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Abstract

In the present study, the reflection and transmission of radiation in submicron indium tin
oxide (ITO) films deposited on a borosilicate glass substrate are experimentally investigated
for a wide spectral range, including ultraviolet, visible, infrared and terahertz regions.
Theoretical modeling of the spectra is performed using the transfer matrix method. The
interaction of electromagnetic radiation with ITO is considered in the framework of the
Drude model. The simulated spectra are in good agreement with the experimental ones.
New non-destructive methods for determining the ITO film parameters (sheet resistivity,
thickness, electron concentration and mobility) have been developed. They are based on a
fitting procedure for reflectivity and/or transmittance spectra.

Keywords: indium tin oxide; transparent conducting coatings; radiation reflection;
radiation transmission; non-contact measurements; sheet resistivity; electron concentration;
electron mobility

1. Introduction
The extensive use of optoelectronic devices, such as video cameras, laser pointers,

laser rangefinders, etc., for some applications in the modern world encounters difficulties
in their operation. One of the problems is the necessity to operate these devices under
conditions of exposure to electromagnetic radiation different from basic, standard radiation.
Mainly, the wavelengths of electromagnetic interference lie in the microwave range from
1 mm to 1 m (frequencies from 300 GHz to 300 MHz). One solution is to shield the sensitive
elements of optoelectronic devices from interference by means of frequency filters. At the
same time, such filters should not interfere with the operation of the device in the normal
wavelength range. Currently, there are many variants of filters that can cope with this task,
for example, metal meshes [1], thin films of conducting materials [2–5], various types of
porous materials [6] and polymer composites [7]. Among them, thin conducting films of
oxide semiconductors seem to be the most promising [8].

The most studied and widely used oxide semiconductor is indium tin oxide (ITO) [9].
It is mainly used as transparent electrodes for solar cells [10] and liquid crystal displays [11].
However, it is also applied as a material for transparent integrated circuits [12–14] and
frequency filters [15–17]. In the present paper, we focus on the use of ITO films as a
frequency filter. Such a filter should transmit electromagnetic radiation in the visible and
near IR ranges and, at the same time, screen radiation, with wavelengths exceeding the
long-wave limit of the operating range of an optoelectronic device.
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It was experimentally demonstrated that ITO films with a sheet resistivity of
15–20 Ohm/sq can provide a shielding effectiveness of about 22 dB in the frequency range
of 3–23 GHz, with at least 70% transmittance in the visible range [18]. Thicker ITO films
with a sheet resistivity of ~4 Ohm/sq demonstrated in the same spectral region a shielding
effectiveness of about 26 dB, with about 80% transmittance in the visible range [19]. Using a
combination of transparent ITO film with absorbing glass, it is possible to reach a shielding
effectiveness of 65 dB in the frequency range of 12–18 GHz [20].

Other transparent conducting oxides demonstrate lower performance in microwave
shielding effectiveness and optical transparency. Thin films of aluminum zinc oxide have
high transmittance in the optical range (~85% at a film thickness of ~300 nm with an electron
concentration of 6·1020 cm−3), but they provide a relatively low shielding effectiveness:
~13 dB at a frequency of 1 GHz [21,22]. Thin films of fluorine zinc oxide show even lower
shielding effectiveness (~10 dB) [22]. The electromagnetic interference shielding effect of
multilayered thin films in which indium–zinc oxide (IZO) thin films and Ag thin films
were deposited alternately was studied in [23]. These multilayer structures provided high
shielding effectiveness (~40 dB), but they had insufficient visible light transmittance (~65%).

Thus, ITO is the most suitable material for the development of transparent conducting
coatings for electro-optical devices in order to protect them from electromagnetic interfer-
ence in the microwave range. Optical studies of ITO films are often limited to the visible and
near IR spectral ranges, where optoelectronic devices operate (see [24–30] and references
therein). There are relatively few studies on the properties of ITO films in the THz and
microwave ranges (see [5,31] and references therein).

The aim of this work was to study the interaction of ITO films with electromagnetic
radiation in the optical and terahertz spectral ranges (wavelengths from 0.2 µm to 3 mm,
frequencies from 1500 to 0.1 THz), as well as to develop non-contact methods for deter-
mining the parameters of these films. As a result of the studies, a non-contact method for
determining film sheet resistivity was developed, based on the analysis of experimental
THz transmission spectra. This method is important because it is the value of the sheet
resistivity that determines the efficiency of suppressing electromagnetic interference in the
microwave range. In addition, a method has been developed for the separate determina-
tion of three parameters of ITO films (film thickness, electron concentration and electron
mobility) that determines the value of sheet resistivity. The method is based on a two-stage
fitting procedure for the reflectivity and transmittance spectra in the optical spectral range.

2. Samples and Experimental Technique
To develop and test a non-contact method for determining the parameters of ITO

films, six types of samples with ITO films of different thicknesses were prepared on a K108
borosilicate glass substrate. One set of different samples was intended for optical studies
only. Witness samples were used for scanning electron microscope (SEM) studies and
electrical measurements.

Round plane-parallel glass plates with a thickness of d2 = 3 mm and a diameter of
50 mm were used as a substrate. To form thin ITO films, the method of cathode sputtering
of an indium and tin oxide target (In2O3:SnO2 = 90:10) in magnetron discharge plasma was
used. The target size was 820 mm × 80 mm. Sputtering was carried out in a reactive mode
in an Ar–O2 gas mixture (300 and 15 cm3, respectively). The substrate was located parallel
to the target and moved reciprocatingly along the target width at a speed of 10 mm/s. The
substrate temperature was 300 ◦C. At a magnetron power of 5 kW, the film growth rate
was 7.14 nm per pass. The resulting film thickness depended on the number of passes.

In each sample, the central region with a diameter of 10 mm was examined. Within
this region, small fluctuations in the ITO film thickness, as well as in the sheet resistivity,
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were observed. To locally determine the film thickness, the chipped structures in the central
part of the witness samples were examined using the SEM technique with a resolution of
about 5 nm. Up to 10 SEM images with a field of view of 800–2800 nm were analyzed for
each sample. The average film thicknesses and average thickness fluctuations for the set of
SEM images are given in Table 1.

Table 1. Sample specifications.

Sample Number #1 #2 #3 #4 #5 #6

ITO film thickness
dSEM , nm 76 ± 10 109 ± 10 119 ± 10 150 ± 10 167 ± 10 457 ± 10

DC sheet resistivity
ρs , Ohm/sq 28.7 ± 1.2 21.7 ± 0.6 19.8 ± 0.7 13.2 ± 0.5 9.18 ± 0.26 3.56 ± 0.02

DC volume resistivity
ρ = ρsdSEM , 10−4 Ohm × cm 2.19 2.37 2.36 1.98 1.53 1.63

To locally determine the sheet resistivity of the ITO film, we performed measurements
using the four-probe method. A probe head with four co-linear probes equally spaced with
a separation of 1 mm was used. We carried out measurements at direct current (DC) in
9 points across the tested region of each sample. In samples 1–5, the average value of DC
sheet resistivity fluctuations relative to the average value for 9 examined points exceeded
the measurement error of the device. In sample 6 (the thickest ITO film), no fluctuations
exceeding the measurement error of 0.02 Ohm/sq were observed. The measurement results
are presented in Table 1.

With an increase in the film thickness from 76 to 457 nm, its DC sheet resistivity
monotonically decreased from ~29 to ~4 Ohm/sq (see Table 1), while the bulk resistivity ρ

changed less than twofold (within the range from 1.53 × 10−4 to 2.37 × 10−4 Ohm × cm).
In this work, we experimentally investigated the transmission and reflection spectra

of all six samples in the optical spectral range from ultraviolet to far infrared (wavelengths
from 0.2 to 335 µm). For this purpose, we used PhotonRT (EssentOptics, Vilnius, Lithuania)
and Vertex 70 (Bruker, Billerica, MA, USA) spectrometers; their working spectral ranges are
listed in Table 2. The measurement methods are described in [32,33], and the diameter of
the optical probing region in the ITO film plane was about 10 mm.

