
This is an electronic reprint of the original article.

This reprint may differ from the original in pagination and typographic detail.

Powered by TCPDF (www.tcpdf.org)

This material is protected by copyright and other intellectual property rights, and duplication or sale of all or 
part of any of the repository collections is not permitted, except that material may be duplicated by you for 
your research use or educational purposes in electronic or print form. You must obtain permission for any 
other use. Electronic or print copies may not be offered, whether for sale or otherwise to anyone who is not 
an authorised user.

Hassa, A.; Von Wenckstern, H.; Splith, D.; Sturm, C.; Kneiß, M.; Prozheeva, V.; Grundmann,
M.
Structural, optical, and electrical properties of orthorhombic κ -(In
                        x
                                                 Ga
                        1-x
                                                 )
                        2
                                                 O
                        3
                                                  thin films
Published in:
APL Materials

DOI:
10.1063/1.5054394

Published: 01/02/2019

Document Version
Publisher's PDF, also known as Version of record

Published under the following license:
CC BY

Please cite the original version:
Hassa, A., Von Wenckstern, H., Splith, D., Sturm, C., Kneiß, M., Prozheeva, V., & Grundmann, M. (2019).
Structural, optical, and electrical properties of orthorhombic  -(In 

x
Ga 

1-x
) 

2
O 

3
thin films. APL Materials, 7(2), 1-

9. [022525]. https://doi.org/10.1063/1.5054394

https://doi.org/10.1063/1.5054394
https://doi.org/10.1063/1.5054394


APL Mater. 7, 022525 (2019); https://doi.org/10.1063/1.5054394 7, 022525

© 2019 Author(s).

Structural, optical, and electrical properties
of orthorhombic -(InxGa1−x)2O3 thin films

Cite as: APL Mater. 7, 022525 (2019); https://doi.org/10.1063/1.5054394
Submitted: 31 August 2018 . Accepted: 19 December 2018 . Published Online: 06 February 2019

A. Hassa , H. von Wenckstern , D. Splith , C. Sturm, M. Kneiß , V. Prozheeva, and M.

Grundmann 

ARTICLES YOU MAY BE INTERESTED IN

Tin-assisted heteroepitaxial PLD-growth of -Ga2O3 thin films with high crystalline quality

APL Materials 7, 022516 (2019); https://doi.org/10.1063/1.5054378

The electronic structure of ε-Ga2O3
APL Materials 7, 022522 (2019); https://doi.org/10.1063/1.5054395

Deep acceptors and their diffusion in Ga2O3
APL Materials 7, 022519 (2019); https://doi.org/10.1063/1.5063807

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L16/178285090/x01/AIP/HA_APM_PDFCover/AIP-3259_APLM_ST_Neuromorphic_1640x440.jpg/4239516c6c4676687969774141667441?x
https://doi.org/10.1063/1.5054394
https://doi.org/10.1063/1.5054394
https://aip.scitation.org/author/Hassa%2C+A
http://orcid.org/0000-0002-8087-6592
https://aip.scitation.org/author/von+Wenckstern%2C+H
http://orcid.org/0000-0002-3936-275X
https://aip.scitation.org/author/Splith%2C+D
http://orcid.org/0000-0001-5434-2194
https://aip.scitation.org/author/Sturm%2C+C
https://aip.scitation.org/author/Knei%C3%9F%2C+M
http://orcid.org/0000-0002-8350-7346
https://aip.scitation.org/author/Prozheeva%2C+V
https://aip.scitation.org/author/Grundmann%2C+M
https://aip.scitation.org/author/Grundmann%2C+M
http://orcid.org/0000-0001-7554-182X
https://doi.org/10.1063/1.5054394
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5054394
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.5054394&domain=aip.scitation.org&date_stamp=2019-02-06
https://aip.scitation.org/doi/10.1063/1.5054378
https://doi.org/10.1063/1.5054378
https://aip.scitation.org/doi/10.1063/1.5054395
https://doi.org/10.1063/1.5054395
https://aip.scitation.org/doi/10.1063/1.5063807
https://doi.org/10.1063/1.5063807


APL Materials ARTICLE scitation.org/journal/apm

Structural, optical, and electrical properties
of orthorhombic κ-(InxGa1−x)2O3 thin films

Cite as: APL Mater. 7, 022525 (2019); doi: 10.1063/1.5054394
Submitted: 31 August 2018 • Accepted: 19 December 2018 •

Published Online: 6 February 2019

A. Hassa,1 H. von Wenckstern,1 D. Splith,1 C. Sturm,1 M. Kneiß,1 V. Prozheeva,2 and M. Grundmann1

AFFILIATIONS

1Felix Bloch Institute for Solid State Physics, Universität Leipzig, Linnéstraße 5, 04103 Leipzig, Germany
2Department of Applied Physics, Aalto University, P.O. Box 15100, FIN-00076 Aalto, Finland

