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Abstract. Transparent conductive oxide materials, which are used mainly as transparent
electrodes, but have also found applications in optics, photonics and instrumentation. The
main material used in production is indium oxide, alloyed with tin. However, indium is a rather
expensive material, as well as a rare one. In this regard, the analysis of alternative materials
made of transparent conductive oxide is relevant. Transparent conductive oxide materials are
mainly used as transparent electrodes, but have also found applications in optics, photonics
and instrumentation. The main material used in production is indium oxide fused with tin.
However, indium is a rather expensive material, as well as a rare one. In this regard, the anal-
ysis of alternative materials made of transparent conductive oxide is relevant. The materials
under consideration are gallium oxide doped with indium and antimony, tin oxide doped with
fluorine and antimony, zinc oxide doped with gallium and aluminum. The analysis of the
main parameters of transparent conductive oxides is carried out, a method for evaluating the
effectiveness of materials according to technical and economic criteria is proposed. The meth-
odology is based on the Laplace criterion, the compilation of a matrix of the effectiveness of
materials. According to the proposed methodology, taking into account the target effect and
the cost of obtaining the studied films, the effectiveness of promising transparent conductive
materials was evaluated.
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AHHOTalIHS]. l'[po3paquIe IpoOBOAAIIME OKCUALI — MaTe€puajbl, KOTOPbLIC B OCHOBHOM
HUCIIOJB3YIOTCA B Kay€CTBC IIPO3pAYHOIro JJICKTpOAd, HO TakKXE€ HallJIM IIPUMMCHCHUEC B
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onTtuke, (oroHuke u MpudbopocTtpoeHur. B KauecTBe MarepuaioB pacCMOTPEHBI OKCHI
WHAMSI, JISTMPOBAHHBIA OJIOBOM, OKCHI 0JIOBa, JISTUPOBAHHBIM (PTOPOM U CYpbMOM, OKCHUI
LIMHKA, JIErMPOBAaHHBIA aJIOMUHUEM W Ta/UIMeM, OKCUI TaJUlMs, JeTUPOBAHHBIN MHAWEM U
cypbMmoii. IlpemioxkeHa MeToaMKa OOOCHOBAaHHOTO BBIOOpPAa ONTHMMAJIBHOIO IIPO3PAYHOTO
MPOBOJSIIETO OKCHAA KaK MO HauWOONbIIEH TEXHOJOTMYeCKoil 3(PheKTMBHOCTH, TaK U TI0
TEXHUKO-9KOHOMMYECKOI 2(D(HEKTUBHOCTH C YUYETOM TEXHOJIOTUUYECKUX MapaMeTpoB M 3aTpaT
Ha MOJIyYeHUEe TOHKOILJICHOYHOIO IMOKPHITUSI.

KnioueBbie cioBa: mpo3payHble MPOBOASIINE OKCUIbI, OKCUI UHIMSI, OKCUI OJIOBA, OKCUJ
1MHKA, 9(pHEeKTUBHOCTH
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Introduction

One of the promising and actively developing areas of electronics is thin-film electronics. Thin
films have found application in many sectors of the semiconductor and optoelectronics industries
[1, 2]. The segment of thin-film structures in the form of transparent conductive oxides requires
special attention. The most common transparent conductive oxide (TCO) films are SnO,, In,O,,
GaO and ZnO [3—5]. At the present stage of technology development, indium tin oxide can be
attributed to materials with the best functional properties. However, its high cost and scarcity
indicate the relevance of choosing an alternative material for TCO [6, 7]. An important task is to
achieve values of the transmittance of thin films in the visible range of the spectrum of more than
85%, resistivity — no more than 10~* Ohm-cm.

Materials and Methods

The materials being compared are transparent conductive oxides, for which the main
performance targets are coating resistance and throughput; other parameters indirectly affect
these properties.

Properties were studied on coatings of the same thickness (250 nm * 10 nm). The table shows
a comparison of transparent conductive oxides according to the specified parameters.