Table 2. The operating spectral ranges of the used spectrometers.

Spectrometer Spectral Range Operating Wavelengths Operating Frequencies

Photon RT UV/VIS 0.185–1.65 µm 182–1622 THz

FTIR spectrometer Vertex 70
NIR 0.667–8.34 µm 36–450 THz
MIR 1.3–27 µm 11.1–231 THz
FIR 14–335 µm 0.9–21.4 THz

TERA K8 THz TDS system THz 150–3000 µm 0.1–2 THz

Measurements in the ultraviolet and visible spectral ranges were carried out using
a Photon RT dual-beam grating spectrophotometer. A halogen or deuterium lamp was
used as a radiation source. The spectrophotometer has two optical channels: the main
channel and the reference channel. The reference channel is used to calibrate the main
channel signal by wavelength and magnitude. In the visible spectral range, transmission
and reflection spectra were recorded with a wavelength resolution of 0.6 nm. Spectra in the
ultraviolet range were obtained with a resolution of 0.3 nm.

The infrared studies were carried out using a Vertex 70 Fourier spectrometer. Different
radiation sources, beam splitters and detectors were used in different regions of this
range, namely, in the near infrared (NIR), mid infrared (MIR) and far infrared (FIR) (for
a detailed description, see [32,33]). Transmission measurements were carried out under
normal incidence conditions with an angular beam divergence of ~16◦. When measuring
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reflectivity, the incident beam axis formed an angle of 11◦ relative to the normal to the
sample surface, and a gold mirror was used as a standard. Measurements in the NIR
and MIR regions were carried out with a spectral resolution of 8 cm−1 (0.24 THz). For
measurements in the FIR region, a spectral resolution of 4 cm−1 (0.12 THz) was chosen.

In addition, transmission spectra were measured in the terahertz spectral range (wave-
lengths from 150 to 3000 µm). These measurements were carried out by time domain
spectroscopy (TDS) using a TERA K8 THz-TDS system (Menlo Systems, Martinsried,
Germany). The time dependences of two signals were recorded: with and without a sam-
ple. Fourier analysis of these dependences in a time window corresponding to a single pass
of radiation through the sample allows one to abstract from the Fabry–Pérot interference
effect, which leads to oscillations in the transmission of the glass substrate at wavelengths
longer than 1000 µm (see [32]). As a result of this procedure, we obtained an experimental
single-pass transmittance spectrum with a spectral resolution of 0.2 THz.

3. Transmittance and Reflectivity Spectra: Experimental Results
The results of the study of the samples in the optical spectral range (wavelengths

λ = 0.2–400 µm) are shown in Figure 1. The use of K108 glass as a substrate restricts
the possibility of analyzing the transmission spectra of ITO films to the spectral range
0.35–4.3 µm, which corresponds to the transparency region of glass in the optical range [32].
However, in this range, features are clearly observed that allow one to determine a number
of parameters of ITO films.

  
(a) (b) 

Figure 1. Experimental spectra of the transmittance (a) and reflectivity (b) for different samples in the
optical spectral range. The curve numbers correspond to the sample numbers.

Firstly, with an increase in the film thickness, the long-wavelength boundary of the
sample’s passband experiences a significant “blue” shift from 2.4 µm to 1.1 µm at a level
of 0.5 (see Figure 1a). This shift is primarily associated with the short-wavelength tail
of free-electron absorption in the ITO film. With decreasing wavelength, this absorption
decreases monotonically [34]; thus, the thicker the film, the smaller the wavelength at
which the product of the film thickness and the absorption coefficient, which determines
the radiation loss, reaches a given value. Thus, the spectral shape of the transmission
curve at λ > 1.1 µm carries information about both the film thickness and the parameters
of free electrons in it (their concentration Ne and mobility µ). Detailed physical modeling
of the reflectivity and transmittance spectra of the ITO film/K108 glass structures, taking
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into account reflection at all interfaces and interference in the ITO film, as well as a sharp
decrease in the glass transparency in the wavelength region of 1.5–4.3 µm, will be discussed
in Sections 4 and 5.

Secondly, at short wavelengths (λ < 0.8 µm), when the free-electron absorption be-
comes negligible even in the thickest film, the transmission spectra show oscillations, the
period of which decreases with increasing film thickness. These oscillations are caused
by Fabry–Pérot interference in the transparent film, which means that the transmission
spectrum of samples in this region is determined primarily by the film thickness and weakly
depends on the parameters of free electrons.

From the point of view of determining the parameters of ITO films, the reflectance
spectra are informative both in the transparency band of the substrate and beyond it (see
Figure 1b).

For example, for the thickest film (sample #6), a plasma minimum is clearly visible at
λ = 1.08 µm, and a sharp plasma reflection edge can be observed at λ > 1.08 µm. Based on
the spectral position of the plasma minimum, it is possible to estimate the concentration of
free electrons in the film, relying on previously obtained experimental data for ITO films
on high-frequency permittivity, ε∞ = 4.00 ± 0.05 [9,19], and the effective mass of electrons,
me = 0.35 m0 [35]. Using, as a first approximation, the formula for the spectral position of
the plasma minimum for a semi-infinite medium is [36]:

λmin =
2πc
ωmin

=
2πc
ωp

√
ε∞ − 1

ε∞
, (1)

where

ωp =

√
4πNee2

ε∞me
(2)

characterizes the plasma frequency, with e being the electron charge, and sample #6 is char-
acterized by the plasma frequency ωp ≈ 1.5 × 1015 s−1 and the free electron concentration
Ne = 9.9 × 1020 cm−3. (Here and later, we use the Gaussian system of units in all analytic
expressions.) Knowing the electron concentration, film thickness and value of DC sheet
resistivity (see Table 1), it is also possible to estimate the mobility of free electrons µ in the
film of this sample, using the ratio

ρs =
1

d1eµNe
, (3)

which gives µ = 35 cm2/(V × s). As will be seen from the following, the approximate value
of Ne calculated in this way is overestimated by 12% and that of µ is underestimated by 22%
compared to the more accurate results obtained by the method developed in this article.
The error in determining the electron concentration is due to the fact that strictly speaking,
Equation (1) does not work for a film of finite thickness. The calculations, described below
in Section 4, show that the position of the plasma minimum in the reflection spectrum of
the film is shifted relative to the plasma minimum for a semi-infinite medium. Errors in
the measurement of film thickness and sheet resistivity also contribute to the accuracy of
mobility determination.

As the ITO film thickness decreases (from sample #6 to sample #1), the steepness of the
plasma edge and the long-wavelength reflectivity become smaller (see Figure 1b). In this
case, the spectral reflectivity curve in the vicinity of the plasma minimum is additionally
distorted due to Fabry–Pérot interference. In thin-film samples (##1–4), a small peak
at λ = 10 µm is superimposed on the plasma reflectivity in the ITO film, caused by the
excitation of the Si–O vibrational mode in the glass substrate (see [32]).
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Like the transmittance spectra, the reflectivity spectra at λ > 1.1 µm carry information
about both the ITO film thickness and the parameters of free electrons in it. At wavelengths
λ < 0.8 µm, when the absorption by free electrons in ITO films becomes very weak, the
observed oscillations in the reflectivity spectra are primarily determined by the film thickness.

