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Abstract

The tin-doped indium oxide thin films were synthesized by DC magnetron sputtering on the surface of polished
silicon samples and glass slides in a mixed argon-oxygen atmosphere. The other deposition parameters: operating
pressure, magnetron power and substrate rotation speed were kept constant. Thickness and density of thin films
were measured by X-ray Reflectometry. The effects of oxygen flow rate and substrate temperature on the optical and
electrical properties were investigated. The electrical properties (resistivity, Hall mobility and charge concentration)
of the thin films were measured by the Van der Pauw method using the Hall effect. The minimum value of resistivity
0.52 x 10-* Ohm-cm, and maximum charge mobility 28 cm?V-'s"! was achieved at an oxygen proportional gas mixture
of 2.6% (0.71 sccm). The transmission spectra of the films were measured in the wavelength range from 300 to
1100 nm. The transmittance of all films exceeds 75% in the visible and near-infrared spectral ranges. It was found
that increasing the oxygen flow rate and heating of the substrate up to optimal value 150°C led to an increase in the
crystallinity of the films and, consequently, to an increase in the Hall mobility and the transmittance.
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Introduction

Solar energy has become a promising alternative to conventional energy sources due to its
abundance and environmental friendliness. However, the widespread use of solar modules as energy
sources is limited due to low efficiency and aging effect on efficiency. Scientists around the world
are working to increase efficiency and decrease Levelized Cost of Energy. In recent years, record
efficiency levels for silicon solar cells have been achieved thanks to Tunnel Oxide Passivated Contact
and heterojunction structures. In both technologies, transparent conductive oxides play an important
role, which at the same time act as anti-reflective coatings and conductors from the active area to the
metal fingers.

Indium tin oxide (ITO) is a transparent conductive oxide with excellent electrical conductivity and
optical properties that has attracted considerable attention in various industries including electronics
[1], optoelectronics [2], and solar energy [3]. ITO’s excellent electrical conductivity and low surface
resistivity (~10* Ohm-cm) promotes efficient collection of electrical charges generated in the solar cell
by light absorption. ITO films have high transparency in the visible spectrum (>85%), which allows
light to pass through them with minimal absorption and reflection. Despite its high transparency,
ITO has optical absorption in various wavelength intervals, especially in the ultraviolet (UV) range.
This absorption can lead to reduced transparency and affect the performance of ITO-based devices in
certain applications. The refractive index of ITO varies within from 1.8 to 2.0 in the visible spectral
range depending on the composition of the film and the method of deposition [1-3]. For example, it is
well known that by increasing substrate temperature of ITO films [4, 5, 6], 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. Essential role in the electrical and optical properties of ITO
films play such parameters as deposition methods, Sn doping, oxygen partial pressure, crystallinity,
substrate features. In our work, the impact of oxygen partial pressure on the electrical and optical
properties of ITO thin films was studied. During the study of the influence of temperature on the
structure, conductivity, transmittance, and stability of ITO films, it was found that at a substrate
temperature of 150°C the films have the highest optical and electrical properties.
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Materials and Methods

Thin ITO films were synthesized by DC-magnetron sputtering system using cylindrical target
with composition 90 wt.% In,O, and 10 wt.% SnO,. Polished n-type CZ monocrystalline silicon (100)
and optical glass slides were used as a substrate. Glass substrates were cleaned in an HNO,:H,0O,: H O
solution. Surface of the silicon samples was cleaned by the standard Radio Corporation of America
method [7]. ITO films were deposited in a MAGNA-TM200-1 installation. Before the sputtering,
chamber was pumped down to the base pressure of 5-10* Pa. Once the base pressure was achieved,
deposition was carried out in an atmosphere of argon and oxygen.

Sputtering was carried out at different oxygen concentration from 1.6 to 3.2% in an argon
atmosphere and at a pressure of 0.6 Pa by varying flow rate. Depositions were performed by a power
of 250W, deposition time was 120 s. The film thicknesses were determined by X-ray reflectometry
(XRR) method using a Complex Ray C6 setup. Hall Effect measurements of ITO thin films were
performed using van der Pauw method and Keithley 2400 SourceMeter. The reflection and transmission
parameters were measured on the Evolution 300 UV-Vis spectrophotometer in the wavelength range
from 300 to 1100 nm.

