO films, researchers use various
methods. Methods for obtaining oxide films with high mobility of charge carriers are presented in [14], and the
mechanisms underlying high mobility in oxide films are discussed. Another interesting way to improve the electrical
conductivity of oxide films while maintaining their transparency is to create multilayer structures in the form of
dielectric/metal/dielectric (ITO/metal/ITO) [6, 17, 18]. Because multilayer films reduce the reflection of light from metal
and, due to a sufficiently thin (not strongly affecting transparency) metal layer, provide high electrical conductivity of
films [17-19]. In the message [20], polycrystalline ITO films with good optoelectronic characteristics and a homogeneous
surface were obtained by chemical deposition from the gas phase (CVD) followed by annealing at a temperature of 550°C
in a nitrogen (N;) atmosphere. The use of the CVD process for the synthesis of ITO, as described in this paper, may
become an alternative to the method of magnetron deposition of ITO films, which are quite suitable for use in various
optoelectronic devices.
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2. MATERIALS AND METHODS

There are various methods to obtaining ITO films; for example, in [16, 21, 22] ITO films were obtained by high-
frequency reactive sputtering with simultaneous ion treatment. Some researchers prefer to use the sol-gel method to obtain
In,O3 and SnO; films [23, 24]. However, in some cases, the CVD method (chemical vapor deposition) is used to obtain
high-purity and high—quality films [25]. In the CVD method, reagents are fed directly to the surface of the substrate,
where the vaporized molecules of the substances that make up In,Os; and SnO, thermally decompose and react to
synthesize ITO layers consisting of a mixture of In,O; and SnO; on the surface of the substrate. In this case, the
decomposition of the reagents occurs at temperatures above 120-140 °C and the ITO deposition process is carried out in
air, since the deposition product is an oxide, and the oxygen environment does not interfere with the synthesis of ITO
oxide material.

In this paper, to facilitate the control of the ratio of the components of the film composition, we modified the method
of chemical vapor deposition (CVD) in such a way that the deposition of ITO layers is carried out under quasi-closed
volume conditions, i.e., under atmospheric air and pressure conditions [26]. In short, in this method, the deposition process
does not occur in a carrier gas stream but in a quasi-enclosed volume at normal atmospheric pressure, which makes it
possible to create a large partial pressure of the components close to the saturation pressure of their vapors for a given
temperature [20]. This, on the one hand, makes it possible to increase the growth rate, and on the other hand, to reduce
the loss of reagents and increase the percentage of raw materials used. The film growth rate in this method is almost
10 times higher than with conventional technology. Figure 1 shows a block diagram of an upgraded ITO film production
facility on various substrates at different temperatures of the evaporator and substrate.

ITO films were deposited on silicon substrates by decomposing vapors of alcohol solutions of indium and tin
chlorides in the temperature range of 120-140 °C (evaporator temperature) and at substrate temperatures of ~240-250°C.
The technological modes were set by controlling the temperature of the substrate, the evaporators to which solutions of
indium and tin chlorides are supplied, as well as the ratio of the solution components and the rate of solution supply. The
precursors were alcoholic solutions of indium chloride (InCls) and tin chloride (SnCl,), which we prepared by separately
heating metallic indium (In-99.99) and tin (Sn-99.99) in dilute (1:1) hydrochloric acid (HCl-extra pure). During the
deposition of ITO films in our upgraded CVD method, the precursor solution is fed to an evaporator heated to 120-140°C,
where indium and tin chlorides evaporate from the evaporator, decompose, and to form indium and tin oxides (In,Os and
SnO») under the influence of temperature. Which then, continuing to move in the direction of evaporation, are directed
towards the substrate, and deposited on it. The properties of ITO films obtained by this method depend mainly on the
temperatures of the substrate, and the evaporator.
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Fig. 1. Block diagram of a CVD reactor for deposition of ITO films on various substrates at different substrate and evaporator
temperatures, as well as in different ratios of the In203:SnO: film composition: 1-quartz reactor; 2-tube for supplying reagent
solution to the evaporator; 3-substrate; 4-evaporator; 5-thermocouples for controlling the temperature of the substrate and evaporator

3. RESULTS AND DISCUSSIONS

ITO thin films used in many optoelectronic devices are typically less than one micrometer thick. The thicknesses of
the ITO films obtained by us, measured on a microinterferometer MII-4 microscope, were 2.8-3.0 pm. We previously
demonstrated in [27, 28] that ITO films obtained by the above-described method exhibited a polycrystalline structure
with a specific texture. Therefore, we do not present the results of the X-ray diffraction analysis of the obtained ITO layers
here.