The K108 glass substrate is also transparent in the terahertz spectral range: at
λ > 900 µm, its transmittance exceeds 0.1 [32]. Experimental single-pass transmittance
spectra for all studied samples in the wavelength range from 400 to 3000 µm (frequencies
from 0.75 to 0.1 THz) are shown in Figure 2. The spectral behavior of the transmittance
curves of the samples in a semi-logarithmic scale is almost the same; it is determined pri-
marily by the optical parameters of the glass substrate (see [32]). As the thickness of the
ITO film increases, the transmission spectrum shifts downwards as a whole, retaining
its shape. This is due to the fact that in the spectral range under consideration, the skin
layer thickness significantly exceeds the thickness of the films under study, and as a result,
the film transmittance is practically independent of the wavelength, being determined
only by the value of the DC sheet resistivity of the film. The rationale for this statement
is given below in Section 4. It is also shown there that the transmittance of the ITO film
in the long-wavelength limit decreases monotonically with a decrease in the DC sheet
resistivity of the film, which forms the basis for the development of a non-contact method
for determining the latter parameter.

 

Figure 2. Experimental single-pass transmittance spectra for all samples in the THz spectral range.
The curve numbers correspond to the sample numbers.

The next section will provide a detailed theoretical description of the transmittance
and reflectivity spectra for free-standing ITO films, as well as for ITO film/glass structures.

4. Theoretical Modeling of the Transmittance and Reflectivity Spectra
4.1. Free-Standing ITO Film

Let us consider a free-standing ITO film. Dielectric permittivity of the conductive ITO
film beyond the spectral region of interband transitions (i.e., at λ > 0.35 µm, see [37]) can be
described by the well-known complex function [38–40]:

ε(ω) = ε∞ −
ε∞ω2

p

ω
(

ω + i
τ

) + ∑s
k=1 εk(ω), (4)



Appl. Sci. 2025, 15, 9121 7 of 26

where ω = 2π f = 2πc/λ is the angular frequency of the radiation, and c is the speed of
light in vacuum; the second term describes the contribution of free electrons within the
Drude model, τ = µme/e characterizes the electron relaxation time, and the third term
represents a sum of s oscillators that describe lattice vibration contributions.

In the optical spectral range, the most relevant for us is its short-wavelength region
(λ < 4.3 µm), where we carry out theoretical modeling and fitting of the transmittance and
reflectivity spectra. In this range, the third term in Equation (4) is negligibly small, and the
permittivity can be represented as (see [28,39]):

ε(ω) = ε∞

1 −
ω2

p

ω
(

ω + i
τ

)
. (5)

The lattice vibration resonances in ITO have significantly longer wavelengths (31–41 µm) [38,41].
In the terahertz region of the spectrum (from 400 to 3000 µm) that we studied, the

wavelengths, on the contrary, significantly exceed the wavelengths of the lattice vibration
resonances. In this limiting case, the third term in (4) is equal to (ε0 − ε∞), and permittivity
can be represented as:

ε(ω) = ε0 − ε∞
ω2

p

ω
(

ω + i
τ

) . (6)

The spectral dependences of the refractive index and extinction coefficient of the ITO
film can be calculated using the Fresnel equation:

∼
n

2
1 = ε(ω), (7)

where
∼
n1 = n1 + ik1 is the complex refractive index. Figure 3a shows the calculated spectra

for a 400 nm thick ITO film with typical values of electron concentration and mobility:
Ne = 9 × 1020 cm−3 and µ = 40 cm2/(V × s). At short wavelengths (λ < 10 µm), Equation (5)
was used in the calculation, and at long wavelengths (λ > 50 µm), Equation (6) was used
with the static permittivity of the ITO crystal lattice ε0 = 9.3 [15]. The calculation shows
that in the short-wavelength limit (when the radiation frequency is higher than the plasma
frequency), the extinction coefficient is proportional to λ3, and the refractive index depends
weakly on the wavelength. In the long-wavelength limit (λ > 100 µm), k1 ≈ n1 ∝ λ1/2.
Note that despite the monotonic increase in the extinction coefficient with wavelength, the
spectral dependence of the absorption coefficient is non-monotonic. In the region of short
wavelengths, the absorption coefficient rapidly increases with wavelength: α1 ∝ λ2. In the
long-wavelength limit, it slowly decreases: α1 ∝ λ−1/2. In the intermediate wavelength
region, the absorption coefficient reaches such high values that the skin layer thickness in
the ITO film becomes smaller than the film thickness (this region is shown in Figure 3a by
color filling), which leads to a low film transmittance.

The transmittance and reflectivity spectra for the considered free-standing ITO film
were calculated using the Airy formulas:

TF =
(1 − r)2e−α1d1

1 − 2re−α1d1cos(δ) + r2e−2α1d1
, (8)

RF =
1 − 2e−α1d1cos(δ) + e−2α1d1

1 − 2re−α1d1cos(δ) + r2e−2α1d1
, (9)

where

r =
(n1 − 1)2 + k1

2

(n1 + 1)2 + k1
2 (10)
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is the intensity reflection coefficient for the ITO/vacuum interface at normal incidence of a
beam of monochromatic electromagnetic radiation, and δ = 4πn1d1/λ is the phase shift
for the double passage of radiation through the ITO film. The calculation results are shown
in Figure 3b.

  
(a) (b) 

 
(c) 

Figure 3. (a) Spectra of the refractive index n1, extinction coefficient k1 and absorption coefficient α1

of the free-standing ITO film. Simulation at d1 = 400 nm, Ne = 9 × 1020 cm−3, and µ = 40 cm2/(V × s).
The area of strong absorption is shown by the yellow filling. (b) The transmittance TF and reflec-
tivity RF spectra of the free-standing ITO film simulated at the same parameters. A dashed line
demonstrates reflectivity r for the ITO/vacuum interface. (c) Single-pass attenuation factor exp(−αd)
versus wavelength for a film of thickness d. Simulation for the film thicknesses listed in Table 1. A
horizontal dashed line indicates the attenuation level corresponding to the condition α1d1 = 1. A
vertical dashed line indicates the wavelength corresponding to the Fermi energy.

First, let us pay attention to the Fabry–Pérot oscillations in the transmittance and
reflectivity spectra, which are observed at frequencies above the plasma frequency ωp/2π

(at wavelengths λ < 1 µm). In this spectral region, the film is sufficiently transparent, which
leads to interference of the radiation beams that are multiply reflected from the front and
back surfaces of the film.

We simulated the single-pass attenuation exp(−αd) as a function of the radiation wave-
length for films of various thicknesses (see Figure 3c). If we follow the long-wavelength
boundary of the film passband under the condition αd = 1, then as the film thickness
decreases from 457 to 76 nm, the boundary experiences a blue shift from 3.8 µm to 2.1 µm.
Note that in the experimental transmittance spectra for the ITO film/K108 glass structure
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(Figure 1), the long-wavelength decline of the transparency band is steeper than for the
free-standing film considered here, which is due to a sharp decrease in the transparency of
the glass in the wavelength range of 1.5–4.3 µm [32]. A detailed quantitative model of the
optical properties of the ITO film/K108 glass structures is developed in Sections 4.2 and 5.

Another significant feature in Figure 3b is the plasma reflection band: at frequencies
f ≪ ωp/2π (i.e., at wavelengths λ > 3.5 µm), the film reflectivity RF exceeds 0.9, and the
transmittance TF becomes extremely small. In this case, in the wavelength band where the
strong absorption condition is met ( dskin < d1), the film reflectivity RF practically coincides
with the reflectivity of a single ITO/vacuum interface r. However, this equality is violated
at λ > 200 µm, and the film reflectivity becomes less than the reflectivity of the interface:
RF < r. The last inequality is due to the fact that at all wavelengths λ > 200 µm, the phase
shift δ < π/2 and it decreases monotonically with the wavelength (δ ∝ λ−1/2), while the
single-pass film transparency exp(−α1d1) > 0.2 and it increases monotonically with the
wavelength (since α1 ∝ λ−1/2).