Results

Figure 1 show the dependence of the electrical properties of ITO films, such as charge carriers’
concentration, resistivity, and Hall mobility on the oxygen/argon gas-flow ratio. The oxygen flow
in the sputtering process has an essential effect on the crystallinity of the ITO film structure [8].
With increasing oxygen flow, the crystal structure of ITO films are becoming more organized and
grain boundaries more distinct. The improved crystal structure and hence reduced scattering at the
grain boundaries provide high charge carriers mobility and lower resistivity values. In the substitution
process of tin (Sn*") atoms instead of indium (In**) atoms, the dopants are activated. Acting as electron
donors, the doped Sn*" ions provide the release of free electrons, thereby increasing the conductivity
of the films [9—11]. Nevertheless, tin in the amorphous state is activated inefficiently and free carriers
are formed mainly due to vacancy-like oxygen defects [12, 13]. Consequently, increasing the oxygen
flux up to 2.6% leads to an increase in the carrier concentration. However, as the oxygen (O,) flux
> 2.6% is further increased (Figure 1), there is a decrease in the carrier concentration because the
number of oxygen vacancies decreases as the oxygen flow increases. At the same time, oxygen
supersaturation of the films leads to deactivation of donors and accumulation of oxygen atoms at
the grain boundaries [14], leading to a decrease in the mobility and concentration and therefore an
increase in resistivity [15].
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Figure 1 — Dependence of the resistivity, concentration, and Hall mobility
of charge carriers of thin ITO films on the O,/Ar gas-flow ratio
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Figure 2 shows the dependence of the electrical properties of ITO films deposited at a magnetron
power of 250 W, substrate temperatures of 20 and 150°C, oxygen flow of 0 and 2.6%. The minimum
resistivity of 0.52x10* Ohmxcm is achieved with an increase in oxygen flow up to 2.6%. This low
resistance is due to the high values of mobility and concentration of charge carriers 28 cm*V-!'s™! and
4.2x10% cm?, respectively. As it is described above, the oxygen vacancies presence in the crystal
lattice is a fundamental factor affecting the electrical conductivity of ITO films. Therefore, the increase
of carrier mobility values were achieved when the substrate temperature was increased up to 150°C,
which is due to the improvement of the crystal structure of ITO films [16]. By increasing the substrate

temperature during the sputtering process, the resistivity of the films slightly increases, which is also
described in [17].
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Figure 2 — Dependence of the resistivity, concentration, and Hall mobility
of charge carriers of thin ITO films on the substrate temperature

Transmittance is an essential parameter for TCO films. Figure 3 shows the transmittance spectra
of ITO thin films deposited at different parameters in wavelengths ranging from 300 to 1100 nm. The
transmittance of all films exceeds 75% in the visible and near infrared ranges, and for films grown
at O, partial concentration of 2,6-3,2% the transmittance in the wavelength range of 400-600 nm is
additionally enhanced, being about 82—85% in the range 420-720 nm and more than 90% in near IR
spectrum (1000-1100 nm). It can be concluded that the increasing oxygen flow during deposition
has a beneficial effect on the optical properties of the films [18,19]. Transmittance results indicate a
significant improvement in the visible region of the spectrum. This increase in transmittance changes
with increasing oxygen flow rate [20, 21].
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Figure 3 — Transmittance spectra of ITO films on the O /Ar gas-flow ratio
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In order to investigate the optical properties of ITO in more detail, optical constants were measured
using SCOUT software. The obtained results of refractive indices and extinction coefficients are
shown in Figure 4.

During the optimal oxygen flow (2.6%) in the sputtering process, we obtain ITO films with low
extinction coefficient k (0.04-0.02) within the wavelength range of 450-800 nm (Fig.4), indicating
less absorption, which leads to an increase in the transmission coefficient (Fig.3). For an oxygen flow
of 2.6% the refractive index (n) has the highest values over the entire wavelength range, reaching
maximum value of 3.1 at 300 nm. It can be observed that for films with oxygen consumptions of 2.6%,
and 3.2% the refractive indices exceed the values for 1.8% over the entire wavelength. In the visible
region 400-800 nm, the extinction coefficients for 1.8% have higher values in comparison with 2.6%
and 3.2% approximately retain the natural dependence of the refractive index on oxygen supply. In this
case, the optimal oxygen flow (2.6%) leads to the lowest value of the extinction coefficient — 0.023.
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Figure 4 — (a) Refractive index (n) and Extinction coefficient (k)
depending on the f(O,)

Knowing the electrical resistivity and optical transmittance of ITO thin films, the quality index
¢, proposed by Haacke [22] was calculated using Eq.(1) to compare the performance characteristics
of the films.

