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Abstract: It is common knowledge that using different oxygen contents in the working gas during
sputtering deposition results in fabrication of indium zinc oxide (IZO) films with a wide range of
optoelectronic properties. It is also important that high deposition temperature is not required to
achieve excellent transparent electrode quality in the IZO films. Modulation of the oxygen content
in the working gas during RF sputtering of IZO ceramic targets was used to deposit IZO-based
multilayers in which the ultrathin IZO unit layers with high electron mobility (µ-IZO) alternate
with ones characterized by high concentration of free electrons (n-IZO). As a result of optimizing
the thicknesses of each type of unit layer, low-temperature 400 nm thick IZO multilayers with
excellent transparent electrode quality, indicated by the low sheet resistance (R ≤ 8 Ω/sq.) with high
transmittance in the visible range (T > 83%) and a very flat multilayer surface, were obtained.

Keywords: TCO; transparent electrode; thin film; multilayer; sputtering; IZO

1. Introduction

Transparent conductive oxide (TCO) thin films are characterized by high electrical con-
ductivity and high optical transmission in the visible range of the spectrum. A TCO-based
transparent electrode (TE) is an integral part for many optoelectronic devices (information
display systems, light-emitting diodes, solar cells, etc.) [1–4]. The unceasing interest in the
research of TCO materials is due to the continuous development of the optoelectronics
industry in general and the emergence of new types of electronic areas, such as transparent
electronics and flexible (and even stretchable) electronics [5–7].

Modern trends in the development of the industry lead to the emergence of new, more
stringent requirements for both properties of thin-film materials and technological routes
for their formation. In particular, for the further wide use of the TCO materials as TEs, it is
urgent to find a solution to the “contra-indicated requirement”—the achievement in TCO
films of the required specifications of low resistance and high transparency at the lowest
possible process temperature [8,9].

All this causes a continuous search for new materials with properties close to those of
the “perfect” TE [10–12] as well as ways to enhance the functional characteristics of already
known TCO materials [13–15].

It is known that for TCO-based TEs based on widely used In2O3, ZnO, SnO2 and
their compositions, there are performance limits of the TCO films that are determined
solely by the electron density in the films. In particular, there is a well-defined limit to
the achievable mobility resulting from the electron scattering, regardless of the oxide
system or the preparation method used. Experimental data show that this limit is now
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regularly approached [16,17]. The transparency specification results in an absolute limit to
the conductivity of 2.5 × 104 Ω–1·cm–1 [18–20].

In 2003, J.J. Robbins and C.A. Wolden substantiated the theoretical possibility of
obtaining highly conductive multilayer thin-film structures by alternating two types of
oxide unit layer, one of which is characterized by a high concentration of charge carriers
and the second by its high carrier mobility [21]. By direct simulation of periodic structures
based on real two oxides (ZnO:Al and GaInO3), which differ significantly in electron affinity,
the authors showed the possibility of achieving multilayer structure conductivity of about
4 × 104 Ω–1·cm–1, which is significantly higher than the limit value stated for a single-layer
structure. It was also pointed out that the conductivity in such multilayer oxide structures
is highly sensitive to the thickness of individual sublayers and the quality of interlayer
interfaces. Several other studies also predict that creating regions of high and low carrier
density in the body of TCO film by some modulation process may improve its electrical
performance [22–24].

Currently, among numerous well-studied TCO materials an amorphous indium zinc
oxide (IZO) system is one of the more promising materials for the TE application due to its
high transmittance, good electrical properties, thermal stability, ultrasmooth surface and
easy etchability by organic acids [11,25–28]. In addition, it can be deposited at low substrate
temperature using an industry-friendly technique such as magnetron sputtering [25,29].

Since it is known that the conductivity of amorphous IZO films deposited at low
substrate temperature is governed mainly by oxygen vacancies, then there clearly is a
strong influence on the carrier transport properties of the oxygen partial pressure applied
during sputtering deposition of films [30]. It has already been shown that the IZO films
deposited in pure Ar have low resistivity, which is mainly due to a high concentration
of donor oxygen vacancies [24,26]. However, the oxygen vacancies’ high concentration
adversely affects the electron mobility and transparency of IZO films. At the same time, in
low-temperature amorphous IZO films deposited in a reactive medium (Ar/O2 gas mix as
the working gas), quite high values of Hall mobility are achievable, which are even higher
than in polycrystalline ITO films deposited at high substrate temperature [26,29]. As a
result, these IZO films exhibit fairly good conductivity (despite a reduced concentration of
donor oxygen vacancies), as well as high transparency in the visible- and near-IR ranges.

Based on these facts, it seems interesting to investigate how the periodic change in
the composition of the working gas during magnetron sputtering deposition affects the
functional properties of amorphous transparent conductive IZO films. In other words, it is
important to fabricate a multilayer thin-film periodic structure consisting of interleaved
donor-rich and high-mobility unit layers based on a single ionic oxide system of In2O3–
ZnO by programmable periodic changes in the oxygen content in the composition of the
working gas during RF magnetron sputtering. The concept of spatial separation of free
electron supplier layers and high-mobility layers into which free electrons are supplied by
the former and transported, engineered on the base of a single material (IZO), is promising,
since this multilayer structure would be free from problems associated with multiple defect-
rich heterointerfaces, characteristic for the above-mentioned multilayer structures based on
two different materials [21,22,31].