In the long-wave limit (at λ → ∞ ), the coefficient r → 1 and Equations (8) and (9)
yield an uncertainty of the form 0/0, since δ → 0 and α1 → 0 . Opening this uncertainty
with Equations (2)–(10), we obtain the expressions for the transmittance and reflectivity of
a free-standing ITO film in the long-wavelength limit:

TF∞ ≡ lim
λ→∞

TF =
2c2

2c2 + (8πc/ρs) + (4π/ρs)
2 , (11)

RF∞ ≡ lim
λ→∞

RF =
(4π/ρs)

2

2c2 + (8πc/ρs) + (4π/ρs)
2 , (12)

where c is the speed of light in vacuum. Note that generally speaking, the model under
consideration contains three ITO film parameters: thickness d1, electron concentration Ne

and electron mobility µ. However, in the long-wavelength limit, the transmittance and
reflectivity values are completely determined by the product of these parameters (via ρs,
see Equations (11) and (12)). Thus, to calculate TF∞ and RF∞, there is no necessity to know
these three parameters separately; it is sufficient to specify the DC sheet resistivity value.
The dependence TF∞(ρs) for a free-standing ITO film, calculated using Equation (11), is
shown in Figure 4. As the argument decreases, this dependence asymptotically approaches
ρ2

s (the relative deviation is less than 5% at ρs < 10 Ohm/sq).

 

Figure 4. The transmittance of electromagnetic radiation in the long-wave limit ( λ → ∞ ) for the
free-standing ITO film and for the ITO film/K108 glass structure with a glass thickness of 3 mm vs.
the DC sheet resistivity of the film.
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4.2. The ITO Film on a Glass Substrate

Let us proceed to modeling the transmission and reflection spectra of an ITO film
deposited on a borosilicate glass substrate. To solve this problem, it is convenient to use the
transfer matrix method [42–44].

Let us consider a plane monochromatic wave incident from a vacuum (medium 0) onto
an ITO film/glass structure (medium 1/medium 2), on the back side of which there is also a
vacuum (medium 3) (see Figure 5). We directed the z-axis in the direction perpendicular to
the interfaces, from medium 0 to medium 3. Let us denote by E+

iR and E+
(i+1)L, the complex

amplitudes of the electric field of the forward-propagating electromagnetic radiation at the
right boundary of the medium i and the left boundary of the medium i+1, respectively.
Similarly, let us denote by E−

(i+1)L and E−
iR, the amplitudes of the electric field of the backward-

propagating electromagnetic radiation at the left boundary of the medium i + 1 and the right
boundary of the medium i. In the configuration of normal incidence of radiation, all four
waves under consideration are homogeneous. The wave vector of a wave propagating
forward in medium i is co-directed with the z-axis and is equal to qi =

ω
c × ∼

ni =
2π
λ × ∼

ni,
while for a wave propagating backward, it is equal to −qi, where we assume the time
dependence of exp(−iωt).

 

Figure 5. A schematic representation of forward- and backward-propagating electromagnetic waves
in the examined structure. The ITO film thickness d1 varies in different samples (see Table 1).

Let us introduce the interface transfer matrix D(i+1)/i, which relates the amplitudes of
the above waves on both sides of the interface (i + 1)/i (here i = 0, 1, 2), using the relation:[

E+
(i+1)L

E−
(i+1)L

]
= Di+1/i

[
E+

iR
E−

iR

]
. (13)

The elements of this matrix are determined by the Fresnel formulas:

Di+1/i =
1

2
∼
ni+1

(∼
ni+1 +

∼
ni

∼
ni+1 −

∼
ni

∼
ni+1 −

∼
ni

∼
ni+1 +

∼
ni

)
. (14)

The amplitudes of the electric field at the left and right edges of layers 1 and 2, having
thicknesses d1 and d2, respectively, can be related using the propagation matrix Pi, (here i = 1, 2):[

E+
iR

E−
iR

]
= Pi

[
E+

iL
E−

iL

]
, (15)
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Pi =

[
eiqidi 0

0 e−iqidi

]
. (16)

Note that in the case of normal incidence under consideration, Equations (14) and (16)
are valid for the radiation of arbitrary polarization, as well as for unpolarized radiation.

Thus, with known thicknesses and complex refractive indices of both layers of the
structure, it is possible to calculate the amplitudes of electromagnetic waves at the output

of the structure in layer 3,

[
E+

3L
E−

3L

]
, if we sequentially multiply the column vector of the

amplitudes of electromagnetic waves at the input to the structure in layer 0,

[
E+

0R
E−

0R

]
, by the

transfer matrices of all interfaces and layers:[
E+

3L
E−

3L

]
= D3/2P2D2/1P1D1/0

[
E+

0R
E−

0R

]
. (17)

In other words, the matrix

M =

[
M11 M12

M21 M22

]
= D3/2P2D2/1P1D1/0 (18)

is the transfer matrix for the entire structure. If we consider the case where a plane monochro-
matic wave of unit amplitude ( E+

0R = 1
)

is incident on the structure from the left, and there is
no wave incident from the right (E−

3L = 0), then the amplitude transmittance and reflectivity (t
and r, respectively) for the structure in question can be found from the equation:[

t
0

]
= M

[
1
r

]
. (19)

Accordingly, the intensity transmittance and reflectivity for the structure (T and R, respec-
tively), measured experimentally at a given frequency ω, can be expressed through the
elements of the transfer matrix M:

T = |t|2 =

∣∣∣∣M11 −
M12M21

M22

∣∣∣∣2, (20)

R = |r|2 =

∣∣∣∣M21

M22

∣∣∣∣2. (21)

When modeling the transmission and reflection spectra of the samples, the complex
refractive index of the ITO films

∼
n1 was calculated using the Drude model (see Section 4.1),

and the complex refractive index of the substrate
∼
n2 = n2 + ik2 was calculated using the

experimental values of the optical parameters of K108 glass that we obtained earlier [32].
When calculating directly using Equations (13)–(21), the spectra T and R exhibit oscillations
caused by Fabry–Pérot interference during multiple passes of radiation in a thin ITO
film (these oscillations have a relatively large period) and in a thick substrate (the period
of these oscillations is three orders of magnitude smaller). This situation is realized for
electromagnetic radiation with an infinite coherence length.

Our measurements in the optical spectral range were carried out with a rather low
spectral resolution (∆ν = 8 cm−1) when the coherence length of the radiation inside the
substrate 1/(n2∆ν) is significantly less than the double substrate thickness 2d2 (n2 ≈ 1.5 in
the transparency band of K108 glass [32]). Under these conditions, with a double passage of
radiation through the substrate, the phase of the wave changes randomly, and interference
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in the substrate is not observed. To transform the model spectra accordingly, we considered
the substrate as an “incoherent layer” with a transfer matrix

P2(δ) =

[
ei(q2d2+

δ
2 ) 0

0 e−i(q2d2+
δ
2 )

]
, (22)

where the phase δ changes randomly in the range from 0 to 2π [42,44]. Substitut-
ing P2(δ) instead of P2 in (18), we then calculated the functions T(δ) and R(δ) using
Equations (20) and (21), averaging all phase values, which gives the transmittance and
reflectivity of the structure under study, for the selected spectral resolution

T =
1

2π

∫ π

−π
T(δ)dδ, (23)

R =
1

2π

∫ π

−π
R(δ)dδ. (24)

As noted in Section 3, at a spectral resolution of ∆ν = 8 cm−1, the experimental
transmission and reflection spectra demonstrate oscillations caused by the interference of
electromagnetic waves in the thin ITO film. Note that the possibility of observing these
oscillations is due to the fulfillment of the inequality 1/(n1∆ν) ≫ 2d1 in the transparency
region of the ITO film. Below in Section 5, it is shown that simulation of the spectra with
Equations (23) and (24) adequately reproduces the interference oscillations in thin films in
the optical spectral range.