FoM =T"/R Eq,(1)

Where,

FoM — Figure of Merit

T — Transmission

R_— Sheet resistance

The obtained results are presented in Figure 5. The maximum FoM value was achieved with an
oxygen flow of 2.6% and is 222.6x107, which can be assessed as a good result in comparison with
the previously obtained results. This was achieved by simultaneously increasing the transparency of
the films and reducing the electrical resistivity (Figs. 2 and 3). The worst results are achieved with

conventional sputtering of an ITO target without the use of oxygen and external heating (Figs. 2
and 5).
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Figure 5 — Calculated Figure of merit of ITO layers as a function
of deposition parameters

Conclusion

ITO films were deposited by DC reactive sputtering at a constant magnetron power of 250W. The
effect of oxygen consumption during deposition on the optical and electrical properties of the films was
studied. The change in electrical properties can be caused by an increase in the content of Sn4+ ions
at the position of substitution instead of In3+ ions and, as a consequence, an increase in the number
of oxygen vacancies with subsequent deactivation of donors in the process of increasing oxygen
consumption. The minimum value of resistivity, 0.52 x 10 Ohm-cm, was achieved at an oxygen flow
rate of 2.6% and maximum charge mobility parameters equal to 28 cm?V''s™!. The transmittance in the
wavelength spectral range of 400-650 nm is additionally enhanced, being about 85% in the visible
range and more than 90% near IR spectrum (1000-1100 nm) with a minimum extinction coefficient k
(0.04-0.02) in the range of 450-1100 nm. The maximum value of FoM was achieved at an oxygen rate
of 2.6% and is equal to 222.6x107.
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OTTEI'T AFbIHBIHBIH MATHETPOH/bI BYPKY APKbIJIbI
CUHTE3AEJITEH ITO KABBIPIHAKTAPBIHBIH JJIEKTPIIK
ZKOHE OIITUKAJIBIK KACUETTEPIHE 9CEPI

AnjaTna

KanaiibIMeH IETHpICHICH WHIMA OKCHIIHIH KYKa KaOBIKIIAJApbl apajac aproH-oTTeri arMocdepachHua
JKBUITBIPATBUFAaH KPEMHHH YITiIEpi MEH 3aTTHIK IIBIHBUIAPABIH OCTiHE TYpaKThl TOKTa MAarHETPOHMIBI IIAIBIPATy
apKBUTBI cUHTE3MeN . TYHABIpYIbIH 0acka mapaMeTpiepi: KYMBIC KBICBIMBI, MAarHETPOHHBIH KyaThl JKOHE CyOCT-
paTThIH alfHaNy >KBUIIAMABIFBI TYPaKThl 00BN Kaiael. JKykKa KaOBIpIIaKTapablH KaJBIHABIFEI MEH THIFBI3IBIFEI
peHTreniik peduiekromerpust oiciMen emen . OTTerl aFbIHBIHBIH JKbIIIAM/IBIFBI MEH CYOCTpar TeMIleparypachl-
HBIH OINTHKAJBIK JKOHE 3JICKTPIIIK KacueTTepre acepi 3eprreimi. JKyka KaObIpmakTapblH 3JICKTPIIiK KacHeTTepi
(MEHIIIKTI 2JIEKTP KeAeprici, XOJI KO3FaJIFBIIITHIFBI XKOHE 3apsii KOHLEHTpaLusichl) Xoimr 3¢dekTiciH KonaaHa
oteipbir, Bau aep [Tay opicimen esmieni. Munuman st kepepri MoHi 0,52x 10 OM:cM 5KkoHE 3apsiIThIH MAKCHMAIIJIbI
KO3FaIIFBIITHIFBI OTTET1 MIBIFBIHEI 2,6% Oonranna 28 cM2B-1c-1 ten. KabsipmakTapasiy oTki3y criektpiepi 300-meH
1100 HM-Te IeHiHTi TOJKBIH Y3BIHABIKTAPBIH/A ©JIICH . bapiablk KaObIpIIakTapIblH OTKI3TIITITT KOPIHETIH XKoHE
KaKbIH MHQPaKbI3bLT auanasonna 75%-man acaapl. OTTEri arbIHBIHBIH JKbUIIAMIBIFBIH apTTBIPY MEH CyOCTpaTThl
150°C neiiiH OHTAIIBI KbI3ABIPY KAOBIPIIAKTAPIBIH KPUCTAJIBLIBIFBIHBIH KOFAPbUIAYbIHA, HOTHXKCCIHIIE XOJUT KO3-
FAIIFBIITHIFBI MCH OTKI3TIIITICHIH XKOFapPbUIAYbIHA OKEJICTiHI aHBIKTAJI/IBL.