2. Materials and Methods

Our earlier studies of the influence of technological conditions of RF sputtering de-
position on the functional properties of IZO films showed that the optimal substrate
temperature for the deposition of amorphous IZO films is 100 ◦C [29]. Upon sputtering
in a pure argon medium, the transport of carriers in the IZO film is characterized by high
free electron concentration n > 7 × 1020 cm–3 and low resistivity ρ of 3.35 × 10−4 Ω·cm,
while when using a Ar/O2(0.4%) gas mixture as a working gas, the carrier concentration
decreased down to 2.7 × 1020 cm−3, but the Hall mobility µ increased by 50% to a value of
39.2 cm2/V·s, which in combination resulted in a not so dramatic increase in resistivity ρ

up to 5.5 × 10−4 Ω·cm (see the Supplementary Materials (SM), Figure S1). Further in the
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text when referring to donor-rich thin-film IZO deposited under an Ar gas environment
the abbreviation n-IZO will be used. For another type of high-mobility thin-film IZO the
abbreviation µ-IZO will be used. In addition, the IZO films deposited in the presence of O2
were characterized by a significantly higher average transmittance compared to the n-IZO
film in both the visible and near infrared spectral regions despite significant absorption in
the short-wavelength region (see SM, Figure S2).

Based on these results, we formed multilayered structures consisting of interleaved
n-IZO and µ-IZO unit thin layers.

A home-made RF magnetron sputtering setup was used to deposit the N × [n-ZnO/µ-
ZnO] multilayers (MLs) at working gas pressure of 0.5 Pa from 2-inch IZO disk targets
with In2O3/ZnO weight ratio of 9:1 onto glass substrates heated to 100 ◦C. A detailed
description of the experimental setup is given in [29,32]. Switching between the n-IZO and
µ-IZO deposition modes was carried out by controlled periodic change in the composition
of the working gas from pure Ar to an Ar/O2(0.4%) gas mixture.

For a precise programmable change in the composition of the working gas during the
ML deposition, the sputtering setup was equipped with a two-channel gas supply system,
the functional scheme of which is shown in Figure 1.
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the text below.

Ar gas and Ar/O2 gas mix, each in its own line on the way from the gas cylinders (1,
2) to the vacuum chamber (10), sequentially pass through the gas mass flow controllers
(GMFC) (3, 4), shut-off valve (5, 6) and the vacuum needle valve (VNV) (7, 8). Initially,
for each gas line with its shut-off valve open (with closed valves on the second line), the
required working pressure of 0.5 Pa in the vacuum chamber at a flow rate through the
GMFC of 20 sccm was achieved by fine tuning the degree of opening of the VNV. Further,
during sputtering deposition the supply of Ar or Ar/O2 gas mixture to the vacuum chamber
was carried out by applying a control signal from the automatic control unit (9) to the
shut-off valves (5, 6) at preset degrees of opening of the GMFC and VNV. To reduce the
inertia of the gas supply system, all the gas pipeline sections between shut-off valves (5, 6)
and the vacuum chamber (10) were made of thin pipes of minimal length.

The total deposition time for each of the N × [n-ZnO/µ-ZnO] MLs was 200 min. Taking
into account that the growth rates of n-ZnO and µ-ZnO films were the same (~2 nm/min),
the thickness of all MLs was equal to ~400 nm, regardless of the program for changing the
composition of the working gas.

The sheet resistance RS of the IZO-based MLs was measured by using a four-point
technique (IUS-3, Moscow, Russia), while electrical transport properties were characterized
from Hall effect measurements at room temperature by using the van der Pauw geome-
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try [33]. The optical transmittance of the IZO-based MLs coated on glass substrates was
recorded by a dual-beam optical spectrophotometer (Shimadzu UV-3600, Tokyo, Japan) in
the wavelength range of 300–1250 nm.

TE quality of the deposited MLs was evaluated by using Haacke’s figure of merit
(FOM), defined as FOM = T10/RS, where T is the average optical transmittance of the ML
in the visible range of 400–700 nm [34].

The 400 nm total thickness of all the deposited MLs was confirmed by both scanning
electron microscopic measurements (SEM Leo-1450, Karl Zeiss, Jena, Germany) and optical
transmission spectra measurements. The amorphous structure of the deposited IZO was
verified by means of X-ray diffractometry in the Bragg–Brentano focusing geometry (XRD
X’PERT PRO MPD, PANalytical, Malvern, UK).