As was mentioned above (see Section 2), the experimental studies of transmission in
the terahertz range (λ = 400–3000 µm) were performed using the THz TDS method, where
the Fourier analysis of the time dependences of the signals (the transmitted waveforms)
was carried out in the time window corresponding to a single pass of the radiation through
a thick substrate with a thickness of d2. The section of the time dependence with the echo
signal corresponding to the superposition of the signal from the double-passed beam on
the signal from the single-passed beam was cut off (for details, see [32]). Thus, for each
sample, a single-pass transmittance intensity spectrum was experimentally obtained. For
theoretical modeling of this spectrum, we used the following formula (see [44]):

T′ = T1e−α2d2(1 − r32)
n2

n3
, (25)

where the intensity transmittance T1 for the ITO film (with the account of two interfaces) is
described by the transfer matrix m:

m = D21P1D10, T1 =

∣∣∣∣m11 −
m12m21

m22

∣∣∣∣2. (26)

In Equation (25), the absorption coefficient of the substrate is α2 = 4πk2/λ, the

intensity reflection coefficient for the vacuum/substrate interface is r32 =

∣∣∣∣∼n2−1
∼
n2+1

∣∣∣∣2, and the

refractive index of vacuum is n3 = 1.
We obtained an analytical expression for the complex index of the ITO film

∼
n1(which

determines the elements of the matrix m) for radiation with a wavelength of λ ≥ 400 µm.
Here, two approximations can be used. First, due to the low electron mobility in ITO films
µ ≪ 1000 cm2/(V × s), the condition ω ≪ 1/τ, is satisfied, and the dispersion of the
permittivity (see Equation (6)) is reduced to

ε(ω) = ε0 + i
4π

ρω
, (27)
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where ρ = 1/(eµNe) is DC volume resistivity. Secondly, the second term in Equation (27)
dominates under the condition ρ ≪ 1.6 Ohm × cm, which is satisfied for the ITO films
under study with a margin of three orders of magnitude (see Table 1). This allows us to
rewrite the Fresnel Equation (7) as

∼
n

2
1 = i

4π

ρω
= i

4π

ρsd1ω
. (28)

Using (28) gives the following expression for the matrix m in the limit λ → ∞ (i.e.,
ω → 0):

m∞ ≡ lim
λ→∞

m =

[∼
n2 +

∼
n0 − 4π

ρsc
∼
n2 −

∼
n0 − 4π

ρsc
∼
n2 −

∼
n0 +

4π
ρsc

∼
n2 +

∼
n0 +

4π
ρsc

]
, (29)

which, using Equations (25) and (26), allows us to find the single-pass transmittance value
of the ITO film/glass structure in the long-wave limit

T′
∞ ≡ lim

λ→∞
T′(λ). (30)

Based on Equations (25), (26), (29) and (30), we can conclude that, as in the case of
a free-standing film, the transmission of the ITO film/glass structure in the limit λ → ∞
is completely determined by the single-film parameter ρs (for a given glass thickness).
Numerical calculations were performed for

∼
n2(ω = 0) = n2 = 2.520 (K108 glass, see [32]),

d2 = 3 mm, and
∼
n0 = n0 = 1 (vacuum).

The calculated dependence of T′
∞ on DC sheet resistivity is shown in Figure 4. As in

the case of a free-standing film, the dependence T′
∞(ρs) asymptotically approaches ρ2

s with
decreasing argument, and the relative deviation is less than 5% for ρs < 5 Ohm/sq. The
obtained dependence allows us to estimate with high accuracy how well the ITO film will
suppress microwave radiation with a frequency of 1 GHz or less based on measurements
of DC sheet resistivity. This can be useful in developing optoelectronic devices in the
ultraviolet, visible and near IR ranges that are protected from radio frequency interference.
Note that the ITO film/K108 glass structure attenuates radio waves approximately 4 times
(i.e., ~6 dB) less than the free-standing film. The microwave shielding effectiveness of
the structure can be increased by using a substrate with a lower static permittivity. The
issue of suppressing microwave radiation with frequencies above 1 GHz requires special
consideration; this analysis will be published elsewhere.

Next, we performed a model calculation of the spectra of single-pass transmittance
T′(λ) in the terahertz spectral range for structures with ITO films having a DC sheet
resistivity of 3, 10 and 30 Ohm/sq. Figure 6 shows the spectra of the normalized THz
transmittance of these structures

t(λ) = T′(λ)/T′
∞ (31)

in the spectral range λ = 500–3000 µm. In the figure, all three spectra coincide with each
other. Quantitative analysis shows that when the resistivity ρs varies within 3–30 Ohm/sq.,
the relative deviation of t(λ) from the curve corresponding to ρs = 10 Ohm/sq. does not
exceed 0.5%. This deviation is significantly less than the experimental errors when measur-
ing THz transmission

〈
δT
T

〉
THz

(see Table S1 in Supplementary Materials). Therefore, in

the future, we assumed that for all ITO films, the dependence t(λ) has a universal form
(corresponding to ρs = 10 Ohm/sq). The spectrum of the THz single-pass transmittance
for a structure with a given value of DC sheet resistivity ρs was modeled by multiplying
the universal curve t(λ) by the factor T′

∞(ρs) (see dashed lines in Figure 7).
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Figure 6. The spectral dependence of normalized THz single-pass transmittance t(λ) = T′(λ)/T′
∞

for ITO film/K108 glass structures. The calculation was performed for a glass thickness of 3 mm and
films with DC sheet resistivity of 3, 10 and 30 Ohm/sq.

5. Determination of ITO Film Parameters
The analysis of the experimental results presented in Section 3, using the theoretical models

considered in Section 4, allowed us to develop and test two non-contact methods for determining
the parameters of ITO films: (i) a method for determining DC sheet resistivity and (ii) a method
for determining the film thickness and free electron concentration and mobility.

5.1. Determination of DC Sheet Resistivity

We performed fitting of the experimental THz transmittance spectra T′
e(λ) (see

Figure 2) using the formula
t(λ) = T′(λ)/T′

∞, (32)

where t(λ) is the universal spectral dependence of the THz transmission (see Figure 6), and
T′

∞ is the fitting parameter. The measure of the deviation of the modeled spectrum from
the experimental one was the objective function

ZTHz =

{
∑N

l=1

[
T′

e(λl)− T′
s(λl)

Te(λl)

]2

/N

}1/2

, (33)

where N is a number of the experimental points. Fitting was performed using the
Nelder–Mead method (see [45]) in the wavelength range of 545–3000 µm (frequencies
from 0.55 to 0.1 THz). The best-fit values of the fitting parameter T′

∞ for all the samples are
given in Table 3.

Table 3. The results of analysis of the experimental single-pass transmittance spectra in the THz
spectral range.

Sample Number T’
∞

ρs
(Ohm/Sq.)

δρs
(Ohm/Sq.)

δρs
ρs

#1 0.0279 27.7 0.7 0.025
#2 0.0197 22.3 0.6 0.027
#3 0.0138 18.1 0.8 0.044
#4 0.0074 12.6 0.6 0.048
#5 0.0040 9.0 0.6 0.067
#6 0.00067 3.5 0.3 0.086
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For each sample, the simulated spectrum at the best-fit parameter is in good agreement
with the experimental one (see Figure 7). This allows one to uniquely determine the DC
sheet resistivity ρs for each ITO film based on the found T′

∞ value, using the theoretically
calculated dependence T′

∞(ρs) (see Figure 4). The resulting DC sheet resistivities for
all samples are presented in Table 3 with absolute and relative errors (δρs and δρs/ρs,
respectively) indicated. The absolute errors δρs were determined using data on the accuracy
of the experimental measurements of THz transmittance and the results of calculating the
dependence of the objective function ZTHz on ρs (see Section S1 in Supplementary Materials
for details).

