
PHYSICAL REVIEW MATERIALS 3, 084608 (2019)

Zr-doped indium oxide electrodes: Annealing and thickness effects on microstructure
and carrier transport

Esteban Rucavado,1 Federica Landucci,1,2 Max Döbeli,3 Quentin Jeangros,1 Mathieu Boccard,1 Aïcha Hessler-Wyser,1

Christophe Ballif,1 and Monica Morales-Masis 4,*

1École Polytechnique Fédérale de Lausanne (EPFL), Institute of Microengineering (IMT), Photovoltaics and Thin Film Electronics
Laboratory, Rue de la Maladière 71b, CH-2002 Neuchâtel, Switzerland

2École Polytechnique Fédérale de Lausanne (EPFL), School of Basic Sciences (SB), Electron Spectrometry and Microscopy
Laboratory (LSME), CH-1015 Lausanne, Switzerland

3Swiss Federal Institute of Technology (ETH), Ion Beam Physics, Otto-Stern-Weg 5, CH-8093 Zurich, Switzerland
4MESA+ Institute for Nanotechnology, University of Twente, 7500 AE Enschede, The Netherlands

(Received 15 April 2019; published 29 August 2019)

Zr-doped indium oxide (In2O3:Zr) has been shown to satisfy the requirements of low resistance, wide band
gap, and high infrared transmittance for application as a front contact in broadband solar cells. However, the
reduction of indium usage in front of transparent electrodes is still an unsatisfied requirement. With the goal
of reducing the amount of indium while leveraging its properties, in this work, In2O3:Zr films with reduced
thickness compared to those standardly used in solar cells are studied. 100 to 15-nm-thick films were sputtered
at room temperature and annealed in distinct atmospheres to study the links between thickness, microstructure,
and optoelectronic properties. As-deposited films exhibit an amorphous microstructure embedding bixbyite
In2O3 nanocrystals. Annealing in neutral (N2) or reducing atmosphere (H2) allows a slight growth of these
crystallites but the layers remain mostly amorphous. Whereas annealing in air results in polycrystalline films
with an average grain lateral size ranging from 350 to 500 nm. The large crystalline grains formed during
air annealing lead to increased electron mobility for all thickness: up to 100 cm2 V−1 s−1 for 100-nm-thick
films and up to 50 cm2 V−1 s−1 for 15-nm-thick films, which is remarkable for such thin polycrystalline films.
Conversely, H2 annealing ensures high free-carrier densities (>1 × 1020 cm−3) but not high mobilities, still
achieving conductivities between 1000 and 2000 S cm−1, with the films less than 50-nm-thick keeping high
broadband transmittance. The possibility of thinning down In2O3:Zr to a few tens of nanometers while keeping
both high lateral conductivity and good transparency makes this material a promising candidate to reduce the
amount of indium in optoelectronic applications, such as flexible touch screens and solar cells.

DOI: 10.1103/PhysRevMaterials.3.084608

I. INTRODUCTION

Transparent conductive oxides (TCOs) are required in
various emerging and established technologies such as light
emitting diodes, smart windows, and solar cells. Optimal
transparent electrodes should have a high lateral conductivity
and a low parasitic absorption over a broad range of the
spectra [1–3]. Tin-doped indium oxide (In2O3:Sn or ITO) has
been for many years the mainstream material in industry for
such applications, due to its optoelectronic properties but also
stability in various environments and ease for processing (both
for film deposition and target fabrication) [4–6]. Nonethe-
less, its optoelectronic properties have limitations: a high
free-carrier density (Ne, typically from 1020 to 1021 cm−3)
is necessary to achieve a high conductivity but this usually
results in relatively low electron mobility (typically µ <

40 cm2 V−1 s−1) [7] and a high free-carrier absorption. In
contrast, hydrogenated and annealed indium oxide (In2O3:H)
has excellent optoelectronic properties due to its high mobility
(μ ∼ 100 cm2 V−1 s−1), and relatively low free-carrier density
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(∼1020 cm−3), leading to a low free-carrier absorption [8,9].
During deposition of In2O3:H, the introduction of water leads
to the formation of an amorphous microstructure [10]. A post-
deposition thermal annealing at temperatures above 150 °C
crystallizes the film and improves µ and the optical properties.
Deposition without introduction of water results in films that
are already polycrystalline but with low electron mobility
(∼10 cm2 V−1 s−1), which does not increase drastically after
a subsequent thermal treatment (∼30 cm2 V−1 s−1) [11].

