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1. Introduction

Full understanding and control of the
charge carriers in nanophotonic devices
are not yet entirely achieved. In fact, it is
one of the foremost challenges that pho-
tonic community deals with. For instance,
superconductivity and ultrafast electro-
optical switching materials are of particular
interest nowadays in photonic architec-
tures.[1] One of the long-lasting goals in
electro-optical devices is to speed up data
rate and reduce energy consumption.
This is mainly due to an increasing
demand of the acquisition/processing data
rate. In this view, nonlinear devices are one
of the most eligible platforms that eventu-
ally meets criteria like[2] 1) interplay of low
power and intense response, 2) femtosecond
time response, and 3) complementary metal-
oxide-semiconductor (CMOS)-compatible
technology.

Since the middle of the last century, a
deep investigation of semiconductor compounds has led to unprec-
edented technological innovations.[3] Despite that, conventional
semiconductors partially meet the aforementioned criteria, though
several drawbacks still limit the use of them in the next generation
of high-speed technology.[4] A class of materials that reveal an vast
potential in this field is related to certain transparent conductors,
mainly oxides. These materials have been intensively developed
due to rapid growingmarkets, such as display technologies, a novel
concept of photovoltaic systems, and solid-state lightning, just to
name a few.[5] Materials referred as transparent conductive oxides
(TCOs),[6] such as doped ZnO, In2O3, and SnO2, play important
roles, but other compounds with perovskite structures, for exam-
ple, vanadites (SrVO3 and CaVO3), were demonstrated to be attrac-
tive candidates to enhance electro-optical performances.[5a] In
particular, a ternary compound, indium tin oxide (ITO), has
become a widely used TCO in the optics and industry sector,
mainly due to its figure of merit:[7] optical transparency and
electrical conductivity.

Yet, ITO has been demonstrated to possess peculiar electro-
optical properties in its crossover frequency when the dielectric per-
mittivity changes sign from positive to negative, a singular optical
regime often called epsilon-near-zero (ENZ). In its ENZ regime, it
is possible to observe large optical nonlinearities and ultrafast
response,[8] thus leading to consider ITO as a CMOS-compatible
platform for ultra-fast nanophotonics.[9] Recently, ITO was also
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Accurate determination of electronic transport properties of individual trans-
parent conductive oxide layers, namely indium tin oxide (ITO), is essential for
further development and design of photonic devices with ITO layer as a tunable
ultrafast optoelectronic component. Precise magnetotransport measurements
are here implemented to achieve carrier mobility distribution that gives insight
into types and characteristics of carrier species. ITO thin films with various sheet
resistance of �10, 75, and 350Ω sq�1, respectively, are examined at near-room
temperature. Unimodal mobility distribution is revealed in ITO films, indepen-
dently on their resistivity, with no evidence of unseparated contributions from
surface or interface states. The electron mobility varies depending on ITO’s
resistivity, ranging from 36.8 to 47.2 cm2 V�1 s�1 at 300 K. Importantly, no
minority hole conduction is present. The ITO thin films exhibit solely bulk-like
conduction with an absence of parallel conductions. In addition, the existence of
single-type electron population in ITO that can be viewed as an important val-
idation of exclusively donor-type defects and/or impurities contributing to total
ITO conductivity is experimentally confirmed. These results indicate that ITO can
be viewed as an integrated counterpart for photonic metadevices.
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demonstrated to be an effective broadband metasurface layer,[10]

platform for biosensing,[11] as a metatronic board in analog
computing [12] or fast gigahertz Mach–Zehnder modulator.[13]

ITO, in fact referred to also as Sn-doped In2O3, is a well-
known n-type degenerate semiconductor with a wide bandgap
ranging between 3.5 and 4.3 eV. Alternatively, ITO is considered
as a low-carrier-concentration and disordered conductor,
suggesting that it is rich in quantum-interference transport
phenomena.[14] Generally, it is recognized that defects and
impurities lead to high unintentional carrier densities present
in TCOs.[15] Moreover, besides impurities such as hydrogen
and several native defects, it is believed that also surface and
interface states contribute to total conductivity of some TCOs,
mainly with a donor-like nature.[16] The relevant electronic
parameters of ITO were frequently investigated, primarily by
conventional Hall effect measurements. Nevertheless, the
origins of conductivity in ITO are still not fully understood
and more experimental evidence is needed.