 
Figure 7. Single-pass transmittance spectra for all samples in the THz spectral range: a comparison of
the simulated spectra at best-fit parameters with the experimental ones. The experimental results are
shown as solid lines; the curve numbers correspond to the sample numbers. The simulated spectra
are shown by dashed lines.

Let us compare the results of determining the DC sheet resistivity ρs by the optical
method proposed here (Table 3) with preliminary data obtained by electrical measurements
using the four-probe method (Table 1). Electrical measurements were carried out in nine
discrete regions of 3 mm length inside the tested area of 10 mm in diameter. In all samples
except sample 6, electrical measurements reveal the presence of local fluctuations of the
sheet resistivity of about 3–4%. The optical method allows one to reliably determine the
value of DC sheet resistivity, averaged over the entire continuum of points in the tested area.
In the thinnest ITO film, the relative error for this value turned out to be minimal (2.5%),
and as the film thickness increases, it increases to 8.6% (see Table 3), which is primarily
due to a decrease in the signal-to-noise ratio on the photodetector due to a decrease in the
transparency of the film.

Generally speaking, measurements of DC sheet resistivity by the four-probe method
are taken in separate discrete points, and averaging the measurement results over a small
number of points can lead to a noticeable error compared to averaging over the entire
continuum of points in the tested region. This is due to the fact that with discrete probing,
most of the tested film area does not fall within the measurement zone, and in the case of
fluctuations in the sheet resistivity, the set of test points may not be representative enough.
In our experiments, a set of nine probing points proved to be sufficient for most samples:
the sheet resistivity averaged over nine locations of the probe head lies within the error
limits of measurements carried out by the optical method. At the same time, a different
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situation occurs for the two remaining samples (samples 1 and 3). For example, for sample
3, the average value of ρs, based on the results of measurements by the four-probe method,
differs from the average value of ρs, based on the results of optical measurements, by +9.4%,
with a confidence interval for optical measurements in this sample of ±4.4%.

It should be emphasized that our proposed method for determining the DC sheet
resistivity is contactless, and this is its main advantage.

The ability to measure DC sheet resistivity contactlessly with high accuracy is im-
portant because it is this parameter that determines the effectiveness of electromagnetic
interference suppression in the microwave range.

5.2. Determination of ITO Film Thickness, Free Electron Concentration and Mobility

After determining the DC sheet resistivity ρs using the method described above, we
proceeded to separately determine the three parameters of the ITO films (film thickness
d1, electron concentration Ne and electron mobility µ) using an analysis of the experimen-
tal transmittance and reflectivity spectra in the short-wavelength part of the optical range
(0.35 µm < λ < 4.3 µm). In this case, the parameters d1 and Ne were used as fitting parameters
of the model spectra, and the electron mobility was calculated using the value of ρs:

µ = 1/(eρsd1Ne). (34)

The model spectra of T and R in the short-wavelength part of the optical range were
also calculated using the Drude model (see Section 4.1), which, generally speaking, works
well for photon energies not exceeding the Fermi energy EF = ℏ2

2me

(
3π2Ne

)2/3. In the
studied samples, the Fermi energy varied slightly (within 12%) and was ~1 eV, so that the
range of wavelengths where the Drude model is applicable is determined by the inequality
λ > 2πcℏ/EF ≈ 1.3 µm. However, we also used the Drude model for λ < 1.3 µm, where
the absorption coefficient decreases sharply with decreasing wavelength (see Figure 3a)
and gradually ceases to affect the values of T and R. In particular, at wavelengths λ ≤
0.8 µm, ITO films have high transparency (see the experimental spectra in Figure 1), and
the specific configuration of interference oscillations in the T and R spectra allows us to
determine the film thickness d1 with high accuracy. The latter is due to the fact that the
period of interference oscillations in the T and R spectra decreases sharply with increasing
ITO film thickness (see Figure 1).

Simulation within the Drude model confirms the high transparency of ITO films at
λ ≤ 0.8 µm (see Figure 3c). The statement about the high transparency of ITO films in
this spectral region will remain true even if we move from the Drude theory, which is
incorrect in this range, to the quantum theory of light absorption by free electrons during
their scattering by polar optical phonons, which is relevant here (in a polar semiconductor
at room temperature, this mechanism usually dominates). Indeed, for λ < 0.8 µm, the
condition ω ≫ 1/τ = e/(µme) is satisfied, and the Drude model leads to the relationship
α1d1 ∝ λ2. The quantum theory of light absorption by free electrons due to their scattering
on polar optical phonons leads to, in this region (λ < 2πch̄/EF), a faster decrease in
absorption with decreasing wavelength: α1d1 ∝ λ5/2 [34]. We do not use rigorous quantum
theory in our simulations, since not all necessary parameters are known for ITO films.
However, it is noteworthy that quantum theory predicts a steeper spectral dependence
of α1d1, which corresponds to greater transparency of the samples in the region of the
short-wavelength tail of free-electron absorption.

We determined the ITO film thickness and free electron concentration and mobility
using a two-stage fitting procedure for the transmittance and reflectivity spectra. At both
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stages, we used the same objective function to estimate the deviation of the model spectra
from the experimental ones:

ZOpt =
{
∑N′

l=1 [Te(λl)− Ts(λl)]
2/N′

}1/2
+
{
∑N′

l=1 [Re(λl)− Rs(λl)]
2/N′

}1/2
, (35)

where Re(λl) and Rs(λl) are the experimental and simulated reflectivity spectra, respec-
tively, and N′ is a number of the experimental points. The model spectra were calculated
with the transfer matrix method using Equations (13)–(24).

At the first stage, the fitting procedure was performed in the spectral range from 0.35 to
4.3 µm using d1 and Ne as fitting parameters and µ defined by Equation (34). The obtained
parameters for all samples are presented in Table 4. Absolute and relative errors for the
film thicknesses (δd1 and δd1/d1, respectively) are also indicated in Table 4. The absolute
errors δd1 were determined using data on the accuracy of experimental measurements of the
transmittance and reflectivity in the optical range and the results of calculating the dependence
of the objective function ZOpt on d1 (see Section S2 in Supplementary Materials for details).

Table 4. The best-fit parameters of ITO films obtained at the first stage of the transmittance and
reflectivity spectra analysis in the optical range.

Sample Number d1,
(nm)

δd1,
(nm)

δd1
d1

Ne
(1020cm-3) µ ( cm2

V×s )

#1 71.9 1.2 0.017 7.63 41.2
#2 87.1 1.1 0.013 7.78 41.4
#3 110.1 1.7 0.015 7.58 41.4
#4 155.9 1.8 0.012 7.99 39.7
#5 184.3 1.9 0.010 8.88 42.3
#6 451.2 2.8 0.006 9.78 40.4

Figure 8 establishes a correlation between the ITO film thickness values obtained by
the optical method (d1, see Table 4) and the results of preliminary measurements by the
SEM method (dSEM, see Table 1). The graph shows six experimental points with circles, the
abscissas of which correspond to the d1 values and the ordinates to the dSEM values. The
error bars for the SEM measurements (±10 nm) denote the average thickness fluctuations
for a set of SEM images (up to 10 tested points) in the central film area with a diameter of
10 mm. The error in determining the d1 value is significantly smaller (1.1–2.8 nm), and the
radius of the circles in the figure is equal to the largest of these values. The high accuracy of
determining the average film thickness (in the tested area of the sample) by the developed
optical method is based on the analysis of the interference pattern on the transmittance and
reflectivity spectra in the transparency region of the film.

Averaging the results of SEM measurements in a limited number of separate discrete
points does not provide the same high level of accuracy in determining the average film
thickness of the ITO films deposited by the magnetron sputtering technique, since these
films have rather large local thickness fluctuations (~10 nm).