Experimental and computational studies have described
extensively the doping, transport, and crystallization mech-
anisms of In2O3:H. Experimental results [8,9,12] suggest
that hydrogen plays a key role in reducing the number of
defects in the films, presumably as it substitutes oxygen
vacancies (VO

++), with the resulting defect complex (HO
+)

scattering less free charges but still providing some free
carriers. This effect, combined with the overall reduction of
structural disorder by crystallizing the films, increases the
mobility. By carefully analyzing Hall effect results and optical
mobility calculations, the authors found that for 70-nm-thick
In2O3:H films, the dominant scattering mechanisms were
ionized impurities and phonon scattering. In this regard, pre-
vious experimental evidences [13] and scattering calculations
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[14] have shown that for In2O3:H polar optical phonons are
dominant over acoustic phonons. In addition, first-principle
studies using density functional theory (DFT) have detailed
the formation energy of H-related defects [15] and it was
found that substitutional and interstitial hydrogen atoms (HO

+
and Hi

+) act as shallow donors in In2O3:H. A complementary
study performed by Macco et al. [13] supports these results
for 75-nm-thick atomic-layer-deposited films.

After the success of In2O3:H, a plethora of In-based TCOs
has been investigated with other extrinsic dopants deposited
introducing water during deposition, a source of molecular hy-
drogen [11,16] or by carefully controlling the deposition base
pressure [17]. As an example of these materials, substitutional
doping using tungsten, cerium, and molybdenum results in
In-based oxides with high electron mobilities and free-carrier
densities (Ne of 1.9 × 1020, 1.1 × 1020, and 1.9 × 1020 cm−3

and μ of 104, 110, and 95 cm2 V−1 s−1 for W-doped, Ce-
doped, and Mo-doped In2O3, respectively) [18–22]. Another
metal-doped In2O3 with promising optoelectronic properties
is Zr-doped indium oxide (In2O3:Zr) [23,24]. Koida et al.
demonstrated that epitaxial films of 250 nm of In2O3:Zr
grown at 650 °C show µ of 110 cm2 V−1 s−1 and Ne of
1020 cm−3 [24]. Additionally, the same group demonstrated
the feasibility to sputter 270-nm-thick In2O3:Zr films with
a µ > 80 cm2 V−1 s−1 and a Ne of ∼3 × 1020 cm−3 at a
substrate temperature of 450 °C [8]. For these films, Zr-doping
increased the electrical conductivity. Indeed, in concentrations
�2 at %, Zr atoms were found to act as efficient substitutional
dopants for In (ZrIn

+), while the additional oxygen reduced
the concentration of VO

++ [24–26]. In addition, Zr4+ and In3+
have similar ionic radii (72 and 80 p.m., respectively [27]),
indicating that Zr is not expected to affect the lattice constant
and will not induce lattice strain. Density function theory
(DFT) calculations have also indicated that dopants such as Ce
[28] and Zr [29] do not modify the bottom of the conduction
band (i.e., Ce and Zr orbitals do not hybridize with the indium
orbitals), resulting in much lower carrier scattering—hence
higher electron mobilities—as compared to ITO.

Recently, we have demonstrated low-temperature fabrica-
tion of In2O3:Zr with electron mobility >100 cm2 V−1 s−1

and free-carrier densities >2.5 × 1020 cm−3 and an average
absorptance of 3.6% (between 390 and 2000 nm) for 100-
nm-thick films on glass [30]. The high lateral conductivity
of 4200 S cm−1, the band gap of 3.9 eV, and low free-carrier
absorption place In2O3:Zr as an ideal choice for broadband
transparent electrodes. This work aims to further investigate
the properties of this material by depositing layers with thick-
nesses ranging from 15 to 100 nm, submit these films to an-
nealing in various atmospheres, and present an analysis of the
scattering mechanisms and their relation to the microstructure
and thickness of the films.

