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High electron mobility W-doped In2O3 thin films by pulsed laser deposition
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High electron mobility thin films of In2−xWxO3+y�0�x�0.075� were prepared on amorphous SiO2

and single-crystal yttria-stablized zirconia �001� substrates by pulsed laser deposition. Mobilities
ranged between 66 and 112 cm2/Vs depending on the substrate type and deposition conditions, and
the highest mobility was observed at a W-dopant concentration of x�0.03. A small band gap shift
was detected from films with increasing electron carrier density; the electron effective mass
calculated from Burstein-Moss theory was 0.3me. In2−xWxO3+y films have high visible transmittance
of �80%. © 2005 American Institute of Physics. �DOI: 10.1063/1.2048829�
Refractory metal doping of In2O3 has been explored us-
ing Ta, Mo, Zr, Ti, or even codoping with Mo and W.1–3

These reports have been received with enthusiasm as they
have shown that transparent thin films exhibiting exceptional
carrier mobility � can be prepared if Mo is chosen as the
dopant. In particular, evaporated4 thin films of In2O3:Mo
�IMO� on glass substrates have exhibited ��130 cm2/Vs
with electrical conductivity � of �5900 S/cm.3 Sputtered5

and laser ablated6 IMO films have demonstrated best-case
mobilities of 83 cm2/Vs on glass and �95 cm2/Vs on yttria-
stabilized zirconia �YSZ�, respectively. These values are
factors of 2–3 greater than those measured in commercial
grade6 In2O3:Sn �ITO; �=5000 S/cm, n=6.6�1020 cm−3,
�=47 cm2/Vs� and research grade7 In2O3:Sn
���13 000 S/cm, n=1.9�1021 cm−3, �=42 cm2/Vs�. Sput-
tered undoped2 In2O3 films and those doped with Ta1 Zr, or
Ti, exhibit mobilities smaller than IMO, typically about
30 cm2/Vs. Here we report transport, structure, and compo-
sitional measurements on W-doped In2O3 thin films �IWO�
fabricated by pulsed laser deposition. We show that W is an
effective dopant for realizing a high mobility transparent
conducting oxide �TCO�. These high mobilities are found in
polycrystalline films with small dopant concentrations and
are prepared at moderate temperatures on amorphous sub-
strates. This is significant because increasing the carrier mo-
bility is the preferred route to optimizing the electrical con-
ductivity, thereby averting transparency losses from free-
carrier absorption.8

Thin films of In2−xWxO3+y were deposited onto heated
GE 124 fused SiO2 and single-crystal YSZ �001� substrates
using pulsed laser ablation of ceramic In2O3:WO3 pellets in
a UHV chamber with a base pressure of 2�10−9 torr. Tar-
gets of about 60% of theoretical density were prepared by
solid-state synthesis from stoichiometric proportions of
In2O3 and WO3 with xtarget=0, 0.025, 0.037 5, 0.05, 0.0625,
and 0.075. The targets, polished prior to each use, were ab-
lated in pure O2 ambient by pulsed radiation from KrF exci-
mer laser operating at 10 Hz and �0.5 J /cm2. Ambient pres-
sure during deposition was typically a few millitorr. The
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target was 45 mm from the substrate, and both were rotated
during the deposition to enhance ablation and deposition uni-
formity. Deposition rates for the 0.3–0.5 �m thick films
were about 0.1 nm/pulse. The substrate was maintained at a
constant temperature between 400°C and 525°C during the
deposition. After deposition, the films cooled to below 70 °C
in the oxygen ambient.

Films were characterized by x-ray diffraction �XRD�,
electrical conductivity, Hall-effect measurements, electron
probe microanalysis �EPMA�, and by optical transmission
and reflection. XRD spectra were measured with a Rigaku
Rapid R-axis diffractometer at fixed incident angle with
specimen rotation. Electrical conductivity and Hall mobility
were measured on cross-shaped samples in the van der Pauw
configuration on a Lakeshore 7704 Hall measurement at
room temperature and �77 K. EPMA was performed using a
Cameca SX50 electron microprobe using multivoltage thin-
film analysis �15, 20, and 25 kV, at each of five different film
locations�. Optical transmission and reflection spectra in the
UV-visible range were measured using a double-grating
spectrometer with a Xe lamp source and a Si diode detector.