ABSTRACT

Material properties of orthorhombic κ-phase (InxGa1−x)2O3 thin films grown on a c-plane sapphire substrate by pulsed-laser
deposition are reported for an indium content up to x ∼ 0.35. This extended range of miscibility enables band gap engineering
between 4.3 and 4.9 eV. The c-lattice constant as well as the bandgap depends linearly on the In content. For x > 0.35, a phase
change to the hexagonal InGaO3(II) and the cubic bixbyite structure occurred. The dielectric function and the refractive index
were determined by spectroscopic ellipsometry as a function of the alloy composition. We propose zirconium to induce n-type
conductivity and have achieved electrically conducting thin films with a room temperature conductivity of up to 0.1 S/cm for
samples with a low In content of about x = 0.01. Temperature-dependent Hall-effect measurements yielded a thermal activation
energy of the free electron density of 190 meV. Schottky barrier diodes with rectification ratios up to 106 were investigated by
quasi-static capacitance voltage and temperature-dependent current voltage measurements.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5054394

Wide band gap semiconducting oxides such as ZnO
and SnO2 or the group-III sesquioxides In2O3 and Ga2O3
find potential application as photo detectors,1 gas sen-
sors,2 thin film transistors3 and in high-power electronics.4–7

Research on Ga2O3 and its alloys has increased tremen-
dously after the demonstration of a metal-semiconductor
field-effect transistor using a Ga2O3 layer grown homoepi-
taxially by molecular beam epitaxy.8 Ga2O3 single crystals are
available for the thermodynamically most stable polymorph
(beta-gallia structure) having a monoclinic lattice symme-
try, and hence, the majority of Ga2O3-related publications
deal with β-Ga2O3. Rhombohedral α-Ga2O3 is of interest
and investigated as well since it has the same lattice struc-
ture as thermodynamically stable α-Al2O3 and metastable
α-In2O3 and would allow band gap engineering in a wide com-
position range. Recent reviews summarize material proper-
ties and devices based on monoclinic and/or rhombohedral
(In,Ga,Al)2O3.5–7,9 Maccioni and Fiorentini predicted a large
polarization of 23 µC/cm2 for orthorhombic Ga2O3 which is
similar to that of BaTiO3 and about three times larger than
that of AlN.10 In 2018, Cho and Mishra11 predicted an identical

polarization for this modification and Kim et al.12 calculated a
value of 26.39 µC/cm2. The crystal structure of orthorhom-
bic Ga2O3 was described in detail by Cora et al., and a much
smaller polarization of 0.2 µC/cm2 was deduced from the
atomic coordinates13 being in close agreement with the value
of 0.18 µC/cm2 obtained from dynamic hysteresis measure-
ments.14 The difference between the predicted and the exper-
imentally determined values needs to be resolved to judge the
true potential of orthorhombic Ga2O3 for high electron mobil-
ity transistors for which band gap engineering is required as
well. Binary thin films were obtained by halide vapor phase
epitaxy,15 metal-organic chemical vapor deposition,13,14,16–18

atomic layer deposition,17 and tin-assisted growth by pulsed-
laser deposition (PLD)19 or molecular beam epitaxy.20 In the
latter samples, tin does not contribute free electrons at room
temperature (RT).19 So far, successful n-type doping was not
reported. In nominally undoped samples, electrical conduc-
tivity was observed for T > 400 K with a thermal activation
energy of 695 meV.21 Furthermore, such samples were used
to fabricate a photo conductive UV-detector. Ternary layers
were obtained on a c-plane sapphire substrate [with an AlN
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buffer layer for (Al,Ga)2O3] by mist chemical vapor deposi-
tion.22,23 For (InxGa1−x)2O3, phase separation was reported for
x > 0.2 (cubic phase formed).23 The optical bandgap decreased
from 5 eV for x = 0 to 4.5 eV for x = 0.2. The indium incorpora-
tion leads to an increase in the c-lattice constant that can be
described by c(x) = (0.9274 + 0.1075 · x) nm.

We have achieved n-conducting κ-phase
(In0.01Ga0.99)2O3:Zr thin films with a free electron concentra-
tion of n = 2 × 1016 cm−3 at RT. The conductivity of such
samples was sufficient to achieve Schottky barrier diodes
with rectification ratios up to 106. Further, we stabilized
(InxGa1−x)2O3 thin films in the κ-phase polymorph up to
x∼0.35 and report structural, morphological, and optical
properties as a function of the alloy composition.