3. Results and Discussion

A systematic investigation was conducted firstly varying the [n-ZnO/µ-ZnO] unit
pair thickness in 400 nm thick N × [n-IZO/µ-IZO] MLs. Moreover, in this experiment, the
durations of IZO sputtering in Ar gas and Ar/O2 gas mix were the same, so the following
equality was valid for thicknesses of the n-IZO and µ-IZO unit layers forming MLs:

dn−IZO = dµ−IZO =
D

2 × N
=

400 nm
2 × N

, (1)

where dn–IZO and dµ–IZO are the thicknesses of n-IZO and µ-IZO unit layers, respectively, D
is the total thickness of the ML, N is the number of the (n-ZnO/µ-ZnO) unit pairs.

Five N × [n-ZnO/µ-ZnO] MLs with N of 200, 100, 40, 20 and 10 were deposited, in
which dn–ZnO and dµ–ZnO were 1, 2, 5, 10 and 20 nm. Figure 2 shows the measured values
of Hall mobility µ, carrier concentration n and resistivity ρ as a function of the number
of unit pairs N in the N × [n-IZO/µ-IZO] MLs. For comparison, dashed lines in Figure 2
also indicate the levels of ρ, µ and n values for ~400 nm thick single-layer homogeneous
IZO films, obtained under stationary conditions of the working gas supply, at an oxygen
content in the working gas of 0 (dashed black), 0.2 (dashed blue) and 0.4% (dashed red) (in
accordance with the data illustrated in Figure S2 of the SM).

It can be seen that at dn-IZO = dµ-IZO in the N × [n-IZO/µ-IZO] MLs the carrier
concentration n depends little on N and is of the order of ~4.7 × 1020 cm−3, corresponding
to the one for the homogeneous IZO film deposited in the Ar/O2(0.2%) working gas
(Figure 2a).

At the same time, the Hall mobility µ exhibits a significant dependence on the number
of unit pairs N. First, it should be noted that the Hall mobility µ in the deposited MLs
was noticeably higher than in the homogeneous n-IZO film obtained in pure Ar. With an
increase in N from 10 to 100, i.e., with a decrease in the thickness of [n-IZO/µ-IZO] unit
pairs from 40 to 4 nm, µ increased to 39 cm2/V·s, tending to the value observed in the
homogeneous µ-IZO film deposited in the Ar/O2(0.4%) gas mix. A further increase in N
to 200 results in an abrupt drop in µ to the value of 36 cm2/V·s, which corresponds to the
value for the homogeneous IZO film deposited in the Ar/O2(0.2%) gas mix.

The increase in µ with increasing N from 10 to 100 results in the fact that the resistivity
ρ of the N × [n-IZO/µ-IZO] MLs has an opposite tendency to fall for this range of N
(Figure 2c). The 100 × [n-IZO/µ-IZO] ML demonstrates resistivity ρ of 3.25 × 10−4 Ω·cm
that is slightly lower than the resistivity of the homogeneous n-IZO film deposited in pure
Ar medium. It is due to the high Hall mobility comparable to the one of the homogeneous µ-
IZO film, as well as a rather high carrier concentration, close to the one of the homogeneous
IZO film deposited at 0.2% O2 content.

Thus, in our investigation of the electrical characteristics of the 400 nm thick N × [n-IZO/
µ-IZO] MLs as a function of the number of pairs N for the case when dn−IZO = dµ−IZO, it
was found that the carriers’ Hall mobility is much more sensitive to the thickness of n-IZO
and µ-IZO unit layers than the carrier concentration.
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The insensitivity of n to the N change is because dn−IZO = dµ−IZO. Indeed, the
total carrier concentration n in the ML consisting of n-IZO layers (with a high carrier
concentration level) and µ-IZO layers (with lower carrier concentration) is determined by
the following expression:

n = nn−IZO × N
dn−IZO

400 nm
+ nµ−IZO × N

dµ−IZO

400 nm
, (2)

where nn–IZO and nµ–IZO are the carrier concentrations of n-IZO and µ-IZO unit layers,
respectively.

Taking into account equality (1), expression (2) takes a simpler form, confirming that
the total concentration in MLs with equal unit layer thicknesses does not depend on N.
Therefore, n is the arithmetic mean of nn-IZO and nµ-IZO:

n =
1
2
(nn−IZO + nµ−IZO) , (3)

At the same time, the observed features of µ dependent on N can be explained by the
fact that some of the free carriers from the interfaces of the donor-rich n-IZO unit layers
move to the adjacent regions of the high-mobility µ-IZO layers [21–24]. In this case, with
a decrease in the thickness of unit layers up to 2 nm (N = 100), the fraction of overleaped
free electrons from n-IZO to µ-IZO increases. As a consequence, the contribution to the
ionized impurity scattering limitation in carrier mobility should decrease. The observed
decrease in Hall mobility in the 200 × [n-IZO/µ-IZO] ML, consisting of 400 IZO unit layers
with a predicted thickness of 1 nm, can be explained by the inertia of the two-channel gas
supply system. In fact, this ML differs little from a homogeneous IZO film deposited in the
Ar/O2(0.2%) gas mixture.