Table 1
Comparison of materials used as transparent conductive oxides
in terms of transparency and conductivity
Samples of transparent conducting oxides
Header
In,0,:Sn | SnO,:F | SnO,:Sb | ZnO:Ga | ZnO:Al | GaO:In | GaO:Sb
R (surface resis- 1, 4 104 | sxj04 | 107 10 102 | 2x10° | 4x10°
tance), Ohm-cm

D (transmittance), % 95 83 92 85 90 90 88

In addition, calculations of parameters such as concentration, mobility of charge carriers, and
band gap were performed.
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Table 2
Estimation of the band gap width, concentration and mobility of charge carriers
In,0,:Sn | SnO,:F | SnO,:Sb | ZnO:Ga | ZnO:Al | GaO:In | GaO:Sb
Eg (band gap
width), eV 4 4.41 3.75 3.59 3.52 — —
n (concentration
of charge 1x10%° | 4.6x10%° | 2x10% | 10x10% | 4.7x10%° | 4x10* | 3x10%
carrier), cm®
u (mobility of
charge carriers) 12 28 10 10 14.7 10 10
cm?/(sxV)

Based on the studies performed, it is advisable to conclude that the following are the optimal
materials according to the criterion of the highest electrical conductivity: In,0,:SnO, and SnO,:F.
At the same time, from the point of view of optical application, In203:Sn0O2, SnO2:F and
SnO,:Sb can be singled out as priority materials. Based on the analysis, tin is a promising and
currently undervalued material. In order to make a reasonable choice of a transparent conductive
oxide, a matrix of the effectiveness of transparent conductive oxides has been compiled. The use
of materials as a transparent conductive oxide dictates the need to ensure high transparency and
conductivity, therefore, In,O, materials: SnO, and SnO,:Sb have found the greatest use to date,
which is confirmed by the experimental data presented in the Tables 1, 2.

In order to determine the optimal material based on a set of significant technological parameters
and cost factor, the authors propose a method for the reasonable selection of the optimal transparent
conductive oxide both for the highest technological efficiency (excluding the cost factor for the
technological process) and for technical and economic efficiency (taking into account technological
parameters and costs). The methodology is based on the use of the Laplace criterion used in system
analysis to select the optimal alternative. As essential technological parameters (by which technological
efficiency is evaluated) the surface resistance and transmission coefficient are considered.

Initial data: alternative materials are available for the production of transparent conductive
oxides. The indicators of surface resistance and transmittance, characterizing the target effect of
using a transparent conductive oxide are known. The task is to choose the optimal material, which
has the highest efficiency.

Results and Discussion

The compiled efficiency matrix is presented in Table 3, which also contains the values of
the corresponding cost indicators. The dimensionless value of g is the cost ratio of obtaining a
transparent conductive oxide to the maximum allowable costs; R, is the ratio of the surface resistance
to the maximum permissible (the maximum permissible surface resistance is 10 Ohm-cm), D, is
the ratio of the transmission coefficient to the maximum permissible.

Next, the efficiency of transparent conductive oxides is calculated and the efficiency of
materials is compared based on the method based on the Laplace criterion.

For each materialal, it is necessary to calculate the efficiency K(a) according to technological
parameters (surface resistance and transmission coefficient) using the formula:

1 1
K(al)zpl'_"'pz'_a (D
il D il
where p,, p, is the coefficient that takes into account the priority of parameters L or L of
the material. R, D,

The values of p,, p, are determined by expert assessments. In the case under consideration, equal
priority is given to the importance of the required values of surface resistance and transmission
coefficient, that is, p, = p, = 0.5.
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Table 3
Efficiency and cost matrix for materials used in software
. Material L L
Material designation, a, R, D, &
1 1
In,O,:SnO —_— — 0.68
25 “ 24107 1.19
SnO,:F 1 L 0.48
e “ 5107 1.04 '
1 1
SnO,:Sb a, - — 0.43
107 1.15
1 1
7/n0:Ga a, — — 0.45
10 1.06
1
Zn0:Al a 1 — 0.49
> 1.125
1 1
GaO:In a, — — 0.59
2-10 1.125
1 1
GaO:Sb a - — 0.49
! 4-10 1.1
Then K, =0.5(;2 ! j 2242, similarly, K, = 10.48; K, = 543; K, = 547,
2,4-10 1.19

K, =094; K =294; K = 1.7.

Then the optimal technological efficiency K o is determined as the largest value of seven values
of K(a). In the case under consideration K o 22.42, therefore, according to the technological
parameters (for the target effect), the optlmal matenal demgnated al, In,0,:Sn0, is taken.