(InxGa1−x)2O3 thin films were grown by pulsed-laser
deposition (PLD) at a temperature of 940 K and an oxygen par-
tial pressure of 3 × 10−4 mbar. The c-sapphire substrates were
either 2 inch in diameter or 10 × 10mm2 sized quadratic pieces.
For investigations of material properties in dependence on the
indium content, we used a thin film with laterally continuous
composition spread (CCS) that was deposited from a ceramic
target consisting of two semi-circular segments. One segment
consists of Ga2O3 (purity 99.999%, Alfa Aeser) and the other
of In2O3 (purity 99.994%, Alfa Aeser). Both segments have
an admixture of 2.5 wt. % SnO2 (purity 99.999%, Alfa Aeser),
which equals approximately 1.6 at. % in Ga2O3 and 2.3 at. % in
In2O3, to induce the growth of κ-phase thin films as described
by Orita et al.19 and by Kracht et al.20 Details about our CCS-
PLD approach can be found in Ref. 24. To enhance the n-type
conductivity of κ-(In0.01Ga0.99)2O3, zirconium was used as a
doping element, resulting in a concentration of approximately
1.3 at. % in the thin film.

The PLD setup consists of a KrF excimer laser (248 nm)
focused to an energy density of 2 J cm−2 at the target. The
distance between the target and the substrate was 10 cm.
The composition of the thin films was determined by energy-
dispersive X-ray spectroscopy (EDX) using a FEI Nova Nanolab
200 equipped with an Ametek EDAX detector. X-ray diffrac-
tion (XRD) measurements were performed with a PANalyti-
cal X’pert PRO MRD diffractometer equipped with a PIXcel3D

detector operating in a 1D scanning line mode with 255 chan-
nels. The surface morphology was determined with a Park
Systems XE-150 atomic force microscope in a non-contact
mode. The optical properties were investigated by spectro-
scopic ellipsometry using a J. A. Woollam dual rotating com-
pensator ellipsometer RC2. Electrical properties were inves-
tigated by using current-voltage measurements of ohmic and
Schottky barrier contacts, which were realized using recipes
optimized for monoclinic Ga2O3. The ohmic contacts consist
of a thermally evaporated layer stack of Ti/Al/Au and were
annealed subsequently at 773 K for 10 min in nitrogen ambi-
ent.25 For the Schottky barrier contacts, Pt was reactively
sputtered26 in a peripheral position (off-axis configuration),27

and finally, a Pt layer was sputtered in an inert Ar ambient to
assure current spreading.26,27

Temperature-dependent resistivity and Hall-effect mea-
surements were performed for T ≤ 350 K inside a Quantum
Design physical property measurement system (PPMS) at a

magnetic field of 1 T using a Keithley current source, switch
system, and multimeter. Temperature-dependent resistivity
and Hall-effect measurements for T ≥ 350 K were performed
inside a home-built high temperature thermostat at a mag-
netic field of 0.43 T using a Keithley current source, switch
system, and multimeter and a Lakeshore 331 temperature
controller.

Current-voltage (IV) measurements and quasi-static
capacitance-voltage (CV)measurements on Schottky-contacts
(SCs) were performed in a Süss Waferprober System P200
connected to an Agilent 4155C Semiconductor Parameter Ana-
lyzer. For temperature-dependent measurement between 100
and 320 K, a piece of one of the samples was mounted on a
TO18 socket and a diode was contacted using gold wire and
silver epoxy resin. The measurement was performed inside a
cryostat using again the Agilent 4155C Semiconductor Param-
eter Analyzer. For the temperature-dependent measurement
between 300 and 700 K, the same piece was removed from
the socket and put inside a Linkam HFS600E-PB4 Probe Stage.

FIG. 1. (a) False color representation of the In content x of a (InxGa1−x )2O3

thin film grown on a 2 inch diameter c-plane sapphire substrate. The black dots
indicate measurement spots, data in between was interpolated. (b) shows the
EDX-linescan along the compositional gradient as indicated by the black line in
(a).

APL Mater. 7, 022525 (2019); doi: 10.1063/1.5054394 7, 022525-2

© Author(s) 2019

https://scitation.org/journal/apm


APL Materials ARTICLE scitation.org/journal/apm

Inside the stage, the diode was contacted with tungsten probe
needles. An Agilent 4156C Semiconductor Parameter Analyzer
was used for this measurement. The temperature was calcu-
lated from a reference measurement of a Pt100 resistor inside
the probe stage.

The lateral variation of the cation composition of the
CCS-PLD thin film was determined by EDX measurements
and is depicted in Fig. 1(a). It exhibits a non-linear increase in
the indium content x along the gradient direction as visible
in Fig. 1(b). The strong increase in the gradient, observed for
positions z > 15 mm, is connected to phase separation as con-
cluded from 55 2θ-ω measurements recorded with a step size
of 1 mm along the gradient direction. The results are repre-
sented as a false color map in Fig. 2(a). For x = 0.1, a single XRD
2θ-ω scan is shown in Fig. 2(c). Around x ∼ 0.35 (corresponding
to the position z = 15 mm) and x ∼ 0.5, changes of the pre-
dominant crystallographic phase are evident. In the region of
0.35 < x < 0.5, the hexagonal InGaO3(II) phase appears, and for
higher In concentrations (x > 0.5), the cubic bixbyite struc-
ture is found. For x ≤ 0.35, a series of narrow peaks, shift-
ing to lower angles with increasing In content, are observed.
The peak positions occur for each In content systematically at
higher angles compared to those of monoclinic (InxGa1−x)2O3
thin films28–30 indicating growth in the orthorhombic modifi-
cation. To clarify this assumption, XRD φ-scans were recorded
for five selected In contents for asymmetric reflections cor-
responding to the (131), (122), and (206) lattice planes of the
κ-phase shown in Fig. 2(b) for x = 0.01. The 2θ and χ posi-
tions of these reflections were assumed to be the same
as for binary κ-Ga2O3 based on the unit cell by Cora et
al.13 due to a lack of data on composition-dependent lattice
constants for the alloy. Both the (131) and (206) reflections
occur six-fold with a separation of 60◦ indicating epitaxial
growth on the c-sapphire substrate. Assuming an orthorhom-
bic unit cell, this six-fold symmetry suggests three rotational