II. EXPERIMENT

In2O3:Zr films were deposited at room temperature onto
aluminoborosilicate glass substrates using a Leybold Univex
sputtering system from a target with a 98/2 wt % composition
ratio of In2O3/ZrO2. Details of the deposition parameters
and optoelectronic properties optimization with oxygen ratio
are described in Ref. [30]. In short, the RF power density

was fixed to 0.95 W/cm2 (target diameter of 10 cm) and the
deposition atmosphere was a mixture of argon and oxygen.
The optimal O2/(Ar + O2) flow ratio was set to 0.3%. A base
pressure of 1.0 × 10−6 mbar was used for all depositions. Af-
ter deposition, the films were annealed at 200 °C for 30 min in
air or in a pressure of 0.5 mbar of H2 or N2. Film thicknesses
were measured using an Ambios XP-2 contact profilometer.

The Hall electron mobility (µ) and free-carrier density
(Ne) of the films were measured using a HMS-3000 Hall
effect system in the Van der Pauw configuration. Total re-
flectance (TR) and total transmittance (TT) were measured
with a PerkinElmer Lambda 900 spectrophotometer. The ab-
sorptance (A) of the films was calculated as follows: A =
100 − T T − T R, which is a good approximation for highly
transparent materials.

The microstructure of the films was analyzed by transmis-
sion electron microscopy (TEM) using an FEI Tecnai Osiris
operated at 200 kV. For that purpose, films were deposited
on carbon-coated Cu grids. Scanning TEM (STEM) images
and selected-area diffraction patterns (SAED) were acquired
in a top view configuration to characterize the microstructure
and the crystallography of the films. Energy dispersive x-
rays analysis (EDX) was conducted using four silicon drift
detectors [31]. The composition of the films was also obtained
using Rutherford backscattering spectrometry (RBS) with 2
and 5 MeV He ions and a silicon PIN diode detector under
168° [32]. Hydrogen depth profiles were measured by elastic
recoil detection analysis (ERDA) with a 2 MeV He ion beam
applying the absorber foil technique [32].

III. RESULTS AND DISCUSSION

A. Microstructure: Effect of thermal annealing
under distinct atmospheres

Figure 1 shows STEM high-angle annular dark field
(HAADF) images and selected-area electron diffraction pat-
terns of 50-nm-thick films after deposition and then annealing
at 200 °C in air, H2, or N2. The as-deposited film [Fig. 1(a)]
exhibits a predominantly amorphous microstructure, as con-
firmed by the diffuse rings in the diffraction pattern in
Fig. 1(e). Small (average size of 2 nm) randomly distributed
In2O3 body-centered cubic bixbyitelike nanocrystals (white
and black spots marked by red arrows) are embedded in
this amorphous matrix. Similar microstructures have been
reported elsewhere [9]. After thermal annealing at 200 °C
in air, these crystallites grow until impingement, resulting
in polycrystalline In2O3:Zr films [Figs. 1(b) and 1(f)]. The
annealed films show crystalline domains of an average size
of 340 nm (calculated using the average intercept method,
in which lines of length L are drawn across the top view
micrographs and the N number of intercepts are summed up
to calculate the grain size by dividing L by N). The diffraction
pattern of one grain shown in Fig. 1(f) is for a single grain
oriented along the [111] orientation (indexed using the soft-
ware JEMS [33] with the In2O3 bixbyite atomic structure).
Contrary to the films annealed in air, the films annealed in
H2 and N2 did not trigger a sufficient crystallite growth to
reach full crystallization after 30 min of annealing [Figs. 1(c)
and 1(d)]. Corresponding diffraction patterns confirm that
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FIG. 1. STEM high-angle annular dark-field (HAADF) images of In2O3:Zr 50-nm-thick films as-deposited (a) and annealed in air (b), H2

(c), and N2 (d). Corresponding diffraction patterns are shown in (e)–(h). The diffraction pattern shown in (f) corresponds to a single grain area
of the film annealed in air. All films were annealed for 30 min at 200 °C. The red arrows indicate the position of nanocrystallites in the films.

the films present an amorphous phase (diffused rings) with
embedded crystallites (slightly bigger in size than the present
nanocrystallites in the as-deposited state), giving rise to sharp
reflections in the diffraction patterns of Figs. 1(g) and 1(h).