The main result of the first stage of the fitting procedure is high accuracy in determin-
ing the thickness of ITO films. However, the parameters Ne and µ are determined at this
stage with some error, due to the fact that in a relatively small part of the analyzed spectral
region (0.8 µm < λ < 1.3 µm), the use of the Drude model to describe the absorption of
radiation by free electrons is methodologically erroneous. However, it was expected that
this error would be relatively small, since the above-mentioned region includes a rather
small part of the total number of spectral points analyzed in the first stage of fitting (18%).
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Figure 8. Deviation of the ITO film thickness measured using the SEM method (dSEM) from the
thickness obtained by the non-contact optical method proposed in the present work (d1). The numbers
next to the experimental points indicate the sample numbers. The error bars denote the average
thickness fluctuations for a set of SEM images (up to 10 tested points) in the central film area with a
diameter of 10 mm. The error in determining the value of d1 does not exceed the radius of the circles.
The dashed line corresponds to the equality dSEM = d1.

The second stage of the analysis of the spectra under consideration is aimed at eliminat-
ing the above-mentioned methodological error in determining the electron concentration
Ne and their mobility µ. At this stage, the comparison of the model spectra with the ex-
perimental ones was carried out in a narrower spectral range at wavelengths from 2 to
4.3 µm, where the Drude model is obviously relevant and adequately describes the optical
properties of free electrons in the ITO films under study. In other words, at the second
stage of fitting, the spectral region is excluded from consideration, where the use of the
Drude model is questionable (λ < 1.3 µm). When calculating the model spectra Ts(λl) and
Rs(λl), only one fitting parameter was used: the electron concentration Ne. The d1 values
determined at the first stage of the fitting procedure (see Table 4) were used as the ITO
film thickness, and the electron mobility µ was calculated using Equation (34). The refined
values of the electron concentration and mobility in the samples under study are presented
in Table 5.

Table 5. The best-fit parameters of ITO films obtained at the second stage of the transmittance and
reflectivity spectra analysis in the optical range.

Sample
Number

Ne
(1020cm−3)

δNe
(1020cm−3)

δNe
Ne

µ
(

cm2

V×s

)
δµ
(

cm2

V×s

)
δµ
µ

#1 7.60 0.05 0.006 41.4 2.0 0.048
#2 7.70 0.05 0.007 41.8 2.0 0.047
#3 7.45 0.04 0.005 42.1 2.7 0.064
#4 7.80 0.05 0.006 40.7 2.7 0.066
#5 8.59 0.06 0.007 43.8 3.7 0.084
#6 8.87 0.45 0.050 44.6 6.3 0.142

Absolute and relative errors for both parameters are also indicated in Table 5. The ab-
solute errors δNe were determined using data on the accuracy of the experimental measure-
ments of the transmittance and reflectivity in the spectral interval of 2.0 µm < λ < 4.3 µm
and the results of calculating the dependence of the objective function ZOpt on Ne (see
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Section S3 in Supplementary Materials for details). Then, in accordance with Equation (34),
the relative errors for the electron mobilities were calculated as

δµ

µ
=

δρs

ρs
+

δd1

d1
+

δNe

Ne
, (36)

using the values of δρs/ρs and δd1/d1 from Tables 3 and 4, respectively. The absolute errors
δµ were found by multiplication of the µ values by the relative errors δµ/µ.

In Figure 9, for one of the samples, the experimental transmission and reflection
spectra in the optical range are compared with the model spectra after the first and second
fitting stages. We emphasize that at wavelengths of 2.0 µm < λ < 4.3 µm, the second fitting
stage provides better agreement between the model spectra and the experimental ones
compared to the first stage.

  
(a) (b) 

Figure 9. A comparison of experimental transmittance and reflectivity spectra (Te and Re) with
simulated spectra (Ts and Rs) for sample #4 in the optical range after the first and second fitting
stages. Simulated spectra were calculated at the best-fit parameters d1, Ne and µ (see Tables 4 and 5).
(a) Reflectivity spectra. (b) Transmittance spectra.

Figure 10 illustrates the results of determining the concentration and mobility of
free electrons in ITO films of various thicknesses after the first and second stages of the
fitting procedure. For films with a thickness of ~150 µm or less, the second stage of fitting
provides values of Ne and µ close to the results of the first stage of fitting. This is due to
the fact that in thin films, the short-wavelength tail of light absorption on free electrons at
λ < 2πcℏ/EF ≈ 1.3 µm is very weak and has little effect on the dependence of the objective
function ZOpt on the electron concentration Ne. However, for thicker films, the first stage
of fitting provides an overestimated value of the electron concentration (up to 10%), as
well as an underestimated value of electron mobility (up to −10%). Obviously, this is due
to the inaccuracy of using the Drude model in the short-wavelength part of the optical
range, which is included in the first stage of transmittance and reflectivity spectra analysis.
Therefore, we considered the values of Ne and µ obtained at the first stage of fitting asa first
approximation and took the values of Ne and µ obtained at the second stage of fitting as
the true values of the electron concentration and their mobility.
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Figure 10. The results of the determination of the concentration Ne and mobility µ of free electrons
in ITO films of various thicknesses after the first and second stages of the fitting procedure. Empty
and filled symbols represent the results of the first and second stages of sample spectrum analysis,
respectively. Solid and dashed lines represent the results of fitting the experimental data with
linear functions.

At the second stage, high accuracy in determining concentration and mobility was
ensured by analyzing the transmittance and reflectivity spectra of samples only in the range
where the criterion of applicability of the Drude model for the studied ITO films (λ > 2 µm)
is obviously fulfilled.

6. Discussion of the Results
The results in Section 5 reveal the dependence of the electrophysical parameters of

ITO films (ρs, Ne, and µ) on the film thickness. With decreasing thickness, there is a gradual
decrease in both the concentration and mobility of electrons (see Figure 10). In the thinnest
films, the electron concentration averaged over the film thickness is lower by ~17%, and
the average mobility is lower by ~8% than in the thickest ones. This is probably due to
the fact that an electron-depleted layer appears near the film/glass interface, and electrons
are scattered more strongly in this layer than in the film volume. Note that a decrease in
electron mobility near the film/substrate boundary was previously observed in ITO films
grown on quartz and silicon [39,46].

The sheet resistivity of the ITO films versus the film thickness is shown in Figure 11.
The DC sheet resistivity ρs for a film of thickness d1 and the DC volume resistivity
ρ = 1/(eµNe) are related by the obvious relationship: ρs(d 1) = ρ/d1. Consequently,
for films with the same value of ρ, a hyperbolic dependence of ρs on the film thickness
should be observed. Our studies of films with thicknesses from 72 to 451 nm demonstrate
that the ρs(d 1) dependence deviates from the hyperbolic one (which is represented by a
straight line in a double logarithmic scale; see Figure 11). As can be seen from the figure,
the thinnest films are characterized by a higher value of DC volume resistivity than the
thickest ones (by ~26%). This pattern is consistent with the above-mentioned effect of the
film/glass interface on the average electron concentration (up to +17%) and the average
mobility (up to +8%). Increases in the DC volume resistivity with decreasing film thickness
was previously observed in the ITO films deposited on acrylics [17].

It should be noted that the concentration and mobility of electrons in ITO films are
often determined using studies of electrical conductivity and the Hall effect [39,46,47]. Let
us compare this method with our non-contact method in terms of measurement accuracy.
For instance, in [46], Ohmic contact electrodes with a Hall bar geometry were fabricated on
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the ITO film surface. In films with a surface electron concentration of (2.0–2.9) × 1014 cm−2,
an accuracy of ±1.6% was obtained in determining the volume concentration and ±1.5%
in determining the mobility. Our method for similar films provides higher accuracy in
determining Ne (±0.6%), but it loses accuracy in determining µ (±4.8%).