domains separated by 120◦.31 The orthorhombic symmetry
of the unit cell was confirmed by the twelve-fold occurring
(122) reflection, where an additional two-fold splitting of the
peaks is due to mirror planes in the orthorhombic structure.
Furthermore, according to calculations using the VESTA
software package,32 there should be no reflection observ-
able for this specific set of angles in the hexagonal equivalent
of this phase, typically referred to as ε-Ga2O3

33 instead of
κ-Ga2O3. These results unambiguously substantiate the
growth in orthorhombic modification for x ≤ 0.35.

The epitaxial relationship deduced from the positions
of the film reflections in the XRD φ-scans with respect to
those of the α-Al2O3 (10.2) plane are κ-(InxGa1−x)2O3 〈010〉‖α-
Al2O3 〈101̄0〉 and κ-(InxGa1−x)2O3 〈100〉‖α-Al2O3 〈21̄1̄0〉. With
that, the peaks in Fig. 2(a) for x ≤ 0.35 can be assigned to the
(00n) reflections of orthorhombic (InxGa1−x)2O3. Hence, we
extended the composition range for which κ-phase thin films
were reported; samples grown by mist-CVD showed phase
separation for x > 0.2.23

The dependence of the c-lattice constant on the indium
content is shown in Fig. 4. It increases linearly with x and
can be modeled in close agreement with the data of Nishinaka
et al.23 by c = [(9.269 ± 0.004) + (1.097 ± 0.01) · x ] Å. For a
lower indium content, a non-linearity in c(x) is observed that
we attribute to slightly different sample alignment between
the chemical and the structural analysis.

The growth rate τ was calculated from the sample thick-
ness (deduced from spectroscopic ellipsometry, see below)
and starts for the lowest In content at τ = 8.7 pm/pulse and
saturates around 7.2 pm/pulse for x ≥ 0.2. For monoclinic
(InxGa1−x)2O3, the growth rate is only 2 pm/pulse for the low-
est In content and saturated at 4 pm/pulse for x > 0.0530

for similar deposition conditions. Since the incident particle
flux on the substrate is, except for tin, the same for the CCS-
PLD growth of monoclinic (InxGa1−x)2O3 and orthorhombic

FIG. 2. (a) False color plot of 55 XRD 2θ-ω measurements acquired along a gradient direction. (b) XRD φ-scans and (c) single XRD 2θ-ω measurement of a sample piece
at x ∼ 0.01.
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FIG. 3. Surface morphology and corresponding surface roughness Rq measured by atomic force microscopy for In contents x as labeled.

(InxGa1−x)2O3:Sn, the increased growth rate for the κ-phase
is assigned to a strong reduction of the desorption of volatile
Ga2O. This is in line with findings of Kracht et al.20 who pro-
posed an oxidation of gallium suboxides by reducing SnO or
SnO2 at the surface, which leads to an increased incorpora-
tion of gallium and with that to higher growth rates compared
to tin-free growth. That the presence of tin is beneficial for the
stabilization of PLD thin films with an orthorhombic phase was
already pointed out in 2002 by Orita et al.19 who investigated
tin-doped Ga2O3 as a possible transparent conducting oxide
(TCO) material. Further, they demonstrated that tin is not
contributing to the electrical conductivity at RT likely due to
tin-related donor states being too deep to generate free elec-
trons at RT. EDX measurements on our CCS-PLD thin films
indicate the presence of about 0.6–0.8 at. % tin in orthorhom-
bic (InxGa1−x)2O3, however, an electrical conductivity was not
measurable corroborating results of Orita et al. that tin is
not donating free electrons in orthorhombic (InxGa1−x)2O3:Sn
at RT.

The surface morphology was investigated by AFM mea-
surements to deduce the root mean square surface rough-
ness Rq. Figure 3 depicts images of the thin film surfaces
of the orthorhombic part for six different In contents. The
images show smooth surfaces for x < 0.35 with low Rq val-
ues ranging between 0.45 nm and 0.94 nm independent of x.
For the highest In content in orthorhombic modification,
x = 0.35, an increased Rq of 2.38 nm caused by the phase tran-
sition from orthorhombic into hexagonal InGaO3(II) phase was
observed. The grains are spherically shaped with diameters of
approximately 100–120 nm for all In contents.