Further, the influence of the thickness of the n-IZO unit layer, enriched with oxygen
vacancies, at a constant thickness of a highly mobile µ-IZO unit layer (dµ–IZO = 2 nm) on
the electrical characteristics of MLs composed of these layers was additionally studied.
Obviously, in the ML the total concentration of charge carriers n should increase with an
increase in dn–IZO at constant dµ–IZO = 2 nm. However, this reduces the number of pairs N
in the ML (as well as number of n-IZO/µ-IZO interfaces) too. Indeed, with an increase in
dn–IZO, there are tendencies of an increase in n and a decrease in µ (Figure 3).
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However, it should be noted that when dn-IZO increases from 2 to 4 nm, the concen-
tration n increases by almost 10% (from 4.90 × 1020 to 5.55 × 1020 cm−3), while the Hall
mobility µ decreases by less than 1% (from 39 to 38.7 cm2/V·s). Therefore, for the case of
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the ML in which dn-IZO = 2 × dµ-IZO = 4 nm, a minimum of resistivity ρ of 2.9 × 10–4 Ω·cm
is observed. A further increase in dn-IZO to 12 nm leads to a sharper decrease in µ (by about
30%) against the background of a gradually rising concentration n, which generally results
in a trend towards an increase in ρ up to 3.3 × 10–4 Ω·cm.

Thus, the most interesting from the point of view of the best electrical performance
are 400 nm thick MLs formed from alternating 2 nm thick µ-IZO unit layers and n-IZO
layers with thickness values of 2 and 4 nm among the deposited MLs. The first ML based
on a repeating [n-IZO2 nm/µ-IZO2 nm] pair is characterized by the highest value of Hall
mobility µ of 39 cm2/V·s with ρ = 3.2 × 10–4 Ω·cm. The second optimized ML structure
is many stacked [n-IZO4 nm/µ-IZO2 nm] pairs, which demonstrates the lowest resistivity
ρ = 2.90 × 10–4 Ω·cm due to the high total concentration (n = 5.55 × 1020 cm–3) and a just a
little less Hall mobility (µ = 38.7 cm2/V·s) than that in the former ML structure.

It should also be noted that both ML types exhibit Hall mobility values comparable
to that observed in a homogeneous highly mobile µ-IZO film obtained by sputtering in
an An/O2(0.4%) gas mix medium. At the same time, the MLs are characterized by higher
carrier concentration than homogeneous µ-IZO, which is due to the presence of donor-rich
n-IZO ultrathin layers in the multilayer structure.

Figure 4 shows micrographs of the 400 nm thick MLs with optimized thicknesses of
unit layers. It can be seen that their morphology differs little both from each other and
from the morphology of homogeneous films presented in Figure S3 of the SM. This is
because the smooth morphology of the low-temperature IZO films does not depend on
the presence or absence of O2 in the working gas [25,26,29]. A characteristic very smooth
surface of both IZO-based MLs, as well as the homogeneous IZO films, is typical for
the case of a closely packed multicomponent amorphous film structure containing oxide
components with weak mutual solubility [25,35]. The surface morphology of two ML
samples was additionally tested by atomic force microscopy (AFM Ntegra Prima, Moscow,
Russia), as shown in Figure S4 of the SM. Both MLs feature a slight roughness, and the
root-mean-squared values are 0.486 nm for N × [n-IZO4 nm/µ-IZO2 nm] and 0.509 nm for
N × [n-IZO2 nm/µ-IZO2 nm]. Thus, the microscope studies confirm the improved surface
smoothness of the MLs, characteristic for amorphous IZO thin-film materials deposited at
low substrate temperatures [25,36].
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Figure 4. SEM morphology images of the 400 nm thick MLs: N × [n-IZO2 nm/µ-IZO2 nm] (a); N ×
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Materials 2023, 16, 3740 8 of 11

The optical transmittance spectra of the optimized 400 nm thick IZO-based MLs
(N × [n-IZO2 nm/µ-IZO2 nm] and N × [n-IZO4 nm/µ-IZO2 nm]) are shown in Figure 5a. For
comparison, Figure 5 shows the spectra of the homogeneous IZO films of the same thickness.
The optical transmission level in the visible range (400–750 nm) of the MLs is less than that
of the homogeneous µ-IZO film, but higher than that of the n-IZO film. The values of the
average optical transmittance T of the IZO MLs with optimized architecture calculated for
visible range of 400–700 nm are presented in Table 1.
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Table 1. TE quality of IZO-based TCO thin-film structures.