Though ITO has been proven to be an optimal material in
optoelectronic devices for visible region of the electromagnetic
spectrum, a thorough investigation of carrier mobility distribu-
tion has not been well addressed. Indeed, to consider ITO as a
potential candidate for further development of the next genera-
tion of optoelectronic components, precise determination of
charge carrier transport properties is worth to be established.
Therefore, in this work, we present conductivity analyses of three
ITO films with different thicknesses: 185, 23, and 20 nm, and
with nominal sheet resistance (Rsh) of 10, 75, and 350Ω sq�1,
respectively. The ITO films were selected intentionally due to
their substantial difference in sheet carrier concentration, chang-
ing within nearly two orders of magnitude, representing the
most common commercially available ITOs. The studies were
performed by applying magnetic field-dependent Hall effect
and resistivity measurements, assisted with mobility spectrum
analysis (MSA). It was revealed that indeed a unimodal mobility

distribution with pure electron conduction can be detected. We
demonstrate the existence of a single-type electron population in
all the ITO films with no evidence of unseparated contributions
from surface or interface states, either at 273 or 300 K. The
obtained data may give an insight for potential circuitry technol-
ogy based on single-electron/photon channels for data storage
devices integrated with ITO as a board customization.

2. Results and Discussion

Temperature-dependent Hall effect and resistivity measure-
ments at constant magnetic field, B¼ 0.54 T, were initially per-
formed to obtain Rsh, as well as the Hall carrier concentration
(nHall) and averaged Hall mobility (μHall); see Figure 1. These par-
ticular characterizations are normally conducted for electronic
devices, usually at various temperatures. Importantly, the electri-
cal contacts were comprehensively characterized in order to
obtain reliable Hall effect datasets; see the description in
Section 1 in the Supporting Information (SI). Rsh derived from
Hall effect measurements is plotted in Figure 1a. This parameter
can be conveniently determined by implementing van der Pauw
resistivity measurement technique.[17] The derived Rsh, �10, 75
and 350Ω sq�1, agrees well with nominal values provided by the
supplier. Rsh values were recorded at 300 K. The Rsh of ITO is
strongly thickness dependent, the greater the thickness, the
lower the resulting Rsh; this trend was already observed in
ITO.[18] Taking into account nanometric thickness of the studied
ITO films, resistivity (ρ) that is �10�4Ω cm can be estimated. Li
and Lin presented ρ for two ITO films with various thicknesses
(125 and 240 nm), ranging at room temperature from 1.89 to
2.63� 10�4Ω cm.[19] Generally, the ρ of ITO was reported to
decrease by only around 10% in the temperature range
of 300–100 K,[19,20] displaying classical metallic behavior.
Importantly, ρ and nHall of ITO are strongly dependent on depo-
sition processes and conditions,[21] meaning that the industrial

Figure 1. Hall effect measurement results derived at single B equal to 0.54 T, showing temperature dependence of a) Rsh and b) nHall (closed symbols)
and μHall (open symbols) of all ITO films. Room temperature (300 K) is marked in graphs by dashed lines.
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production method determines its electro-optical parameters.
More electrical datasets can be found in a topical review dedi-
cated to electronic conduction properties of ITO.[14]

The commonly determined carrier characteristics, nHall and
μHall, in the temperature range of 265–315 K, are depicted in
Figure 1b. The ITO structures show a rather constant tempera-
ture trend of nHall and μHall, and the Hall measurements data
reveal that transport is governed by electrons. The nHall values
are in good agreement with reported ones,[21,22] being at 300 K
�2.0� 1016, 2.2� 1015, and 3.8� 1014 cm�2 for ITO 10, ITO
75, and ITO 350Ω sq�1, respectively. Regarding μHall, it ranges
from 36 to 46 cm2V�1 s�1 at 300 K. Interestingly, Koida and
co-workers explored amorphous and crystalline In2O3-based
films (including Sn doped),[23] demonstrating that polycrystalline
In2O3:Ce,H films can exhibit μHall greater than 100 cm2 V�1 s�1

at room temperature.
Furthermore, a core analysis in the present work, magnetic-field-

dependent Hall effect measurement, was carried out in order to
evaluate potentially multiple carrier types present in ITO films.
In such magnetotransport measurements, the changes in the
conductivity (or resistivity) tensors of materials caused by an
application of magnetic field can be traced. Importantly, the
measurements data were intentionally conducted at near-room
temperatures (at 273 and 300 K), avoiding possible quantum
effects, such as Shubnikov–de Haas oscillations, that often dom-
inate in electronic transport processes at high B, low tempera-
tures, and/or in ultrathin films. Therefore, longitudinal and
transverse conductivity tensor components in the in plane (σxx
and σxy) were derived from the experimental Hall effect and resis-
tivity data and are plotted as a function of B in Figure 2a (B in log
scale); relations to Hall effect data can be found in the study by
Wrobel et al.,[24] while the scheme showing Hall effect measure-
ments with particular indications of axis (coordinate system) is
depicted in Figure 2b. Here, the σxx and σxy demonstrate quite