The compositional dependence of the bandgap (Fig. 4) was
determined by spectroscopic ellipsometry and shows three
regimes with small differences in the slope. In general, the
bandgap decreases as expected with increasing In content and
allows band gap engineering between about 4.9 eV and 4.3 eV
for 0 ≤ x ≤ 0.35.

With spectroscopic ellipsometry measurements, the
dielectric function (DF) was investigated in the spectral range
between 0.74 eV and 6.3 eV for angles of incidence of 50◦,
60◦, and 70◦. In order to reduce the impact of the compo-
sition gradient on an individual measurement, the spot size
was reduced to about 300 × 500 µm2 by using focusing
optics.

Due to the presence of rotation domains, the optically
biaxial films can be described by an uniaxial model with an
optical axis parallel to the surface normal. Therefore, standard
ellipsometry can be applied,34 i.e., the ellipsometric parame-
ters Ψ and ∆ are given by

ρ =
rp

rs
= tan Ψei∆. (1)

The abbreviations rp and rs represent the complex reflec-
tion coefficients for light polarized parallel and perpendicular

FIG. 4. The c-lattice constant determined from XRD patterns as well as the
bandgap and growth rate obtained from spectroscopic ellipsometry measurements
as a function of the In content x.
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to the plane of incidence. To reduce the dependence of Ψ and
∆ on the angle of incidence, it is appropriate to convert these
quantities into a pseudodielectric function 〈ǫ 〉.35 A layer stack
model consisting of a c-plane sapphire substrate, a thin film,
and a surface layer was used to obtain the dielectric function
(DF). For the c-plane sapphire substrate, the optical constants
were taken from Ref. 36. The thin film DF was described to be
uniaxial, i.e., the DF tensor is given by ǫ⊥ = ǫxx = ǫyy , ǫ ‖ = ǫ zz.
In the analysis of the experimental data, it was found that the
contribution of ǫ zz cannot be neglected. The line shape of each
tensor component was represented by model dielectric func-
tions. Similar to former calculated DF of β-Ga2O3 thin films
by Sturm et al.,34 the excitonic contributions (χexc) were
characterized by using a model function, which was devel-
oped by Tanguy.37–39 For the weakly pronounced band-band
transitions, which cannot be resolved separately, Gaussian
oscillators (χgauss) were used. Due to the Kramers-Kronig
transformation, the contributions of high-energy transitions
to the real part of the DF were taken into account by a
pole function (χpole). Since the optical axis is perpendicular
to the surface, the sensitivity to ǫ ‖ is quite low and the same
transitions for ǫ⊥ and ǫ ‖ can be assumed. Thus, the resulting
DF is given by

ǫi =

2∑

j=1

χexc
j,i + χ

gauss
j,i + χ

pole
j

, (2)

with i = ⊥, ‖.
Because of the strong correlation between the parame-

ters due to the absence of strong absorption features in the
spectra, a further assumption for each transition is that they
have the same energy and broadening in ǫ⊥ and ǫ ‖ . Finally,
the surface roughness was described by an effective medium
approach,40 where the DF of the Ga2O3 thin film and air was
mixed 1:1. The thickness of this layer was found to be about
2 nm. The experimentally recorded and calculated pseudodi-
electric functions are well coinciding as exemplary shown in
Fig. 5 for selected In concentrations and an angle of incidence
of 60◦. For energies below 4 eV, the spectra are dominated
by thickness oscillations allowing a precise determination of
the film thickness, which is in the range of 180–205 nm. For

FIG. 5. The experimental (black squares) and calculated (red solid lines) pseudodi-
electric function for selected In concentration and an angle of incidence of 60◦. For
a better clarity, the spectra are shifted vertically.

energies larger than 4 eV, absorption sets in and the oscil-
lations vanish such that the spectra are dominated by the
excitonic and band-band transitions.

The deduced dielectric function is shown in Fig. 6 for
selected In concentrations. As expected, a red shift of the
onset of the absorption is observed with increasing In con-
centration caused by an almost linear red shift of the tran-
sition energies with respect to the In concentration. Besides
the red shift of the transition energy, we also observe a
strong increase in the excitonic broadening from 50 meV for
x≈0.01 up to 350 meV for x ≈ 0.32 due to alloy broadening.
Interestingly, with increasing In concentrations, the differ-
ence of the line shape between ǫ⊥ and ǫ ‖ decreases, which
leads to a decrease in the optical anisotropy.