Type of IZO Thin-Film Structure Sheet Resistance R,
Ω/sq

Average Transmittance T400–700 nm,
%

FOM,
Ω–1

Homogeneous n-IZO film 8.38 79.1 1.14 × 10–2

Homogeneous µ-IZO film 13.88 84.2 1.29 × 10–2

N × [n-IZO2 nm/µ-IZO2 nm] ML 8.13 84.5 2.28 × 10–2

N × [n-IZO4 nm/µ-IZO2 nm] ML 7.25 83.8 2.36 × 10–2

In the MLs’ spectra, a significant short-wavelength shift of the fundamental absorption
edge relative to the spectrum of the homogeneous µ-IZO film is observed, which leads
to a strong increase in transmittance in the short-wavelength region of the visible range
(in the neighborhood of 400 nm), similar to that observed in the n-IZO film. That can
be attributed to the well-known Burstein–Moss shift due to the higher concentration n
in both types of MLs compared to that in the homogeneous µ-IZO film [37]. The direct
bandgap optical absorption model closely describes the absorption edge of amorphous
IZO, as well as several other amorphous and crystalline TCOs [36,38,39]. The values of
Eg were obtained by extrapolating the linear part of the plots of (αhν)2 vs. hν to the zero
absorption level (α = 0), as shown in Figure 5b. The MLs’ Eg values determined are 3.58 eV
for the N × [n-IZO2 nm/µ-IZO2 nm] sample and 3.60 eV for the N × [n-IZO4 nm/µ-IZO2 nm].
These values are less than the Eg value of the homogeneous n-IZO film (3.63 eV), but
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greater than Eg = 3.51 eV measured for the homogeneous µ-IZO film. The observed Eg
variation confirms the results of the Hall effect measurements. It can be ascribed to the
change in carrier concentration in the IZO homogeneous films and MLs depending on the
composition and switching mode of the working gas.

The refractive index dispersion, determined using the pointwise unconstrained mini-
mization approach during the fitting of theoretical transmission spectra with experimental
ones [40], shows an expected monotonically decrease with growing wavelength λ for both
IZO MLs, as well as n-IZO and m-IZO homogeneous films, as shown in the Figure 5
inset. The obtained values of refractive index in the middle of the visible optical range
(at λ = 550 nm) are between 2.02 and 1.97, closely in agreement with values reported for
amorphous IZO [2,26,41,42].

Table 1 presents the results of the evaluated TE quality of the homogeneous n-IZO and
µ-IZO, as well as the IZO MLs with optimized structure, by using the generally accepted
Haacke’s FOM. It can be seen that the FOM of the optimized MLs is almost twice that of
homogeneous IZO films of the same thickness. High TE quality of the MLs is because
they simultaneously demonstrate a conductivity behavior similar to the homogeneous
n-IZO film deposited in pure Ar and a high transparency characteristic in the visible range,
characteristic for homogeneous µ-IZO films deposited in an Ar/O2 gas mix.

4. Conclusions

Programmable periodic changes in the O2 content in the working gas during RF magnetron
sputtering of IZO targets were used to form the transparent conducting N × [n-IZO/µ-IZO]
multilayer structures. The effect of thicknesses of donor-rich n-IZO and high-mobility
µ-IZO unit layers on the electrical properties of the multilayers was investigated. It was
found that the electrical characteristics of the multilayers are sensitive to the thicknesses of
n-IZO and µ-IZO unit layers. The thickness ranges providing highest mobilities combined
with low resistivity were 2 nm for the µ-IZO and 2–4 nm for the n-IZO. Mobility as high as
39 cm2/Vs was achieved for the N × [n-IZO2 nm/µ-IZO2 nm] multilayer with a free carrier
concentration of ~5 × 1020 cm−3 and a resistivity of 3.25 × 10−4 Ω·cm. At the same time,
with an increase in the thickness of the n-IZO unit layer up to 4 nm, for a comparable
mobility in the N × [n-IZO2 nm/µ-IZO2 nm] multilayer, the resistivity was further reduced
to 2.9 × 10−4 Ω·cm due to increasing carrier concentration up to 5.5 × 1020 cm−3. As shown
by the AFM and SEM measurements, improved surface smoothness, which is typical for
amorphous IZO, is also preserved in the electrically optimized multilayers. The combina-
tion of donor-rich and high-mobility IZO ultrathin layers in the multilayer structures also
improves the optical transmittance towards values inherent in high-mobility µ-IZO films
and widens the bandgap towards values characteristic of donor-rich n-IZO films.

Thus, magnetron sputtering deposition of the multilayer structures based on multiple
alternations of the high-concentration IZO and the high-mobility IZO unit layers, achieved
by working gas composition cycling during sputtering, can be an effective tool for improv-
ing the TE quality of low-temperature IZO-based TCO. The TE quality improvement for
the IZO multilayers is apparently associated with some mitigation of the limitations of
ionized impurity scattering in them due to the spatial separation of areas with high carrier
concentrations and areas with improved carrier transport behavior.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma16103740/s1, Figure S1: Electrical properties of the IZO thin
films deposited at 100 ◦C as a function of the O2 content in the working gas; Figure S2: Optical
transmittance of the IZO films deposited at substrate temperatures of 100 ◦C with varying O2
contents; Figure S3: SEM morphology images of the IZO films deposited under various O2 contents:
a—pure Ar; b—Ar/O2(0.4%); c—Ar/O2(0.5%); Figure S4: The 2D AFM images of the surface of the
N × [n-IZO2 nm/µ-IZO2 nm] ML (a) and N × [n-IZO4 nm/µ-IZO2 nm] ML (b).

