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Abstract

Conduction and valence band offsets are amongst the most crucial material parameters for
semiconductor heterostructure device design, such as for high-electron mobility transistors or
quantum-well infrared photodetectors. Due to its expected high spontaneous electrical polarization
and the possibility of polarization doping at heterointerfaces similar to the AlGaN/InGaN/GaN
system, the metastable orthorhombic k-phase of Ga>O3 and its indium and aluminum alloy systems
are a promising alternative for such device applications. However, respective band offsets to any
dielectric are unknown, as well as the evolution of the bands within the alloy systems. We report
on valence and conduction band offsets of orthorhombic k-(AlxGai«)>03 and k-(InxGai«x)203 thin
films to MgO as reference dielectric by X-ray photoelectron spectroscopy. The thin films with
compositions X < 0.27 and xa1 < 0.55 were grown by pulsed laser deposition utilizing tin-doped
and radially-segmented targets. The determined band alignments reveal the formation of a type I
heterojunction to MgO for all compositions with conduction band offsets of at least 1.4 eV,
providing excellent electron confinement. Only low valence band offsets with a maximum of
~300 meV were observed. Nevertheless, this renders MgO as promising gate dielectric for metal-
oxide-semiconductor transistors in the orthorhombic modification. We further found that the
conduction band offsets in the alloy systems are mainly determined by the evolution of the
bandgaps, which can be tuned by the composition in a wide range between 4.1 and 6.2 eV, since
the energy position of the valence band maximum stays almost constant over the complete
composition range investigated. Therefore, tunable conduction band offsets of up to 1.1 eV within
the alloy systems allow for subniveau transition energies in (AlxGai-x)203/(InxGaix)203/(AlxGai.-
x203 quantum wells from the IR to the visible regime, which are promising for application in
quantum-well infrared photodetectors.
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Introduction

The wide bandgap semiconductor Ga;Os triggered enormous research efforts in recent years
regarding potential device applications in power electronics and sensing. This is due to its large
bandgap of 4.5-5.1 eV and consequently its large predicted electric breakdown field of about
8 MV/cm in the monoclinic modification, surpassing that of established materials such as SiC or
GaN'. The availability of commercial 2”, and recently also 4”, single crystal B-Ga>O3 wafers grown
from a melt stimulated these efforts additionally and several reviews dealt with the application of
the thermodynamically stable monoclinic f-phase' ™. However, in the last years growing interest
in the metastable phases of Ga)O; emerged. Especially the frequency of reports on the
orthorhombic k-modification (sometimes also referred to as €-Gaz03) is rapidly increasing lately.
Among the polymorphs of GayOs, this is the only crystalline phase expected to exhibit a
spontaneous electrical polarization along its c-direction that is predicted to surpass even the one of
GaN by one order of magnitude (23 pC/cm?)>®. The latter is the reason for the tremendously
increasing interest in this phase. The GaN, AlGaN, and InGaN system is already established for
applications such as high electron mobility transistors (HEMT)*!° or quantum-well infrared
photodetectors (QWIP)!! that utilize two dimensional electron gases (2DEGs) as active layer of the
device. Such 2DEGs feature both high carrier densities as well as mobilities and can be realized in
the GaN system solely by polarization doping, i.e. polarization differences at the interface of
GaN/AlGaN or GaN/InGaN heterostructures cause polarization charges that result in band bending,
localizing the 2DEG. The same then holds true for the orthorhombic modification of Ga;O3 only
with even higher expected sheet charge carrier densities at the interfaces to k-(InxGaix)203 or k-
(AlxGaix)203. HEMT structures and quantum wells containing 2DEGs are also possible in the
monoclinic modification'>"!”. However, they always require a delta-doped layer containing e.g. Si
that needs to be carefully designed in both concentration as well as distance to the heterointerface
of the alloy system!>"'*1® These complications would not be necessary in the orthorhombic
modification.

The k-phase of Ga2O3 has already been reported as thin film deposited by several different methods,
including pulsed-laser deposition (PLD)!®2°  halide vapor phase epitaxy?®?’, metal-organic
chemical vapor deposition’®3?, metal-organic vapor phase epitaxy>*=>’, mist chemical vapor
deposition (mist CVD)***2, molecular beam epitaxy (MBE)**** and others. Recently, one report
even achieved conductive doping of this phase by Si or Sn incorporation, which is necessary for a
variety of device applications®®. However, in PLD and MBE growth, tin is necessary as catalyst to
stabilize the orthorhombic modification at all, but is not incorporated in the thin film layer as active
donor element!®20:23-2544 Fyrther, several reports already deal with the alloying of this phase with
indium?*?>38 or aluminum?**° in a broad composition range, including bandgap engineering and
the evolution of lattice constants. However, other crucial alloy properties for 2DEG device design
are up to this day mostly unknown, the most critical ones are the evolution of the electrical
polarization upon In- or Al-incorporation as well as band offsets for the design of both HEMT
devices as well as quantum well heterostructures. To the best of the authors knowledge, only one
report deals with band offsets in the k-(AlxGaix)203 system for mist CVD grown layers that were
determined by X-ray photoelectron spectroscopy (XPS) measurements in a limited composition

range*’.