Tipek ce3aep: KpeMHUIT KYH 2JIEMEHTTEPI, KPUCTANIaHy, MAaTHETPOHIbI IAIIBIPATY, )KYKa KaObIKIIANIap, MHANN
OKCHII.
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BJIMSIHUE IMMOTOKA KHCJIOPOIA HA JJIEKTPUYECKHE
N OINITUYECKHUE CBOUCTBA IIVIEHOK ITO,
CUHTE3UPOBAHHBIX METOAOM MAI'HETPOHHOI'O PACIIBIVIEHUSA

AHHOTALUA

ToHKHE TUIEHKH JISTUPOBAaHHOTO OJOBOM OKCHIA WMHAWS OBIIM CHHTE3MPOBAaHBI METOIOM MAarHETPOHHOTO
pacrbUIeHHsT Ha MOCTOSIHHOM TOKE Ha MOBEPXHOCTH IOJIMPOBAaHHBIX 00pA3lOB KPEMHHS U MPEJAMETHBIX CTEKOI B
CMEIIaHHOH aproH-KUCIoponHOH atMocdepe. OcTalibHbIe apaMeTpbl OCaXIeHHUs: pabouee JTaBjeHUE, MOIIHOCTh
MarHeTpoHa M CKOPOCTh BPAILCHHMS MMOJIOKKH OCTaBAINCh NOCTOSIHHBIMH. TOJIIMHY M TUNIOTHOCTh TOHKHX IUICHOK
U3MEpsUTH  METO/IOM PEHTICHOBCKOW peduiekromerpuu. lccienoBaHO BiIMSHHE CKOPOCTH ITOTOKA KHCIOPOJa
U TEMIIepaTypbl TMOUIOKKH Ha ONTHYECKHE M IIEKTPHUUECKHE CBOICTBA. DIIEKTPHUECKHE CBOMCTBa (yIEIbHOE
COIIPOTHUBIICHNE, XOJIJIOBCKAs TOJBUKHOCTD M KOHLICHTPALHSI 3apsia) TOHKHUX IUICHOK N3MepsUTNCh MeTosioM Ban nep
[May ¢ ucnonb3oBanueM >ddexra Xomia. MuHHMaIbHOE 3HAYEHHE yaenbHOro conporusiaenus 0,52x107 Om-cm u
MaKCHMalbHasl MOJABMKHOCTH 3apsina 28 cM?B ¢! mocTUTHYTHI MpH IPOTIOPIIMOHATBLHON Ta30BOI CMECH KHCIOpOIa
2,6%. CrexTpbl MpOMyCKaHMs IUIEHOK M3Mepsiauch B auanazoHe AnuH BoiaH oT 300 go 1100 mm. IIpomyckanue
BCEX IUICHOK MpeBbImaeT 75% B BUIUMOM U OJIMKHEM MH(paKpacHOM Juana3zoHax. YCTaHOBJICHO, YTO YBEIHMUCHUE
CKOPOCTH TOTOKa KHCIIOpOJia M HarpeB MOAJIOKKU 110 ONTHUMaiIbHOTO 3HadeHus 150°C mpuBOIAT K yBETHUICHHUIO
KPHCTAJUIMYHOCTH IIJIGHOK M, KaK CIEICTBUE, K YBEIMUYCHUIO XOJJIOBCKOW MOABMKHOCTH M KO3 HIMECHTA
MIPOITY CKaHMSI.

KiroueBrbie ciioBa: KPEMHHECBBIC COJIHCYHBIC 3JICMCHTDI, KPUCTAJUIN3alusA, MArHCTPOHHOC paClbJICHUC, TOHKUC
IJICHKH, OKCHJ MHIHA.
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