Besides the DF, another important quantity, especially for
the design of applications, is the refractive index. In the trans-
parent spectral range, the dispersion of the refractive index
can be described by the Cauchy function, i.e., n = A + B/λ2

+ C/λ,4 and the corresponding parameters are depicted in
Fig. 2 in the supplementary material. The red shift of the tran-
sition energies leads to an increase in the refractive index
expressed by an increase in the Cauchy parameters. However,
for x> 0.2, a decrease in the Cauchy parameters A and C can
be observed leading to a decrease in the refractive index espe-
cially at small energies. Up to now, the origin of this decrease
is not fully understood, but the strong decrease, which is also
observable in the real part of the DF as can be seen by the
kink at E ∼ 1 eV for x = 0.3, indicates the presence of free

FIG. 6. Dielectric function (a) ǫ 1,⊥, (b) ǫ 2,⊥ and (c) ǫ 2, ‖ of κ-(InxGa1−x )2O3 for
indium contents as labeled.
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charge carriers for these In concentrations, in contrast to
Hall effect data. We assume that the transport of the carri-
ers is suppressed due to the existence of potential barriers
that cannot be passed at room temperature. The origin of such
barriers is likely grain boundaries since rotational domains
exist.

As stated above, tin does not contribute free electrons
such that it is necessary to add an additional shallow donor
in order to achieve n-type conductivity. As a suitable candi-
date in κ-modification, we identified zirconium and fabricated
samples with a low In-content of x ≈ 0.01 and a Zr content of
1.3 at. %. The band gap and film thickness of the samples were
determined by spectroscopic ellipsometry to be 4.97 eV and
about 220 nm, respectively.

Resistivity and Hall-effect measurements were performed
on a 10 × 10 mm2 sample using the van-der-Pauw method.
The electrical conductivity versus T−1 is shown in Fig. 7(a). An
almost exponential increase in the conductivity with increas-
ing temperature can be observed. For lower temperatures,
the measured conductivity deviates from the simple exponen-
tial dependence (dashed line) due to the increase in the free
carrier mobility. The free carrier concentration is shown in
Fig. 7(b) in dependence on the temperature. An overall trend
can be observed: the free carrier concentration increases first
exponentially and begins to saturate for T ≥ 400 K. We fit-
ted the dependence using the equations provided in the sup-
plementary material. The respective fits with and without
compensation are shown in Fig. 7(b). The results of both the
cases are summarized in Table I. Overall, a better agreement
between the measured and the fitted data was achieved if
compensation was taken into account and yields values for
the donor concentration of ND = 3 × 1017 cm−3 with an acti-
vation energy of ED = 190 meV. In principle, we expect com-
pensating centers to be present in our heteroepitaxial thin
films, but further experiments are required to understand the
nature of donors and compensating acceptors as well as the

TABLE I. Results of fits of the temperature-dependent free carrier concentration using
equations provided in the supplementary material. ND and NA are the concentration
of the donor and compensating acceptors, respectively, ED is the thermal activation
energy of the donor, and En denotes the difference between the Fermi energy and
the energy of the conduction band minimum at room temperature.

Compensation ND (cm−3) NA (cm−3) ED (meV) En (meV)

Without 3 × 1018 . . . 310 370
With 3 × 1017 4 × 1016 190 490

electric transport phenomena in κ-Ga2O3 in more detail. In
comparison to the activation energy of 0.695 eV (without
compensation) determined by Pavesi et al.21 between 400
≤ T ≤ 600 K from conductance measurements on nomi-
nally undoped κ-Ga2O3 thin films, the donor level investigated
here is (independent of the compensation case) significantly
closer to the conduction band minimum, demonstrating that
it increases n-type conductivity even though ED is higher than
for an effective mass donor. Additionally, from the fits, the dif-
ference En = Ec − EF between the conduction band minimum
Ec and the Fermi level EF was calculated for room temperature,
which can also be found in Table I. From the resistivity and the
Hall-effect measurements, the mobility can be calculated. The
plot in dependence on the temperature is shown in Fig. 7(c).
For low mobilities (gray shaded area), the error of the mea-
surement becomes rather large and since a lower magnetic
field was used for the high temperature measurement, the
error is even larger here. From the dependence of the mobil-
ity on temperature, we deduced polar-optical scattering41 to
be the dominating scattering mechanism in this temperature
range. By fitting of the temperature-dependent mobility, the
Debye temperature was estimated to be about 1000 K. The
used equation can be found in the supplementary material.
Despite the data being well modeled by considering only one
scattering mechanism over the measured temperature range,

FIG. 7. Results of the temperature dependent resistivity and Hall-effect measurement from low temperatures (labeled LT) to intermediate temperatures and intermediate to
high temperatures (labeled HT). (a) shows the conductivity in dependence of T−1. For higher temperatures, the measurements show a linear dependence and for lower
temperatures, the measurements deviate from the linear dependence, indicating a more complex behavior. In (b) the free carrier concentration is shown in dependence on
the temperature. While the values scatter to some extent due to the noise of the measurement, a clear trend can be seen. The data was fitted with the equation for the cases
with and without compensation (see text and Table I for details). (c) shows the mobility in dependence on the temperature. At high temperature, the resulting mobilities are in
the range where, especially for the high temperature measurement, the error of the measurement becomes large (gray shaded area). For low temperatures, the mobility may
be dominated by polar-optical scattering, as can be seen from the fit of the data.