Note however that full crystallization after longer anneal-
ing times was however observed in the absence of oxygen
in the ambient (not discussed here). The presence of O2

in the annealing atmosphere hence seems to accelerate the
grain growth process. RBS data indicate that the composition
changes from Zr0.01In0.40O0.59 in the as-deposited state to
Zr0.01In0.38O0.61 after annealing in air, indicating that molec-
ular oxygen from the atmosphere is able to adsorb, dissoci-
ate, and diffuse into the layer in these annealing conditions.
Details of the RBS measurements, including the RBS spec-
trum and RUMP simulation, are available in Supplemental
Material [34]. This slight change in composition modifies
the O-In-O coordination and seems to promote the growth of
crystalline domains. This was previously proposed for In2O3

in Refs. [35–38]. These reports show that the crystallization
temperature depends on the In/O ratio, the deposition tem-
perature and ultimately the route of oxygen incorporation
[35,36,39,40].

B. Electronic properties: Effect of thickness
and thermal annealing

Figures 2(a)–2(c) show the electrical properties of 15- to
100-nm-thick In2O3:Zr films before and after annealing in
various atmospheres. A systematic change of Ne is observed
upon annealing for all thicknesses, which depends on the
atmosphere. Small or no change is observed for the films
annealed in a reducing atmosphere (H2), whereas a significant
Ne drop is observed for the films annealed in air. The Ne of the
films annealed in a neutral environment (N2) lies in between
the reducing or oxidizing conditions.

In terms of thickness, Ne drops when the layer thickness
is reduced from 100 to 15 nm, especially for air-annealed
films (from 2.5 × 1020 down to 0.5 × 1020 cm−3). The mainly
amorphous as-deposited films exhibit the highest Ne when the
thickness is 15 nm, with a value as high as 2.5 × 1020 cm−3.

Regarding mobility, as-deposited films show a µ of 30 −
40 cm2 V−1 s−1 without any strong thickness dependence. For
all thicknesses, annealing in air leads to the highest μ, the
highest value of 104 cm2 V−1 s−1 being reached for the 100-
nm-thick film. For samples annealed in air, the thickness has
a marked influence, which will be discussed in detail below.
For all the annealing atmospheres, the thinnest films reach a
µ above 40 cm2 V−1 s−1, which is remarkable for such thin,
room-temperature sputtered films. For as-deposited and H2-
annealed films, the combination of µ ∼ 40 cm2 V−1 s−1 and
Ne ∼ 2 × 1020 cm−3 results in sheet resistance (Rsh) close to
500 �/sq for 15-nm-thick films and 200 �/sq for 25-nm-
thick films. On the other hand, air-annealed 100- and 50-nm-
thick films yield a Rsh of 25 and 100 �/sq, respectively. The
latter is similar to 100-nm-thick ITO layers, but at half the
thickness [1].

Three possible dopants could influence Ne in Zr-doped
In2O3 films, namely: Zr+

In atoms, atomic hydrogen (Hi
+ and

HO
+), and oxygen vacancies (VO

++).
RBS data indicates that the Zr content remains constant

before and after annealing and EDX results show that Zr, O,
and In are distributed homogeneously in the as-deposited and
annealed layers (Supplemental Material Fig. S4 [34]). Both
highlighting that a change in density of Zr atoms are not the
cause of the changes in Ne during the thermal treatments. A
change of active dopant density, however, cannot be excluded
due to the possible oxidation of the Zr4+ [29].

ERDA shows that annealing in air leads to a reduction
of the hydrogen content from 2.3 to 1.8 at %. It should be
mentioned that the presence of H is expected as it is ubiquitous
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FIG. 2. Free-carrier density (a), Hall mobility (b), and conductiv-
ity (c) of In2O3:Zr films as-deposited (empty symbols) and annealed
in air, H2, and N2 atmospheres (blue, green, and red full symbols,
respectively) as a function of thickness. Overall all properties im-
prove with increasing thickness, and the effect of annealing depends
strongly on the annealing atmosphere. Dotted lines in (a) and (b)
are guides for the eye, whereas dashed lines in (c) are iso-sheet-
resistance curves (with the 100 �/sq one in solid line). Notably films
only 50-nm-thick present sheet resistances less than 100 �/sq.

in deposition systems at a base pressure of 10−6 mbar. For
comparison, In2O3:H sputtered in the presence of H2O vapor
has a higher H content of 2.7 at % in the as deposited state, a
value that does not change during annealing.