To account the impact of the cost factor, the aggregating functlon K(a g) 1s defined as the
ratio of efficiency K(a) to the cost factor g;

Kla) @)
1

In the case under consideration, K(a,, g,)= %:32.97, similarly, K(a,,g) = 21.83;

K(“lagz)z

K(a, g) = 12.6; K(a,, g) = 12.15; K(a,, g) = 1.92; K(a,, g) = 4.58; K(a,, g,) = 3.46.
Next, the optimal material is determined according to the target effect and cost factor K (a,, g),
having:

K(a
K(a,,gl )Opt =max(l)(—l). (3)
8
In this case K(a, g),, = 32.97, therefore, according to technical and economic indicators, the
optimal material is In, d :SnO
Conclusion

A methodology is proposed for the reasonable selection of the optimal transparent conductive
oxide both in terms of technological parameters and taking into account the cost of obtaining
materials. The methodology is based on the Laplace criterion, takes into account the priority of
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the importance of the parameters of materials (priority is determined by expert assessment and
depends on the specific field of application of the material), depending on which efficiency is
calculated according to technological parameters. In the case when, in addition to technological
parameters, the cost of obtaining materials is decisive, then efficiency is calculated according
to technical and economic parameters in the form of an aggregating function. The proposed
technique has been tested to identify transparent conductive oxides with optimal technological
parameters (surface resistance, transmission coefficient) and the lowest cost of obtaining them.

The result of the research is the identification of the most suitable materials for use in TCO,
which are In,0,:SnO, and SnO,:F. In this case, from the point of view of optical application,
the priority materials can be In,0,:SnO,, SnO,:F and SnO,:Sb. Based on the analysis, tin is
a promising and undervalued material. The materials use as a transparent conductive oxide
requires high levels of both transparency and conductivity, therefore the materials In,0,:SnO,
and SnO,:Sb have found the greatest application today, which is confirmed by the experimental
data presented in the tables. Taking into account technical and economic indicators, the optimal
material is In,0,:Sn0,,.

REFERENCES

1. Rakesh A., Sharma N., Madhuri Sh., Madhuri Sh., Transparent Conducting Oxide Films for
Various Applications: A Review. Reviews on Advanced Materials Science. 53 (2019) 79—89.

2. Sohn H.Y., Murali A., Plasma Synthesis of Advanced Metal Oxide Nanoparticles and Their
Applications as Transparent Conducting Oxide Thin Films. Molecules. 2021 26 (2021) 1456.

3. Muslih E.Y., Kim K.H., Preparation of Zinc Oxide (ZnO) Thin Film as Transparent Conductive
Oxide (TCO) from Zinc Complex Compound on Thin Film Solar Cells: A Study of O, Effect on
Annealing Process, IOP Conf. Ser.: Mater. Sci. 214 (2017) 012001.

4. Zinchenko T.O., Pecherskaya E.A., Nikolaev K.O., Golubkov P.E., Shepeleva Y.V., Artamonov
D.V., The study of the optical properties of transparent conductive oxides SnO,:Sb, obtained by spray
pyrolysis, Journal of Physics: Conference Series. 1410 (2019) 012090.

5. Koida T., Ueno Yu., Shibata H., In,0,—Based Transparent Conducting Oxide Films with High
Electron Mobility Fabricated at Low Process Temperatures, Physica Status Solidi (A) Applications
and Materials. Vol. 215 (7) (2018) 201700506.

6. Zinchenko T.O., Pecherskaya E.A., Novichkov M.D., Kozlov G.V., Karpanin O.V., Synthesis of
thin-film structures of tungsten oxide by the spray-pyrolysis method, St. Petersburg State Polytechnical
University Journal. Physics and Mathematics. 16 (3.1) (2023) 402—407.

7. Elangovan E., Kandasamy R., A Study on Low Cost-High Conducting Fluorine and Antimony-
Doped Tin Oxide Thin Films, Applied Surface Science. 249 (2005) 183—196.

THE AUTHORS

ZINCHENKO Timur O. ARTAMONOYV Dmitriy V.
scar0243@gmail.ru dmitrartamon@yandex.ru
ORCID: 0000-0002-9342-9345 ORCID: 0000-0002-3240-7222
PECHERSKAYA Ekaterina A. GOLUBKOY Pavel E.
peal@list.ru golpavpnz@yandex.ru

ORCID: 0000-0001-5657-9128 ORCID: 0000-0002-4387-3181

ZHURINA Angelina E.
gelya.zhurina@mail.ru
ORCID: 0000-0002-5076-3191

Received 08.07.2024. Approved after reviewing 12.08.2024. Accepted 13.08.2024.

© peter the Great St. Petersburg Polytechnic University, 2024

172