This report seeks to fill this fundamental gap both in the In- as well as in the Al-alloy system of the
orthorhombic modification, at least with respect to the band offsets. For this, phase pure thin films
of k-(InxGaix)203 and k-(AlxGai«)203 in a broad composition range (xm < 0.27 and xa1 < 0.55)
were grown on k-Ga>O3 buffer layers on c-sapphire substrates by vertical continuous composition
spread PLD (VCCS PLD)®. As reference dielectric, MgO (111) layers with less than 10 nm
thickness were deposited onto the alloy layers by PLD. The bandgaps of the alloy layers as well as
valence and conduction band offsets to MgO were determined by XPS. MgO was found to provide
excellent carrier confinement in the conduction band, forming heterostructures of type I in the
complete composition range (AE: > 1.4 eV). However, only small valence band offsets can be
realized. Heterostructures of the alloy systems are therefore expected to form type I interfaces as
well, where the changing bandgap mainly causes a tunable shift in the conduction band offset with
a flat evolution of the valence band edges. These results render the orthorhombic modification
promising for heterostructure device applications.

Methods

Sample Preparation

The investigated k-(InxGai«)203 and k-(AlxGaix)20; layers, as well as the k-Ga>xO3 growth
template and the MgO dielectric layer were grown by PLD. To vary the composition of the alloy
layers, radially-segmented targets were employed and the respective layers were grown from these
targets utilizing VCCS PLD. This technique, originally intended to realize composition gradients
in growth direction of a thin film layer, is also able to produce laterally homogeneous alloy layers
with any well-defined cation ratio to perform a discrete compositional screening. The variation and
control of the alloy composition is accomplished by the respective fixed radial position » of the
PLD laser spot on the employed elliptically-segmented target. A detailed description of this
technique can be found in Reference®. The targets were either homogeneous Ga>03 + 1 wt.% SnO:
or MgO targets for the k-Ga>O3 template layer or the MgO dielectric layer, respectively. The
elliptically-segmented target for the k-(InxGaix)203 alloy layers was a (Ino.4Gao.6)203/Ga203 target
with additional 1.5 at.% SnO. in each segment and for the k-(AlxGaix):0; alloy layers a
(Alp.4Gaos)203/Gaz05 or a (Alo2Gaoe)203/Ga203 target with additional 2 at.% SnO: in each
segment for both targets was employed, respectively. The exact target geometries can be found in
References?*?>* . The presence of tin is necessary to facilitate the growth of the Ga,Os based layers
in the metastable orthorhombic modification for the PLD deposition method!®2%?3, However, no
significant amount of tin is incorporated during growth, such that this species only serves as
surfactant or catalyst to stabilize the k-phase and not as a dopant. The target powders (all Alfa
Aesar) In203 (99.994 % purity), Al2O3 (99.997 % purity), Ga203 (99.999 % purity), SnO2 (99.9 %
purity) and MgO (99.998 % purity) were ball-milled, cold pressed and sintered in air at ~1650°C
for 6 hours (MgO), 1550°C for 72 hours ((In,Ga)>03) or 1350°C for 72 hours ((Al,Ga)>O3 and
Gax03) in the respective mixture and segmentation. The PLD system employs a KrF excimer laser
(Coherent LPX Pro 305 F) operating at 248 nm wavelength and 650 mJ pulse energy. The laser is
focused to a size of ~2X6.5 mm?, resulting in an energy density of ~2.6 J/cm? at the target surface.
A detailed description of the PLD setup can be found in References*® and*’. All samples and layers
were deposited on c-sapphire substrates (Crystec) at a laser repetition rate of 10 Hz. The oxygen
partial pressure and the growth temperature were set to 0.006 mbar and ~620°C for the samples



containing K-(InxGaix)203 layers and 0.002 mbar and ~620°C for the samples with k-(AlxGaix)203
layers, respectively. The k-(InxGaix)203 alloy layers were grown on a k-Ga>O3 template layer for
which 15000 laser pulses were applied on the binary target resulting in a buffer thickness of
~500 nm, while for the x-(AlxGaix)203 samples only 10000 pulses were used for the growth
template (thickness ~300 nm). For all subsequent alloy layers, 10000 pulses were applied to the
elliptically-segmented targets resulting in alloy layer thicknesses in the range of 150-600 nm
depending on the exact composition. A detailed investigation on the growth of the orthorhombic
binary as well as alloy thin film layers can be found in References!'®?*%3. The composition of the
alloy layers was varied between x11=0-0.27 and xa1 = 0-0.55 by the radial position » of the PLD
laser spot on the target surface. For the MgO dielectric layers on the k-(InxGaix)203 samples, a
total of 1500 pulses were applied (layer thickness ~7.5 nm) at an oxygen partial pressure of 0.006
mbar and a temperature of ~620°C. These layers were grown in-situ after the deposition of the
alloy layer. The MgO layers on the k-(AlxGaix)203 samples were deposited with a total of 1000
pulses (layer thickness ~5 nm) at an oxygen partial pressure of 3X10* mbar and a temperature of
~400°C. For these, all k-(AlxGaix)203 samples were deposited with vacuum break in the PLD
chamber in a different growth process. The growth of the alloy layers purely in the orthorhombic
modification was confirmed by X-ray diffraction (XRD) 26-w scans, where a PANalytical X'pert
PRO MRD diffractometer with Cu K, radiation, using a parabolic mirror and PIXcel’" detector,
was employed. Typical XRD scans can be found in Supplementary Figure S1.