This change in H content in In2O3:Zr can explain the drop
in Ne occurring during annealing in two ways: (i) structural
rearrangements could promote hydrogen to replace VO

++

(to form HO
+), decreasing the overall free carrier density [9],

and (ii) at 200 °C hydrogen effusion reduces the Hi
+ content,

also decreasing the free carrier concentration [15,19]. Further-
more, the 2% absolute increase in oxygen content measured
by RBS after crystallization also suggests a passivation of
VO

++ (or oxidation of Zr4+ as mentioned above) which would
lower Ne. The lower point defect density implies lower density

FIG. 3. Optical absorptance as a function of wavelength of the
In2O3:Zr films as-deposited and annealed in air, H2, and N2 atmo-
spheres for various thicknesses.

of scattering centers, increasing the average time between
scattering events (τ ), which results in a further increase in
µ (as μ = e τ/m∗, where e is the elementary charge and m*
the electron effective mass). The drop in Ne for the films
annealed in air is at least partly related to the oxidation of the
layer, whereas the neutral and reducing atmospheres prevent
this oxidation. Previous studies have shown that H2 annealing
could lead to a reduction of the oxide, creating additional
VO

++, or to a doping through H incorporation [7,41–45].

C. Optical properties

Figure 3 shows optical properties of the aforementioned
films. The air-annealed films are the most transparent for all
thicknesses. This correlates with these showing the largest µ
and lowest Ne (coming with the crystallization), and thus the
lowest free carrier absorption. Then, for 50- to 15-nm-thick
films, a decrease in absorption is also seen upon annealing
in the other atmospheres. The 100-nm-thick film behaves
differently and annealing in a reducing or neutral atmosphere
leads to an absorptance increase for all wavelengths. This
higher absorption in spite of similar electrical properties could
be explained by a possible higher density of defects and
distinct microstructure of the H2 and N2 annealed samples as
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FIG. 4. STEM BF top view of (a) 15, (c) 25, (e) 50, and (g) 100-nm-thick films and their corresponding electron diffraction patterns in
(b), (d), (f), and (h), respectively. 15-nm-thick films show a strained crystalline microstructure, while for thicker films, smaller crystallites are
formed. Average crystallite sizes of 590, 340, and 260 nm are found for 25, 50, and 100-nm-thick films, respectively. The electron diffraction
for (f) was performed in one single crystalline domain.

compared to the as-deposited and air-annealed films
[Figs. 1(c) and 1(d)]. The link between defects and absorption
centers has been observed previously [42,46–48]. All consid-
ered layers nonetheless show an absorptance below 4% in the
visible range.

Focusing on the most relevant films and 400 to
1000 nm wavelength range, the 100-nm-thick air-annealed
film presents an absorptance below 2% in spite of its sheet
resistance below 25 �/sq. The absorptance further decreases
when reducing the film thickness, yet more strongly than
expected from Beer-Lambert law especially in the infrared
part of the spectra. This could be attributed to the reduced
free-carrier density when reducing the thickness. For the
15-nm-thick films, the absorptance is indistinguishable from
that of the glass for wavelengths above 450 nm for all the
annealing atmospheres. Still these films remain conductive,
with the lowest sheet resistance (∼500 �/sq) being reached
after H2 annealing (µ of 50 cm2 V−1 s−1), making such layer
of interest when high transparency is required.

D. Polycrystalline films: Evolution of microstructure
and electrical transport with film thickness

Figure 4 shows top-view STEM bright-field (BF) micro-
graphs of the polycrystalline air-annealed In2O3:Zr films for
each film thickness. The 15-nm-thick films show a strained
polycrystalline microstructure, as highlighted by the presence
of bend contours [49], which gives rise to contrast in the
images and makes a reliable grain size assessment more
difficult. Increasing the thickness of the films up to 25 and
50 nm results in the formation of large crystalline grains with
average sizes between 200 and 500 nm. Grains are thus one

order of magnitude larger along the specimen plane than the
thickness of the films. Doubling the thickness up to 100 nm
results in slightly smaller grain sizes. The SAED in Fig. 4(f)
is for a single grain with an orientation [111], while the ones
shown in Figs. 4(b), 4(d), and 4(h) include more than one
crystalline domain (all the patterns were indexed by the In2O3

bixbyite atomic structure using the software JEMS).
It is proposed that the grain size after annealing is di-

rectly dependent on the density of crystalline seeds in the
as-deposited state. Indeed, these low temperature annealing
conditions trigger the growth of the existing crystalline do-
mains but not the nucleation of new ones. Upon annealing,
these nanocrystallites will grow until impingement, forming
a closed packed arrangement of crystalline grains. Based on
STEM micrographs and diffraction patterns of as-deposited
films for all studied thicknesses, the increasing number of
crystalline seeds with thickness is confirmed (data available
in the Supplemental Material [34]). Thinner films therefore
feature a lower number of seeds and hence larger grains after
annealing. A similar crystallization mechanism was proposed
for ALD-grown In2O3:H films [50].