Studying of the sample surface 0.9In,03:0.1SnO, was performed on a scanning probe microscope of the SPM
9700HT type. The measurement was carried out in contact mode, and, for this purpose, a sample area measuring
500500 nm was selected. Results of the study of the sample surface 0.9In,03:0.1Sn0O; in the form of two-dimensional
(2D) and three-dimensional (3D) images are shown in Figs. 2 and 3.

Fig. 2 shows that the film is almost uniform with a small texture (Fig. 3). The sharp peaks of the crystals indicate
the nanocrystalline structure of the film. As can be seen from Fig. 3, the heights of the texture peaks are approximately
20-40 nm, but there are also a small number of peaks exceeding 50-60 nm.
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Electrophysical parameters of ITO films (0.9In,03:0.1Sn0,) were measured by the Hall method (HMS-7000). The
results showed that the grown ITO layers have an n-type conductivity with a sheet resistance of p = 1.85x107 Q-sq”! and
a mobility of i = 2.5 cm?/(Vxs) at a charge carrier concentration of n = 1.35x10% ¢cm.
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Figure 2. Two-dimensional (2D) image (500x500 nm) of the Figure 3. Three-dimensional (3D) image (500x500 nm) of the
0.9In203:0.1SnO2 sample surface, captured using SEM 0.9In203:0.1Sn0O2 sample surface, captured using SEM

The temperature dependencies of the concentration (Fig. 4) and mobility (Fig. 5) of charge carriers, as well as the
sheet resistance (Fig. 6) of the ITO film obtained at a substrate temperature of 240°C (optimal, determined
experimentally), were studied. It can be seen from Fig. 4 that the concentration of charge carriers depends
nonmonotonically on temperature and varies almost twice in the temperature range from 300 to 420 K, which in turn
leads to a decrease in resistivity by nearly a factor of two (Fig. 6).
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Figure 4. Temperature dependence of the charge carrier concentration in an n-ITO  Figure 5. Temperature dependence of the mobility of charge
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substrate temperature of 240 °C)

- !

18] ",

-no} "

v A N

2 1,6 "

3

o "

S l-\

-~ LN

B =

[72] A R

2 1,2 .'i.

- gy
o "
£ 1,0 r
(2] 300 320 340 360 380 400 420

Temperature (K)

Figure 6. Temperature dependence of the sheet resistance of the #-ITO film (0.9In203:0.1SnOz) grown on a polycrystalline p-Si
substrate (The sample was grown at a substrate temperature of 240°C)
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This indicates that the film exhibits semiconductor properties, as confirmed by studies of the temperature
dependence of charge-carrier mobility (Fig. 5). As shown in Fig. 5, the mobility of charge carriers increases non-
monotonically with temperature.

In some papers, to improve optical characteristics, specifically to enhance transparency, film oxidation was
employed, which the authors considered a diffusion process. In the pre-oxidation experiments conducted in these studies,
the film did not have time to oxidize in 30 seconds at a temperature of 550°C and below. The authors of [29] claim that
it is possible to achieve film transparency at lower temperatures (200-220°C), but this requires longer annealing times
(>60 min). This was also confirmed by the results we obtained, as well as the findings of other studies that varied widely
in their annealing regimes. For example, during low-temperature annealing for up to 1000 min at 125-165°C [30] and
30-60 min at 200-300°C [31].

4. CONCLUSIONS

Using the modified CVD method, ITO films with a thickness of ~3.0 um were obtained on p-type silicon substrates,
and their structural and electrical properties were investigated. The resulting layers exhibit n-type conductivity and a
nanocrystalline structure, with a specific electrical resistance of 1.85x1073 sq”!, making them suitable for use as transparent
conductive contact layers in solar cells and LED structures.