https://www.mdpi.com/article/10.3390/ma16103740/s1
https://www.mdpi.com/article/10.3390/ma16103740/s1


Materials 2023, 16, 3740 10 of 11

Author Contributions: Conceptualization, A.K.A. (Akhmed K. Akhmedov) and A.K.A. (Aslan Kh.
Abduev); methodology, A.K.A. (Aslan Kh. Abduev) and V.V.B.; investigation, A.K.A. (Akhmed
K. Akhmedov), E.K.M. and A.S.A.; resources, A.K.A. (Aslan Kh. Abduev); data curation, E.K.M.;
writing—original draft preparation, A.K.A. (Aslan Kh. Abduev) and A.S.A.; writing—review and
editing, A.S.A. and V.V.B.; supervision, V.V.B.; project administration, A.K.A. (Aslan Kh. Abduev);
funding acquisition, A.K.A. (Aslan Kh. Abduev). All authors have read and agreed to the published
version of the manuscript.

Funding: The research is supported by the Russian Science Foundation Research Grant, project
No. 22-19-00157, “Functional layers based on periodic structures for transparent electronics compo-
nents and new generation information display systems”.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors are grateful for additional technical support from the Analytical
Shared Research Center of Dagestan Federal Research Center of RAS and the Shared Research Center
of FSRC “Crystallography and Photonics” of RAS.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Lewis, B.G.; Paine, D.C. Applications and processing of transparent conducting oxides. MRS Bull. 2000, 25, 22. [CrossRef]
2. Morales-Masis, M.; De Wolf, S.; Woods-Robinson, R.; Ager, J.W.; Ballif, C. Transparent Electrodes for Efficient Optoelectronics.

Adv. Electron. Mater. 2017, 3, 1600529. [CrossRef]
3. Kumar, A. Predicting efficiency of solar cells based on transparent conducting electrodes. J. Appl. Phys. 2017, 121, 014502.

[CrossRef]
4. Stadler, A. Transparent Conducting Oxides—An Up-To-Date Overview. Materials 2012, 5, 661–683. [CrossRef]
5. Wang, T.; Lu, K.; Xu, Z.; Lin, Z.; Ning, H.; Qiu, T.; Yang, Z.; Zheng, H.; Yao, R.; Peng, J. Recent Developments in Flexible

Transparent Electrode. Crystals 2021, 11, 511. [CrossRef]
6. Xu, Y.; Wang, J.; Sun, L.; Huang, H.; Han, J.; Huang, H.; Zhai, L.; Zou, C. Top transparent electrodes for fabricating semitransparent

organic and perovskite solar cells. J. Mater. Chem. C 2021, 9, 9102–9123. [CrossRef]
7. Chen, H.; Wang, H.; Wu, J.; Wang, F.; Zhang, T.; Wang, Y.; Liu, D.; Li, S.; Penty, R.V.; White, I.H. Flexible optoelectronic devices

based on metal halide perovskites. Nano Res. 2020, 13, 1997–2018. [CrossRef]
8. Park, H.; Kim, Y.; Oh, D.; Pham, D.P.; Song, J.; Yi, J. Current Status of Low-temperature TCO Electrode for Solar-cell Application:

A Short Review. New Renew. Energy 2021, 17, 1–6. [CrossRef]
9. Akhmedov, A.; Abduev, A.; Murliev, E.; Asvarov, A.; Muslimov, A.; Kanevsky, V. The ZnO-In2O3 Oxide System as a Material for

Low-Temperature Deposition of Transparent Electrodes. Materials 2021, 14, 6859. [CrossRef]
10. Demiryont, H.; Shannon, K.C. Innovative transparent electrode for flexible displays. Proc. SPIE 2006, 6225, 622519. [CrossRef]
11. Takatsuji, H.; Tsuji, S.; Kuroda, K.; Saka, H. Novel Transparent Conductive Indium Zinc Oxide Thin Films with Unique Properties.

Mater. Trans. JIM 1999, 40, 899–902. [CrossRef]
12. Ma, C.H.; Chen, E.L.; Lai, Y.H.; Chen, Y.C.; Chang, L.; Chuet, Y.-H. Flexible transparent heteroepitaxial conducting oxide with

mobility exceeding 100 cm2 V−1 s−1 at room temperature. NPG Asia Mater. 2020, 12, 70. [CrossRef]
13. Portillo-Cortez, K.; Islas, S.R.; Serrano-Lázaro, A.; Ortiz, A.; García-Sánchez, M.F.; Alonso, J.C.; Martínez, A.; Ramos, C.; Dutt, A.;

Santana, G. A novel soft deposition methodology for textured ZnO:Al thin films as efficient transparent conductive oxide layers.
Appl. Surf. Sci. Adv. 2022, 9, 100255. [CrossRef]

14. Borah, J.; Sarma, B.K. Design strategy and interface chemistry of ageing stable AZO films as high quality transparent conducting
oxide. J. Colloid Interface Sci. 2021, 582 Pt B, 1041–1057. [CrossRef]