APL Mater. 7, 022525 (2019); doi: 10.1063/1.5054394 7, 022525-6

© Author(s) 2019

https://scitation.org/journal/apm
ftp://ftp.aip.org/epaps/apl_mater/E-AMPADS-7-027992
ftp://ftp.aip.org/epaps/apl_mater/E-AMPADS-7-027992
ftp://ftp.aip.org/epaps/apl_mater/E-AMPADS-7-027992
ftp://ftp.aip.org/epaps/apl_mater/E-AMPADS-7-027992


APL Materials ARTICLE scitation.org/journal/apm

FIG. 8. (a) IV-characteristics of SCs for
a bias sweep from negative to positive
voltages (dashed lines) and vice versa
(solid lines). Instead of the current, the
current density j is shown. In the inset,
a histogram of the rectification ratios
of the rectifying contacts can be found.
(b) shows a plot of the effective bar-
rier height vs. the ideality factor deter-
mined by fitting the individual character-
istics of the rectifying contacts with the
thermionic emission model.

it cannot be excluded that other scattering mechanisms also
play a role.

In Fig. 8(a), IV characteristics of a representative PtOδ/κ-
(In,Ga)2O3:Zr Schottky barrier diode is depicted. The plot
shows the current density j = I/A0, where A0 describes the
contact area. The first (second) sweep direction is from neg-
ative to positive (positive to negative) voltages as indicated by
the arrows. The difference between both measurement direc-
tions (the position of the zero-crossing) can be explained by
a charging current.42 For the contact shown here, a rectify-
ing behavior is observed and the diode exhibits a low reverse
current density of about 1 × 10−8 A cm−2. Overall, 22 con-
tacts were measured and the rectification ratio for V = ±2 V
(ratio between the magnitude of the currents measured at
these voltages) is depicted as histogram in Fig. 8(a). Some of
the contacts exhibit rectification ratios of up to six orders of
magnitude. For evaluation of the characteristics, we assumed
that the dominating transport mechanism is thermionic emis-
sion over the Schottky-barrier, which is reasonable in the
mobility and net-doping density range43,44 discussed above.
Since there exists no literature data for the effective mass of
κ-Ga2O3 and since the ideality factors determined here are too
high to evaluate the temperature dependence of the Richard-
son constant, the effective mass of the free carriers was
assumed to be the same as for β-Ga2O3 (meff =0.28m0

45,46).
The dependence of ΦeffB on η is plotted in Fig. 8(b) and shows
that with the decreasing ideality factor, the effective bar-
rier height increases almost linearly. A similar behavior was
observed by Schmitsdorf et al.47,48 and explained by bar-
rier height inhomogeneities using a patch-like inhomogeneity
model developed by Tung.49 The homogeneous barrier height
Φ
hom
B was determined by linear extrapolation toward η = 1.02

to be about 1.35 eV.
In order to further investigate the barrier height

inhomogeneities, temperature-dependent IV-measurements
between 100 ≤ T ≤ 320 K and 300 ≤ T ≤ 700 Kwere performed.
The associated characteristics are displayed in Fig. 9. For tem-
peratures below 100 K, the series resistance becomes so large
that almost no rectification can be observed. For tempera-
tures above 575 K, the needle probes of the Linkam probe stage
scratched the surface of the contact due to the thermal expan-
sion and damaged it. The difference in the series resistance

between the measurement at low and at high temperatures
can be explained by the fact that for the low temperature
measurement, an ohmic contact close to the edge of the
sample was contacted, while for the high temperature mea-
surement, the ohmic contact that surrounds the measured
Schottky contact was used. Furthermore, it can be seen
that the series resistance increases strongly with decreasing
temperatures. Therefore, the determination of the effective
barrier height and the ideality factor becomes difficult at
low temperatures, since no exponential region is observed.
For temperatures of 200 K and higher, the characteristics
were fitted with the model of thermionic emission in order
to determine the effective barrier height and the ideality

FIG. 9. Temperature-dependent IV-characteristics taken from low temperatures
to intermediate temperatures (labeled LT) and intermediate to high temperatures
(labeled HT). Here, only the measurement direction going from positive to nega-
tive voltages is shown. The higher series resistance in the LT-measurement can
be explained by the fact that an ohmic contact on the edge of the sample was
used for this measurement. In the inset, the plots of the effective barrier height and
η−1 − 1 vs. T−1 can be found. Both show an almost linear dependence between
400 K and 200 K.
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factor. According to the theory of Werner and Güttler,50 a lin-
ear dependence of ΦeffB and (η−1 − 1) on T−1 can be expected if
the barrier is laterally inhomogeneous with a Gaussian-shaped
barrier distribution. The corresponding plots are shown in the
inset of Fig. 9. Both, ΦeffB and (η−1 − 1), show a linear depen-
dence on T−1 over a large temperature range. At temperatures
above 400 K, (η−1 − 1) deviates from the linear dependence,
which might be due to annealing effects. From linear fits in
the range between 400 K and 200 K (1000/T = 2.5 and 5 K-1),
the mean barrier height and the standard deviation of the bar-
rier distribution as well as their voltage coefficients ̺2 and ̺3
can be determined to be 1.95 eV, 0.20 eV, 0.13, and −0.02 eV,
respectively.