The studies conducted in this work have demonstrated that our modified CVD method can produce ITO films at
relatively low substrate temperatures (240-250°C), with thicknesses of several micrometers and good properties under
normal atmospheric pressure and quasi-enclosed volume conditions. We hope these preliminary results will provide
valuable insights and support future research on the synthesis of high-quality ITO films. The composition, structure, and
properties of such coatings can be adjusted by varying the evaporator and substrate temperatures, as well as through
additional post-application treatments.
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MOP®OJIOI'IA TA EJEKTPUYHI BJJACTUBOCTI IVIIBOK ITO, OTPUMAHUX HA KPEMHIE€BUX HIJJTOXKAX
METOJOM CVD
A.C. Cainos!, LI.LH. Ycmonon!, M.Y. Xaxxkues'?, A. Kyraimparos!, T.T. Imnisizos!, H.B. Icmatos?, A.A. 'anies?,
C.M. Xanxiesa*, X.H. I:xypaes', M. Taraes5, JI.I1I. Caigos®, T.A Xynaiioeprenos®
' Disuxo-mexuiunuii incmunym Axademii nayx Ysbexucmany, eyi. Quneiza Atimmamosa 2B, Tawxenm 100084, V3bexucman
2Inemumym s0epnoi @izuxu Axademii nayx Pecny6nixu Yzbexucman, eyi. Xypocon 1, Tawxenm 100214, Vz6exucman
STawkenmcoxuti depocagnuii mexnivnuii ynieepcumem, eya. 2, Tawxenm 100095, Vz6exucman
*Tawxenmcokuil ynisepcumem ingpopmayiiinux mexmnonoziu, eyn. Amipa Temypa, 108, Tawxenm 100200, Yzbexucman
SKapakannakcokuti Oepocasnuti ynisepcumem imeni Bepoaxa, Hyxyc 230112, Vsbexucman
0 Ypeenucvkuii panuosuii mexnono2iunutl ynisepcumem, Y3zbexucman

ITniku ITO Gynu oTpuMaHi Ha KPEMHIEBHX MiJKIaJKax 3a JOMOMOIOI0 BIOCKOHAJICHOrO METOAY XiMIi4HOI'O OCAa/PKEHHS 3 MapoBOl
(hasu (CVD) y kBa3izaMKHEHOMY 00'€Mi 32 HOPMAJIBHOTO aTMOC(EPHOT0 TUCKY O3 BUKOPHCTaHHS ra3y-Hocis. OTprMaHi IiBKH MaJld
ToBIIMHY 2,8—3,0 MiKpoHa Ta JOCHTH HU3BKHIA IAPOBHUIA OIIip. 3a TOMOMOT0I0 CKaHYI0YOT'0 30HI0BOT0 Mikpockomna Tiiry SPM 9700HT
Oy nociipkeHi HoBepxHi 3paskiB mwiiBok ITO po3mipom 500x500 HM, a pe3ynbTaT MpeACTaBlIeHI y BUMIILAL ABOBUMIpHUX (2D) Ta
tpuBuMipHUX (3D) 300pakens. EnexTpo¢i3nyni BIaCTHBOCTI BUPOIIEHHX ILUTIBOK JOCIIKYBAIX METOAOM XO0Ia, 1 OyJ0 mokasaHo,
10 IUIBKY MAIOTh N-THII HPOBiAHOCTI, pyXymBicTh W = 2,5 cM%/(BXc) Ta KOHLEHTpalio HociiB 3apsaay n = 1,35x10% cm™, a Takox
maposuii omip W = 1,85%105 Om nHa kBanpart. ITokaszano, mo Ham MoAM(IKOBAaHMH METOJ XIMIYHOTO OCAa/PKEHHS 3 MAapoBOi (asu
no3Boisge orpuMyBat IniBku ITO 3 XopommMmu XapakTepHCTHKaMH, NMPUHHATHUMH JUIS BUKOPHCTaHHS B ONTOEIEKTPOHINI Ta
(OTOENEKTPUYHHUX MPUCTPOSIX SK MPO30PUI KOHTAKTHHI Iap.

Kurouosi ciioBa: oxcuo indiro-onoea; memoo CVD,; konyenmpayis ma pyxaugicmo HOCIig; waposuil onip