15. Asvarov, A.S.; Abduev, A.K.; Akhmedov, A.K.; Kanevsky, V.M. On the Effect of the Co-Introduction of Al and Ga Impurities on
the Electrical Performance of Transparent Conductive ZnO-Based Thin Films. Materials 2022, 15, 5862. [CrossRef]

16. Brooks, H. Theory of the Electrical Properties of Germanium and Silicon. In Advances in Electronics and Electron Physics; Marton,
L., Ed.; Academic Press: New York, NY, USA, 1955; Volume 7, pp. 85–182. [CrossRef]

17. Dingle, R.B. Scattering of Electrons and Holes by Charged Donors and Acceptors in Semiconductors. Philos. Mag. 1955, 46,
831–840. [CrossRef]

18. Bellingham, J.R.; Phillips, W.A.; Adkins, C.J. Intrinsic Performance Limits in Transparent Conducting Oxides. J. Mater. Sci. Lett.
1992, 11, 263–265. [CrossRef]

19. Bellingham, J.R.; Phillips, W.A.; Adkins, C.J. Electrical and optical properties of amorphous indium oxide. J. Phys. Condens. Matter
1990, 2, 6207–6221. [CrossRef]

https://doi.org/10.1557/mrs2000.147
https://doi.org/10.1002/aelm.201600529
https://doi.org/10.1063/1.4973117
https://doi.org/10.3390/ma5040661
https://doi.org/10.3390/cryst11050511
https://doi.org/10.1039/D1TC02413B
https://doi.org/10.1007/s12274-020-2805-x
https://doi.org/10.7849/ksnre.2021.0001
https://doi.org/10.3390/ma14226859
https://doi.org/10.1117/12.665894
https://doi.org/10.2320/matertrans1989.40.899
https://doi.org/10.1038/s41427-020-00251-2
https://doi.org/10.1016/j.apsadv.2022.100255
https://doi.org/10.1016/j.jcis.2020.08.092
https://doi.org/10.3390/ma15175862
https://doi.org/10.1016/S0065-2539(08)60957-9
https://doi.org/10.1080/14786440808561235
https://doi.org/10.1007/BF00729407
https://doi.org/10.1088/0953-8984/2/28/011


Materials 2023, 16, 3740 11 of 11

20. Bright, C.I. Deposition and Performance Challenges of Transparent Conductive Oxides on Plastic Substrates. In Transparent
Electronics: From Synthesis to Applications; Facchetti, A., Marks, T.J., Eds.; Wiley Online Books: New York, NY, USA, 2010. [CrossRef]

21. Robbins, J.J.; Wolden, C.A. High mobility oxides: Engineered structures to overcome intrinsic performance limitations of
transparent conducting oxides. Appl. Phys. Lett. 2003, 83, 3933–3935. [CrossRef]

22. Cohen, D.J.; Barnett, S.A. Predicted electrical properties of modulation-doped ZnO-based transparent conducting oxides. J. Appl.
Phys. 2005, 98, 053705. [CrossRef]

23. Rauf, I.A. Low resistivity and high mobility tin-doped indium oxide films. Mater. Lett. 1993, 18, 123–127. [CrossRef]
24. Calnan, S.; Tiwari, A.N. High mobility transparent conducting oxides for thin film solar cells. Thin Solid Film. 2010, 518, 1839–1849.

[CrossRef]
25. Goncalves, G.; Grasso, V.; Barquinha, P.; Pereira, L.; Elamurugu, E.; Brignone, M.; Martins, R.; Lambertini, V.; Fortunato, E. Role

of Room Temperature Sputtered High Conductive and High Transparent Indium Zinc Oxide Film Contacts on the Performance
of Orange, Green, and Blue Organic Light Emitting Diodes. Plasma Process. Polym. 2011, 8, 340–345. [CrossRef]

26. Morales-Masis, M.; De Nicolas, S.M.; Holovsky, J.; De Wolf, S.; Ballif, C. Low-Temperature High-Mobility Amorphous IZO for
Silicon Heterojunction Solar Cells. IEEE J. Photovolt. 2015, 5, 1340–1347. [CrossRef]

27. Socol, M.; Preda, N.; Stanculescu, A.; Breazu, C.; Florica, C.; Rasoga, O.; Stanculescu, F.; Socol, G. IZO deposited by PLD on
flexible substrate for organic heterostructures. Appl. Phys. A 2017, 123, 371. [CrossRef]

28. Lee, W.-J.; Cho, D.-H.; Kim, Y.D.; Choi, M.-W.; Choi, J.C.; Chung, Y.-D. Thermally evaporated amorphous InZnO thin film
applicable to transparent conducting oxide for solar cells. J. Alloys Compd. 2019, 806, 976–982. [CrossRef]

29. Akhmedov, A.K.; Murliev, E.K.; Asvarov, A.S.; Muslimov, A.E.; Kanevsky, V.M. Transparent Conductive Indium Zinc Oxide
Films: Temperature and Oxygen Dependences of the Electrical and Optical Properties. Coatings 2022, 12, 1583. [CrossRef]