Figure 1 shows the results of room-temperature �solid
diamonds� and 77-K �open diamonds� transport measure-
ments as a function of film doping level as determined by
EPMA for a series of IWO films prepared on fused SiO2
substrates under the same deposition conditions �1 mtorr O2,
400 °C, 0.5 J /cm2�. Optimized room-temperature transport
properties of �=66 cm2/Vs, �=3.1�103 S/cm, n=2.90
�1020 cm−3, were found when xfilm�0.03. Increasing the
oxygen pressure to 4 mtorr �solid circle� increased the mo-
bility to close to 80 cm2/Vs. Increasing the substrate tem-
perature to 525 °C �triangle� significantly improved the
room-temperature mobility and conductivity ��
=104 cm2/Vs, �=3.3�103 S/cm�, and the equivalent film
on a YSZ �001� single-crystal substrate �cross� showed �
=112 cm2/Vs and �=4.5�103 S/cm, representing the best-
case room-temperature transport results in this study.

Transport measurements at 77 K on all films in the dia-
mond series showed the same general trends as the room-
temperature measurements. The mobility and conductivity

increase up to x�0.03 followed by a steady decrease at
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higher dopant concentration. The elevated mobility at low
temperature is consistent with decreased phonon scattering.
For films of high dopant concentration, scattering by ionized
impurities is also significant as evidenced by the falloff in
mobility at both low and high temperatures.

The carrier density for the diamond series of films re-
mains essentially constant when xfilm�0.03, following an
initial increase in the carrier density when xfilm�0.03 due to
incorporation of W into the host lattice. The low-temperature
carrier density is only slightly decreased, indicating that the
carriers are not thermally activated over this temperature
range. In principle, W6+ substitution on In3+ sites in In2O3
could generate as many as three electron carriers per W.
However, this level of doping efficiency has not been ob-
served in this or closely related systems like IMO.6 For the
highest carrier concentration IWO films, the doping effi-
ciency is �0.75 electrons/W, suggesting that W substitutes
in a lower valent configuration.

Determination of the W content of the IWO films is cru-
cial. EPMA provides a reliable quantitative measure of film
composition provided careful attention is paid to eliminating
substrate interference and to the variation of excitation vol-
ume with incident-beam energy.9 In this work, background
corrections for each element were carefully applied to avoid
interference from any overlapping or satellite lines. The de-
tection limit for W was at worst 0.15 wt %, which corre-
sponds to x=0.002 3. The averaged k-ratio data corrected for
dead time, background, and drift were refined in
STRATAGEM,10 a thin-film composition software program that
performs a matrix correction to account for sample geometry
and substrate.

FIG. 1. Room temperature and �77 K �a� Hall mobility, �b� conductivity,
and �c� carrier density for several IWO films prepared on fused SiO2 and
single-crystal YSZ �001� substrates. The symbols are explained in the text.
The lines are a guide.

TABLE I. Nominal xtarget doping level for In2O3:WO
and 2 J /cm2 incident laser fluence.

Fluence �J /cm2� 0.5 0.5 0.

xtarget 0 0.025 0.03
xfilm 0 0.002 0.01
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The EPMA results are summarized in Table I. The W
concentration of the film deviates significantly from that of
the target, especially for low doping levels. The high mobil-
ity IWO films prepared from targets of W doping level
xtarget=0.05 using 0.5 J /cm2 have a dopant concentration of
xfilm=0.028. This result was reproducible for many films pre-
pared from the same target, irrespective of substrate tempera-
ture or background gas pressure. Films prepared from targets
with xtarget=0.025 using 0.5 J /cm2 showed only trace
amounts of W by EPMA and their mobility was also charac-
teristic of undoped In2O3. However, by increasing the inci-
dent laser fluence to 2 J /cm2, high mobility films could be
prepared from x=0.025 targets. This indicated that some
amount of W was transferred to the film in the ablation
plume at this higher fluence, and EPMA showed that the W
content of these high mobility films was significant at xfilm

=0.016. Overall, xfilm determination by EPMA provided a
more consistent interpretation of the variation of transport
properties with dopant concentration. It is likely that the ob-
served nonstoichiometric transfer of W from the In2O3:WO3

targets resulted from the use of low laser energy density and
from low target density, which can further dilute the incident
laser fluence by increasing the effective surface area of the
irradiated region.11 The low-density targets also imposed
practical limitations on the incident laser fluence due to se-
vere pitting of the target surface at higher fluence. Using
targets of higher density will permit the proper investigation
of this key deposition parameter.