 

Figure 11. The sheet resistivity of the ITO films versus film thickness. Data corresponding to the
optical measurements (Table 3) are shown by filled circles. The solid line is a guide for the eye. Empty
squares indicate the results of sheet resistivity measurements using the four-probe method (Table 1).
The dashed line indicates the hyperbolic dependence ρs(d 1) = ρ(#6)/d1, where ρ(#6) denotes the
DC volume resistivity of sample #6.

To reduce the influence of contacts on the results of electrical conductivity and Hall
effect measurements in conducting films, the four-probe method in collinear or van der
Pauw geometry is used, or a Hall bar is formed on the film surface. However, it is not
possible to completely exclude the influence of contacts; the dimensions of the contacts and
the shape/dimensions of the samples are critical. For conducting contact electrophysical
measurements, witness samples are usually used, since during such measurements, the
films lose their as-grown condition.

Non-destructive non-contact methods for determining the free electron parameters
are preferable. Their use does not require witness samples, and there are no restrictions on
the shape of the samples. The localization of the optical testing area and its size and shape
can vary. Using a small diameter of an optically tested area, it is possible to study the film
inhomogeneity. The methods we have developed are non-contact methods and have the
listed advantages. Let us compare the performance of our method and the spectroscopic
ellipsometry method, which is widely used for studying transparent conducting oxides,
in particular ITO [39,47–51]. In [47], the spectra of the refractive index and extinction
coefficient in the wavelength range 0.2–1.7 µm were obtained by ellipsometry. Based
on the analysis of the obtained spectra, the electron concentration and mobility were
determined. It was demonstrated that the results obtained by the optical method are in
quasiperfect agreement with the results of the resistivity and Hall effect measurements
(>90% correlation). Data on the accuracy of parameter determination are not provided.
Fujiwara and Kondo [51] achieved excellent agreement between carrier concentrations
determined by spectroscopic ellipsometry and Hall measurements. The optical mobility in
ITO films, however, showed poor agreement with the Hall mobility.

In [39], the authors studied the thickness dependence of the optical and electrical
properties for ITO films with thickness in the range from 10 to 100 nm. Spectroscopic ellip-
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sometry was used to obtain the complex permittivity of the ITO films in the wavelength
range of 0.5–12 µm. Additionally, the sheet resistance and Hall effect in the van der Pauw
configuration were measured. The error in determining the electron concentration was
29% (by spectroscopic ellipsometry) and 5% (by Hall measurements), and the discrepancy
between the results of the two methods did not exceed the measurement error. With film
thicknesses of less than 100 nm, our method provides a significantly higher accuracy in
determining Ne: 0.7%. For mobility measurements, the absolute error of electrical measure-
ments was 2.5 cm2/(V × s), which is comparable to our results of 2 cm2/(V × s) with a film
thickness of less than 100 nm. High accuracy in determining electron concentration (~1%)
and mobility (~2%) was achieved in ellipsometric studies of ITO films with a thickness of
20–250 nm in [48,49].

In the paper [50], spectroscopic ellipsometry was used to measure ITO film thickness.
For films with a thickness of ~20 nm, the absolute error in thickness measurement was
~1 nm. Note that our method provides the same accuracy for films with a thickness of less
than 100 nm.

The high accuracy of our concentration measurement method is based on the fact that
the value of Ne is extracted from the analysis of the reflection and transmission spectra in
the plasma edge region at wavelengths where the Drude model is obviously applicable to
describe the contribution of free electrons to the dielectric constant.

The method proposed in this paper for determining the parameters of ITO films
can be used in the development of filters that suppress radio frequency interference in
optoelectronic devices. Preliminary experiments have shown that ITO films with high trans-
parency in the entire visible spectral range (~80% for the ITO/K108 glass filters) can provide
microwave shielding effectiveness above 26 dB in the frequency range 2.8–23 GHz [19].
Similar effectiveness for a film in the form of ITO/Cu-doped Ag/ITO deposited on a
polyethylene terephthalate (PET) substrate was also demonstrated over a broadband ra-
diofrequency range [3]. As shown in [17], microwave shielding effectiveness increases with
the thickness of the ITO film, and it is almost entirely determined by reflection losses. The
contribution of absorption losses is negligible.

Note that the algorithm for theoretical modeling of the transmittance spectrum, discussed
in Section 4, allows us to obtain the frequency dependence of microwave shielding effective-
ness for a given value of the DC sheet resistivity of the ITO film. The latter parameter can
be experimentally determined for ITO-based microwave shielding filters of a small diameter
using the non-destructive non-contact method described in Section 5.1. This, in principle,
avoids direct measurement of the microwave shielding effectiveness, which would require
depositing an identical ITO film on a substrate with a large diameter (20 cm or more) and
using sophisticated equipment for measurements in the gigahertz range.

7. Summary
The interaction of electromagnetic radiation with ITO films in the optical and terahertz

spectral ranges was studied experimentally and theoretically. The object of the study was
ITO films of various thicknesses (70–500 nm) grown on a borosilicate glass substrate.

Using a diffraction spectrometer and a Fourier spectrometer, the spectra of the trans-
mittance and reflectivity of samples in the optical range from ultraviolet to the far infrared
region (wavelengths 0.2–400 µm) were experimentally obtained. A plasma minimum with
a reflectivity of less than 0.1 was detected on the reflection spectra of all samples. For
radiation with a wavelength shorter than the wavelength of the plasma minimum, ITO
films had high transmittance, which made it possible to observe Fabry–Pérot oscillations on
the transmittance and reflectivity spectra. The oscillation period decreased with increasing
thickness of the ITO film. At long wavelengths (in the region beyond the plasma edge),
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the transmittance of the samples decreased sharply with wavelength (and the reflection
increased sharply), which is associated with an increase in free-electron absorption.

Experiments in the terahertz range (wavelengths from 150 to 3000 µm) were performed
using terahertz time domain spectroscopy. The experiments show that for different ITO
films deposited on identical substrates, the terahertz transmittance spectra have a universal
character: they differ from each other only by a scaling factor. The dependence of this
multiplier on the DC sheet resistivity of the film is close to quadratic.

All the patterns observed in the experiment found an adequate quantitative descrip-
tion within the framework of the considered theoretical models. To describe the dielectric
constant of the conductive ITO film, the Drude model, with such parameters as the concen-
tration and mobility of free electrons, was used. Firstly, the transmittance and reflectivity
spectra for a free-standing ITO film of a given thickness were modeled using Airy formulas.
Secondly, using the transfer matrix method, similar spectra were modeled for an ITO film
deposited on the surface of a borosilicate glass plate.

Based on the results of experimental studies and theoretical modeling, a non-contact
method for determining DC sheet resistivity based on the analysis of THz transmittance
spectra has been developed. This method is of great importance, since it is the value of
the DC sheet resistivity that determines the effectiveness of electromagnetic interference
suppression in the microwave range. In addition, an optical method was developed
for the separate determination of three parameters of ITO films (film thickness, electron
concentration and electron mobility) that determine the value of the DC sheet resistivity.

For films with a thickness of 70–500 nm, the error in determining the thickness does
not exceed 3 nm. The error in determining the DC sheet resistivity for films with a thickness
of less than 100 nm is ~3%, and with an increase in film thickness to 500 nm, it increases to
9%. The error in determining the concentration and mobility of electrons varies in the range
of 1–5% and 5–14%, respectively, depending on the thickness of the film. The specified
characteristics are related to the tested film area of 10 mm in diameter. The developed
methods are non-destructive, and this is their important advantage.

The research results can be used to develop transparent conducting coatings for electro-optical
devices in order to protect them from electromagnetic interference in the microwave range.
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concentration in ITO films.
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