30. Hosono, H. Ionic amorphous oxide semiconductors: Material design, carrier transport, and device application. J. Non-Cryst.
Solids 2006, 352, 851–858. [CrossRef]

31. Gossard, A.C.; Pinczuk, A. 6—Modulation-doped semiconductors. In Synthetic Modulated Structures; Chang, L.L., Giessen, B.C.,
Eds.; Academic Press: New York, NY, USA, 1985; pp. 215–255. [CrossRef]

32. Akhmedov, A.K.; Asvarov, A.S.; Muslimov, A.E.; Kanevsky, V.M. A Multi-Position Drum-Type Assembly for Simultaneous Film
Deposition at Different Temperatures in a Single Sputter Cycle–Application to ITO Thin Films. Coatings 2020, 10, 1076. [CrossRef]

33. Test Methods for Measuring Resistivity and Hall Coefficient and Determining Hall Mobility in Single-Crystal Semiconductors. In
ASTM Designation F76, Annual Book of ASTM Standards; ASTM International: West Conshohocken, PA, USA, 2011; Volume 10.04.
[CrossRef]

34. Haacke, G. New figure of merit for transparent conductors. J. Appl. Phys. 1976, 47, 4086. [CrossRef]
35. Li, Y.L.; Lee, D.Y.; Min, S.R.; Cho, H.N.; Kim, J.; Chung, C.W. Effect of Oxygen Concentration on Properties of Indium Zinc Oxide

Thin Films for Flexible Dye-Sensitized Solar Cell. Jpn. J. Appl. Phys. 2008, 47, 6896. [CrossRef]
36. Hong, J.S.; Kim, S.M.; Park, S.J.; Choi, H.W.; Kim, K.H. Preparation of In2O3-ZnO (IZO) Thin Film on Glass Substrate for Organic

Light Emitting Device (OLED). Mol. Cryst. Liq. Cryst. 2010, 520, 19–27. [CrossRef]
37. Li, G.F.; Zhou, J.; Huang, Y.W.; Yang, M.; Feng, J.H.; Zhang, Q. Indium zinc oxide semiconductor thin films deposited by dc

magnetron sputtering at room temperature. Vacuum 2010, 85, 22–25. [CrossRef]
38. Leenheer, A.J.; Perkins, J.D.; van Hest, M.F.A.M.; Berry, J.J.; O’Hayre, R.P.; Ginley, D.S. General mobility and carrier concentration

relationship in transparent amorphous indium zinc oxide films. Phys. Rev. B 2008, 77, 115215. [CrossRef]
39. Basyooni, M.A.; Shaban, M.; El Sayed, A.M. Enhanced Gas Sensing Properties of Spin-coated Na-doped ZnO Nanostructured

Films. Sci. Rep. 2017, 7, 41716. [CrossRef] [PubMed]
40. Birgin, E.G.; Chambouleyron, I.; Martınez, J.M. Estimation of the optical constants and the thickness of thin films using

unconstrained optimization. J. Comput. Phys. 1999, 151, 862–880. [CrossRef]
41. Kim, H.-M.; Bae, K.; Sohn, S. Electronic and Optical Properties of Indium Zinc Oxide Thin Films Prepared by Using Nanopowder

Target. Jpn. J. Appl. Phys. 2011, 50, 045801. [CrossRef]
42. Martins, R.; Almeida, P.; Barquinha, P.; Pereira, L.; Pimentel, A.; Ferreira, I.; Fortunato, E. Electron transport and optical

characteristics in amorphous indium zinc oxide films. J. Non-Cryst. Solids 2006, 352, 1471–1474. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/9780470710609.ch5
https://doi.org/10.1063/1.1625435
https://doi.org/10.1063/1.2035898
https://doi.org/10.1016/0167-577X(93)90110-J
https://doi.org/10.1016/j.tsf.2009.09.044
https://doi.org/10.1002/ppap.201000149
https://doi.org/10.1109/JPHOTOV.2015.2450993
https://doi.org/10.1007/s00339-017-0992-4
https://doi.org/10.1016/j.jallcom.2019.07.321
https://doi.org/10.3390/coatings12101583
https://doi.org/10.1016/j.jnoncrysol.2006.01.073
https://doi.org/10.1016/B978-0-12-170470-4.50010-5
https://doi.org/10.3390/coatings10111076
https://doi.org/10.1520/F0076-08R16E01
https://doi.org/10.1063/1.323240
https://doi.org/10.1143/JJAP.47.6896
https://doi.org/10.1080/15421401003608287
https://doi.org/10.1016/j.vacuum.2010.03.004
https://doi.org/10.1103/PhysRevB.77.115215
https://doi.org/10.1038/srep41716
https://www.ncbi.nlm.nih.gov/pubmed/28145506
https://doi.org/10.1006/jcph.1999.6224
https://doi.org/10.1143/JJAP.50.045801
https://doi.org/10.1016/j.jnoncrysol.2006.02.009

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