similar tendency, independently on Rsh of ITO films; for low B,
σxx tends to the highest values while σxy goes from zero toward
negative values as B increases. Behavior of σxy, with a negative
sign over the entire B range, indicates a dominance of electrons.
The accurate determination of the conductivity components is
crucial for the resulting MSA to be valid.

The mobility spectra, S(μ), are obtained from the B depen-
dence of conductivity tensor components: σxx(H) and σxy(H).
The methodology of MSA implementation is described in our
previous works.[24,25] MSA was proven to be effective approach
toward precise determination of parallel conductions in various
compounds, such as oxides,[26] arsenides,[24] nitrides,[27] or topo-
logical materials.[28] Figure 2c illustrates calculated mobility spec-
tra, S(μ)≥ 0, of ITO films with different Rsh, derived at 300 K; see
the Section 2 of the SI for calculated S(μ) at 273 K. Clearly, a
single-type electron population can be revealed in ITO films with
no evidence of unseparated contributions from surface or
interface states, at least in the near-room temperature range; fur-
thermore, no minority hole conduction is present. In fact, bulk-
like conduction is solely present in the studied ITO thin films (no
indication of parallel conductions). In addition, an estimated
electron concentration, ne, was found to be �1.99� 1016,
2.21� 1015, and 3.76� 1014 cm�2 for ITO 10, ITO 75, and
ITO 350Ω sq�1, respectively, thus, ne is in very good agreement
with nHall. Importantly, electron accumulation was identified at
the surface of undoped In2O3 films, but it was proven that in
heavily Sn-doped In2O3, an electron depletion layer does not exist
at the surface due to moving a charge neutrality level.[16d] In other
conventional semiconductors, nominally undoped In-containing
binary compounds, namely InAs and InN,[29] downward band
bending was found to be extreme, resulting in the observed large
accumulation of electrons at the surface. In this context, our exper-
imental results can be viewed as an important verification, not
obvious to an entire community familiar with these compounds.

Figure 2. a) The conductivity tensor components σxx (closed symbols) and σxy (open symbols) as a function of B at 300 K. b) Scheme presenting Hall
effect measurements: B, Hall voltage (VH), and current (I) is included with coordinate system as an inset. c) S(μ) derived at 300 K from fitting σxx and σxy,
resulting in single-type electron channel conductivity in ITOs.
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The most relevant findings derived from S(μ) are collected in
Figure 3, showing dependence of mean electron mobility, μe, as a
function of Rsh at 273 and 300 K. The mean μe (pure electron
population) varies depending on sample’s Rsh and temperature,
being 36.8, 38.4, 47.2 cm2 V�1 s�1 at 300 K and 37.6, 39.2,
48.0 cm2 V�1 s�1 at 273 K, for ITO 10, ITO 75, and ITO
350Ω sq�1, respectively. The acquired μe values are very similar
to μHall. This definitely proves that reported elsewhere effects,
such as an interface-induced disorder present in degenerate
semiconductor films on semi-insulating substrates,[22c,30] or sur-
face states, either with a donor- or an acceptor-like character,[15a]

can be excluded. Our studies do not detect any of aforementioned
effects, showing that there is an absence of low-mobility interface
or surface electron accumulation layers, in particular analyzed
here ITO with bulk carrier concentration higher than
1020 cm�3. In other scenarios, a modification of electron mobility
distribution due to a change in scattering behavior upon charg-
ing might be also a possible reason. However, such effect was
observed but in ultrathin films, up to 10 nm thick.[31] There is
also a visible parallel shift in μe between two selected tempera-
tures. It is an evidence of a certain scattering mechanism, being a
subject of debate for decades in ITO. The mechanisms limiting
μHall in ITO were already demonstrated in several works.[32]

Kikuchi and co-workers revealed that the μHall of nontreated
ITO exhibited a negative temperature dependence at tempera-
tures above 150 K, indicating phonon scattering to be a dominant
mechanism.[32c] Valla et al. stated that a predominant mecha-
nism governing μHall (for nHall in a range of 1020–1021 cm�3)
is either associated with scattering at neutral or ionized impur-
ities.[32f] The very recent work of Sharika and co-workers empha-
sized on the other hand that the microstructural features strongly
affect electron mobility.[32g] However, more comprehensive
experimental MSA data collection on ITO films with different
crystallinity, carrier concentration, and S(μ) derived at various

temperatures should be carried out to speculate which scattering
mechanism is more prominent. It is actually a subject of our fur-
ther studies.