Although a clear change in the optoelectronic properties
is observed with decreasing thickness, all air-annealed films
contain large crystalline grains. Also, the largest average grain
sizes (for the 25-nm-thick film) do not directly correlate to the
highest electron mobility measured for films 100 nm thick.
This indicates that carrier transport is not limited by grain
boundaries but by other defects, as it will be elaborated below.

To investigate the dominating scattering mechanisms
for the air-annealed, polycrystalline films of each thick-
ness, temperature-dependent Hall effect measurements were
performed from −200 to 70 °C. Scattering from grain
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FIG. 5. Free-carrier density (a) and Hall mobility (b) as a func-
tion of temperature for air-annealed In2O3:Zr films with a thickness
of 100, 50, 25, or 15 nm. While the free-carrier density does not
change in this temperature range, the mobility of these different films
changes with temperature. Thicker films exhibit a larger temperature
dependent mobility, possibly due to a higher influence of optical
phonon scattering compared to thinner films where ionized impu-
rities dominate.

boundaries, optical phonons, and ionized impurities are the
most common mechanisms limiting the transport of free
electrons in degenerate TCOs. The first two mechanisms are
temperature dependent, whereas ionized-impurity scattering
is not. The contribution of each mechanism to the total mobil-
ity can be expressed by applying Matthiessen’s rule:

1

μT
= 1

μGB
+ 1

μPh
+ 1

μii
, (1)

where μT is the total mobility, μGB is the mobility limited
by grain boundaries, μPh is the mobility limited by optical
phonon scattering, and μii is the mobility limited by ion-
ized impurities. The temperature dependence of the overall
mobility can therefore shine light on the weight of each
scattering mechanism. Scattering due to acoustic phonons
and neutral impurities were not considered as they have been
consistently demonstrated to have a negligible influence on
carrier scattering for several doped In2O3 films [14].

Figure 5 shows the Ne and µ for all air-annealed films with
100, 50, 25, and 15 nm thickness. As shown in Fig. 5, the
Ne of all films remains unchanged for the measured tempera-
ture range, which is expected for degenerately doped films.
Regarding electron mobility, μ shows a transition from a
temperature-independent behavior for the 15-nm-thick films,
to a clear temperature dependence for 100-nm-thick films,
showing a decrease in µ with increasing temperature. This
temperature dependency follows the power law μ ∝ T −p,

FIG. 6. Inverse mobility (left axis) as a function of thickness. The
contribution from phonon scattering (green) and ionized impurities
(red) was calculated by fitting Eq. (3). The right axis shows the Hall
mobility (black squares) as a function of film thickness.

which describes electron-phonon interactions, i.e., optical
phonon scattering [13,14]. For the slope between −130 and
70 °C the estimated factor p for the 100-nm-thick layer
is ∼0.2. This is lower than the p ∼ 2 for purely electron-
phonon interactions in metals or degenerate semiconductors
at temperatures below the Debye temperature (700 K reported
for In2O3 [14,51]). The lower slope therefore implies that,
although dominating in 100-nm-thick films, phonon scattering
is not the sole source of carrier scattering. Likely the second
source is ionized impurities, whose influence become more
relevant when reducing the film thickness, as described below.
Note that for the range −200 to −130 °C there seems to be a
gradual change of slope towards a temperature-independent
behavior, which may indicate a slight increased contribution
from ionized impurities as well.

As mentioned above, scattering by grain boundaries is
nondominating (or not present) in these films. This is evident
by the temperature behavior of the mobility, which is opposite
to what is expected when grain boundary scattering is domi-
nating [μGB ∝ exp(EGB/kT ), with EGB the energy barrier to
overcome the depleted region at the grain boundaries]. This
follows similar behavior reported for other high μ In-based
oxides [11,29,40,41].