Figure 2 shows the XRD patterns for IWO films depos-
ited on fused SiO2 and YSZ �001� at substrate temperatures
of 400 and 525 °C, respectively. A calculated XRD pattern
for undoped In2O3 is shown in Fig. 2�c�.12 Both films can be
indexed completely to In2O3. The amorphous background
due to the fused SiO2 has been subtracted from Fig. 2�b�, and
in Fig. 2�a� asterisks mark the positions of YSZ substrate
reflections. The film on SiO2 is polycrystalline, while the

ets and resultant xfilm as determined by EPMA for 0.5

0.5 0.5 0.5 2

0.05 0.0625 0.075 0.025
0.028 0.055 0.083 0.016

FIG. 2. XRD patterns for textured IWO films on �001� YSZ �a�, polycrys-
talline IWO films on fused SiO2 �b�, and calculated for undoped In2O3 �c�.
Asterisks mark the position of YSZ reflections.
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film on the YSZ single-crystal substrate shows �00l� prefer-
ential orientation.

Figure 3�a� shows the UV-visible transmission T, reflec-
tion R, and reflection-corrected transmission T / �1-R��e−�d

for a typical IWO film-substrate stack. Here d is the film
thickness and � the absorption coefficient. The average raw
transparency is about 80%, a value representative of most
films produced in this work. Thickness values obtained from
fitting a calculated R to the experimentally obtained spec-
trum agree within 5% with values obtained via mechanical
profilometry, and the refractive index �n=1.99 at 500 nm� is
close to published values13 for ITO thin films. The direct
band gap was obtained from plots of ��h	�2 versus h	 and
extrapolating to the h	=0 axis, from which it was found that
Eg varied between about 3.80 and 3.91 eV for most films.

The Burstein-Moss shift, in which the onset of transmis-
sion in the films is pushed into the UV as the carrier density
increases,14,15 is observed in the transmission spectra. The
widening of the band gap is given by16


Eg
BM =

�2

2m* �3�2n�2/3, �1�

where n is the carrier density and m* is the reduced effective
mass. The plot of Eg versus n2/3 �inset of Fig. 3� gives m*

=0.3me, in good agreement with values for ITO16 and IMO.5

There has been no theoretical description of the mecha-
nism leading to exceptional carrier mobility in IMO and
IWO thin films. However, Yoshida et al. have found that the
carrier effective mass in high mobility IMO thin films re-
mains constant over a range of carrier concentrations while
the scattering time is maximized for films with the optimum
doping level of 2 wt % Mo �In1.94Mo0.06O3+y� and n=3.0
�1020 cm−3. Hence, high mobility IMO films result from
decreased scattering, rather than decreased carrier effective
mass.5

W-doped films show significantly higher mobility than

FIG. 3. Optical transmission T, reflection R, and reflection-corrected trans-
mission T / (1−R) for a 0.3-�m IWO film on a fused SiO2 substrate. Inset:
Burstein-Moss shift illustrated by Eg vs n2/3.
undoped In2O3 films, which could indicate that W assists in
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suppression of scattering by oxygen interstitials. This mecha-
nism has been posited for Mo-doped films.5 W itself may
become a dominant scattering center above xfilm�0.03, as
indicated by the mobility decrease in Fig. 1�a�. Also, EPMA
data of IWO films suggests that W might be a more efficient
dopant than Mo for the suppression of scattering by oxygen
interstitials, since mobility in the IMO system is optimal
when x=0.06 �In1.94Mo0.06O3+y� �Ref. 6�, while in the IWO
system mobility is maximized when xfilm�0.03.

We have prepared high electron mobility thin films of
transparent conductor In2−xWxO3+y on fused SiO2 and single-
crystal YSZ �001� substrates by pulsed laser deposition. The
highest mobility and conductivity was measured for films
with x�0.03, and room-temperature mobilities as large as
104 and 112 cm2/Vs could be realized on fused SiO2 and
YSZ substrates, respectively. Low-temperature Hall-effect
measurements on high mobility IWO films indicate that the
electron mobility is constrained by phonon scattering and
ionized impurity scattering. A widening of the band gap with
increasing electron density was observed, from which an
electron effective mass of 0.3me was obtained.

We thank John Donovan of CAMCOR at the University
of Oregon for assistance with EPMA, and Tim Murrell and
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surements. This material is based on work supported by the
National Science Foundation under Grant No. 0245386 and
by Hewlett-Packard Company.
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