3. Conclusion

In summary, we experimentally validate a unimodal mobility dis-
tribution present in the considered ITO films via magnetotran-
sport measurements assisted with MSA conducted at near-room
temperatures. We show that the high conductivity of ITO films is
solely due to electron carriers to which no hole contributions
have been identified. The mean μe varies depending on sample’s
Rsh and temperature, being 36.8, 38.4, and 47.2 cm2 V�1 s�1 at
300 K for ITO 10, ITO 75, and ITO 350Ω sq�1, respectively.
Particularly, the acquired μe values are very similar to convention-
ally derived μHall, proving an absence of low-mobility interface or
surface electron accumulation layers. Considering that the tech-
nological perspectives go toward new electro-optical components
with a good tradeoff between low power consumption united to
high transparency and good conductivity, ITO emerges as a
prominent candidate for metadevice components in applications
like electromagnetic interference (EMI) shielding, transparent
antennas, and solar cells. In addition, the single-type electron
population presented in ITO can be seen as an opto-electronic
peculiarity in the design of transparent electronic device schemes
with singular functionalities.

4. Experimental Section

ITO Thin Films: Commercially available ITO films (three specimens),
acquired from Guangzhou Lepond Glass Co., Ltd (China) and mainly used
in electro-optical devices and microelectronics, were devoted for magneto-
transport characterization. ITOs were deposited on a float glass substrate
(either 0.7- or 1.1 mm-thick plates), with a nominal thickness of 185� 20,
23� 5, and 20� 5 nm with Rsh of �10, 75, and 350Ω sq�1, respectively.

Structure Processing: The Hall effect measurements were carried out on
the symmetrical square samples in van der Pauw geometry. The ITO films
were fully processed by including positive photolithography to define sam-
ples with dimensions of 4� 4mm. The following steps were included:
1) surface washing with acetone to eliminate particulates, 2) spin coating
(2500 rpm for 1min) of photoresist (AZ 4533) to obtain a homogeneous
layer (�3 μm thick), 3) a photoresist hardening on a hot plate (115 °C for
2 min), 4) UV lightning with a dose of 120mJ cm�2 through a chrome
glass mask, and 5) sample treatment using 0.2 M NaOH aqueous solution
for 100 s. Such lithographically processed ITO films were then cut along
straight lines by an automatic dicing saw DAD3220 (Disco Corp., Japan).
Indium granules with a purity of 99.995% were used to make the electrical
contacts. Due to the good wettability of the ITO surface by In, it was pos-
sible to obtain symmetrical contacts with high adhesion to oxide surface.
The as-processed ITO 10, ITO 75, and ITO 350Ω sq�1 structures were
mounted on the 6-pin sample platform with a small amount of Araldite
two-component epoxy adhesive. The contact pads were connected to
the pins of the sample platforms by soldering Au wires with a diameter
of 25 μm.

Electrical and Magnetotransport Characterization: The core characteriza-
tion was conducted using a superconducting 16T cryogen-free magnet sys-
tem (CFMS) equipped with cryostat, fabricated by Cryogenic Ltd. The
samples fixed to holders and located on a variable temperature insert were
directly placed in the circulating high-purity He gas (coolant agent) at
a constant pressure (closed-cycle mode). Such conditions ensure
relatively good temperature stabilization (≤50mK), monitored by
Cernox sensor.

Figure 3. Mean μe as a function of Rsh (in a log scale) derived from S(μ) at
273 and 300 K; dashed lines are used as a guide for the eye.
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The Hall effect measurements were performed in the temperature
range of 260–315 K (ramp rate of 0.5 Kmin�1) at a constant B of 0.54T
as well as at variable B up to 15T (at 273 and 300 K), perpendicular to
the ITO surface. The Hall effect sample structure was placed in the center
of the �16T electromagnet solenoid, where the B homogeneity was
greater than ≤0.1% with total variation over a 10 mm-diameter sphere.
The van der Pauw test structures were electrically pre-examined in the tem-
perature range of 260–315 K on cooling to assess the symmetry and lin-
earity of current–voltage (I–V ) characteristics of all contact pairs and to
select appropriate bias conditions for the resistivity and Hall effect
measurements.
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the author.
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