To deconvolve the different contributions from phonon
scattering (μph,) and ionized impurity scattering (μii) to
the total mobility [52,53], we rewrote the expression for
Matthiessen’s rule for each of the dominating mechanisms,
becoming

1

μ (T )
= 1

μ0

(
T0

T

)2

+ 1

μii
, (2)

where 1
μ0

( T0
T )2 is the mobility limited solely by phonon scat-

tering (i.e., p = 2). Using the data from Fig. 5 and Eq. (2), we
obtained the contribution from each of the scattering sources,
which is visualized in Fig. 6.

The latter shows that ionized impurity scattering dominates
µ for the thinnest films, whereas ionized impurity and phonon
scattering have a comparable contribution to scattering for the
100-nm-thick films. The stronger influence of ionized impu-
rities scattering for thinner films likely results from surface
defects.
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Defects and a larger density of ionized impurities are ex-
pected at the surfaces of the In2O3:Zr films [54,55]. Regarding
extrinsic impurities, bixbyite-type lattices show a high mobil-
ity of atomic oxygen [40] and a higher number of interstitial
and substitutional sites for oxygen than other n-type structures
[39]. The mobile O atoms lead to the passivation of VO

++ and
to the formation of other oxygen related impurities such as
oxygen interstitial and substitutional oxygen (Oi

− and OIn
−)

[56] near the surface of the films. These defect species affect
the overall electrical properties of thinner films (thickness
<100 nm), since the passivation of VO

++ by the excess
oxygen is reflected in a decrease of Ne [Fig. 2(a)]. Conversely,
the ionic nature of adsorbed Oi

− and OIn
− further limits µ for

thin films, as they might increase the rate of scattering events
of the conduction electrons.

Following Look et al. [57], we applied a phenomenological
model describing interface/surface scattering and the thick-
ness dependence of mobility. The proposed model follows the
relation

μ (d ) = μ (∞)

1 + d∗
d+ δd

, (3)

where μ is the mobility of electrons in the bulk of the material
(in the absence of surface defects), d is the thickness of the
films, δd is the thickness of the depletion layer, d∗ is the
thickness at which the μ is half of the bulk value [μ(�)/2],
i.e., it describes the quality of the interface or surface. By
fitting the μ vs thickness data from Fig. 2(b) with Eq. (3), we
found the best fit for δd of 7.6 nm, μ (∞) of 126 cm2 V−1 s−1,
and d∗ of 31 nm (fitting curve is shown in Fig. 6 of the
Supplemental Material [34]). The δd is an estimation of the
thickness of a superficial low μ section of the film, which
is affected by the aforementioned surface defects. A δd of
7.6 nm represents half of the thinner 15 nm films and can
therefore strongly influence the electron transport in these
films, limiting its μ to 50 cm2 V−1 s−1 as seen in Fig. 5. The
influence of δd decreases in thicker films, since the high- μ

region (bulk) becomes more important in the overall electron
transport of the film. This results in the highest μ being
reached here for the 100-nm-thick films when the limiting

transport mechanism shifts from ionized impurities to optical
phonon scattering.

IV. SUMMARY

Sputtered Zr-doped In2O3 films with a thickness varying
from 100 to 15 nm and submitted to thermal treatments in
various atmospheres were studied and a relation between
microstructure, thickness, and optoelectronic properties is
proposed. Annealing the films in air results in high-quality
crystalline grains, with oxygen playing an important role for
oxygen vacancies passivation and promoting crystallization.
This results in 100-nm-thick films with a µ of 104 cm2 V−1 s−1

and a Ne of 2.5 × 1020 cm−3, leading to a sheet resistance
of 25 �/sq with exceptionally low absorptance in the near-
UV-to-near-IR part of the spectrum. For films annealed in air,
carrier transport is found to be limited by optical phonons
and ionized impurity scattering. The latter becomes domi-
nant for films with a thickness <50 nm since these films
are more sensitive to surface defects. Thermal treatments in
reducing atmospheres are optimal to achieve high conduc-
tivity with thin films (<50 nm) as they maintain a high free
carrier concentration. Conductivities as high as 1980 S cm−1

are achieved for 25-nm-thick films which have an optical
absorptance close to the bare glass substrate. These highly
conducting films with only few tens of nm could potentially
trigger a new generation of transparent electrodes that reduce
the usage of indium, present minimum absorption losses but
are still produced with an industry-compatible technique.
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