After temperature cycling (highest T = 700 K), a RT IV-
measurement was performed on other contacts on the same
sample piece. While the ideality factor and the series resis-
tance of the contacts increased and the characteristic became
more “rounded,” the contacts remained rectifying with recti-
fication ratios up to 5 orders of magnitude. Overall, the rec-
tification ratio decreased by 0.4 orders of magnitude, while
the effective barrier height stayed about constant and the
ideality factor increased by about 0.2. A plot showing an
IV-characteristic before and after the IVT-measurement is
provided in the supplementary material.

Because of the high series resistance of the Schot-
tky contacts, investigation by standard capacitance-voltage
measurements was not possible. Nevertheless, quasi-static CV
measurements can be performed, due to the low reverse cur-
rent. Exemplary CV-characteristics are shown in the inset of
Fig. 10(a). In the main plot of Fig. 10(a), the C−2–V dependency
is shown. Different linear regions with different slopes are
observed and fitted in order to estimate the net-doping con-
centration in the corresponding voltage region. The curve in
region 1 was linearly extrapolated toward C = 0 in order to
estimate the built-in voltage Vbi. The results are summarized
in Table II.

By numerical modeling, the net-doping density Nt was
calculated in dependence on the space charge region width w
for each contact on the sample. The mean value of the doping-
profile is plotted in Fig. 10(b) with solid lines. The shaded areas
correspond to the standard deviations of the measurements
on the contact. Note that the change in the net-doping den-
sity not necessarily means, that there exists a real change in
the doping concentration.51 It is also possible that at cer-
tain voltages, deeper lying defects are lifted above the Fermi
energy and hence contribute to the net-doping density for
this and lower voltages. This could mean that the minimum
observed in the doping-profiles could be due to a deep lying
acceptor (also leading to compensation) similar to the case of
β-Ga2O3 thin films.42 However, more detailed investigations
are necessary to obtain a full understanding. Further, there are
differences in the net-doping density determined by QSCV-
measurements and the donor concentration determined by
Hall-effect measurements, since deeper lying defects con-
tribute to the QSCV-signal. Therefore, the net doping den-
sity may differ from fits of the Hall-effect data, especially if
materials with a large band gap and high barrier height are
investigated.

FIG. 10. Results of the quasi-static CV measurement. The inset of (a) shows the
capacitance in dependence of the voltage. In (a), C−2 vs. V is shown. The dif-
ferently labeled regions correspond to regions of different linear slope in the plot.
The net-doping densities and the built-in potential determined from linear fits can
be found in Table II. (b) shows the calculated net-doping profiles. The solid line
corresponds to the mean value of measurements on the rectifying contacts and
the shaded area to the standard deviation.

In this work we discussed structural, optical, and elec-
trical properties of (InxGa1−x)2O3 thin films, which were
prepared in orthorhombic modification up to x = 0.35
using pulsed-laser deposition. The growth rate of κ-
(InxGa1−x)2O3:Sn is higher than that for monoclinic thin films
suggesting that desorption processes were suppressed by the
tin-assisted PLD growth. Since Sn is not electrically active
in the orthorhombic phase, it is necessary to additionally
dope κ-(InxGa1−x)2O3 to create conducting samples. As a suit-
able donor, we identified Zr and performed electrical trans-
port measurements on a thin film with an admixture of
1.3 at. % Zr. The donor concentration is about 3 × 1017 cm−3

and its thermal activation energy is 190 meV. The rectifi-
cation ratio of Schottky barrier diodes was as high as six
orders of magnitude, and the homogeneous barrier height
is 1.35 eV. Temperature-dependent measurements revealed a

TABLE II. Results of the linear fits in the different regions seen in Fig. 10(a). For
region 1, also the built-in voltage was determined by linear extrapolation.

Nt (1018 cm−3)
Region 1 1.3
Region 2 0.74
Region 3 1.8

Vbi (V) Region 1 1.20
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strong increase in series resistance with decreasing tempera-
ture. Additionally, the DF and pseudo DF were derived for a
wide composition range in this work. Overall, the excellent
structural and morphological properties of κ-(InxGa1−x)2O3
compared to β-(InxGa1−x)2O3 heteroepitaxial thin films
make this material interesting for heterostructure-based
devices.

See supplementary material for several fitting equations
and additional figures about parameters of the Cauchy func-
tion and IV-characteristics of a contact at room temperature
before and after a temperature dependent IV-measurement to
temperatures up to 700 K.
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