Photoelectron Spectroscopy

X-ray photoelectron spectroscopy measurements were performed at Humboldt-Universitit zu
Berlin, using a JEOL JPS-9030 setup with a base pressure of 3x10° mbar, employing the
Ko radiation of a non-monochromated Al X-ray source (hv=1486.6¢V) for excitation and a
hemispherical analyzer to detect the kinetic energy of the emitted electrons. The samples were
measured without further surface treatment. The C 1s core level was set to 248.8 eV binding energy
for reference.

Results
Elemental composition

While the sampling depth of techniques like energy dispersive X-ray spectroscopy (EDX) or
Rutherford backscattering (RBS) is too large to reliably analyze the elemental composition of
k-(Al,In)xGa,.xO3 thin films epitaxially grown on k-Ga>O3 templates, X-ray photoelectron
spectroscopy (XPS) is perfectly suited for that purpose*®. The sampling depth of this technique is
only a couple of nanometers, allowing for a reliable determination of the film composition on
substrates containing the same elements. Representative survey spectra of AliGarxOs; and
InxGax.xO3 are shown in Supplementary Figure S2. Besides gallium, oxygen, aluminum, indium
and adventitious carbon, also a small tin signal could be observed, stemming from the Sn surfactant
layer needed to trigger the growth in the k-phase'®. A determination of the Al content was done by
analyzing the area of the Ga 2p32 and the area of the Al 2p core levels after Shirley background
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Figure 1: Fits of the Ga 3d and In 4d core level
region for different In contents. The In content
is determined by comparing the area of the In 4d
and the Ga 3d peaks. A small Sn 4d signal is
present due to the tin surfactant layer.

subtraction, using sensitivity factors of Sgq 2p, = 71.2 and Sy; ,, = 2.3. Corresponding spectra

are shown in Supplementary Figure S3. The In content was more directly determined by fitting the
Ga 3d and the In 4d core level spectra as shown in Figure 1. Since the kinetic energies of these core
levels are very similar, uncertainties due to different electron mean-free paths are eliminated. For
the determination of the In content, sensitivity factors of S;,34 = 4.7 and S;;, 44 = 9.8 were
employed. Doublet splittings of 0.46 eV and 0.88 eV were used for the Ga 3d and In 4d doublets,
respectively. Here again a small contribution from the Sn surfactant layer can be seen as the Sn 4d
core level. All In and Al contents are summarized in Supplementary Table 1.

Valence band offset determination

For the determination of valence band offsets by XPS one employs the fact that the energy
difference between the valence band maximum and a core level is constant for a given material.
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Figure 2: Schematic energy level diagram,
demonstrating the energies used to determine the
VB offsets AEy.

Therefore, by determining this difference for two pristine materials, one can determine the valence
band offset between both materials in a heterostructure by measuring the core level binding energy
of both materials. In our case we used the Mg 1s core level of MgO and the Ga 2p3/» core level of
([Al,In]xGai1x)203. The employed energy levels are schematically shown for the GaxO3/MgO
interface in Figure 2. From these one can determine the VB offset AEy, of the materials as follows:*’
AEy = AEqy — (Efy gy 7020 — Emeaia200) 4 (£00 — Eyif)

Here AE; is the binding energy difference between the Ga 2ps3» and the Mg 1s core levels
measured at the heterostructure and the energies in brackets are the respective binding energies of
the pristine materials. The corresponding core level as well as the valence band spectra are shown
for MgO and exemplarily for Ga>Os in Figure 3. The core level positions were determined by fitting
with a Voigt-peak after Shirley-background subtraction (uncertainty =25 meV) and the VB onsets
were determined from linear extrapolation of the leading edge to the background (uncertainty
~+75 meV), as indicated by the two red lines in Figure 3 b) and d). The binding energy of all spectra
was referenced to the C 1s signal of adventitious carbon, set to 248.8 eV. However, it should be
noted that only the energy difference plays a role for the VB offset determination, not the absolute
energy position. The measured core level binding energies, valence band onsets and the thereby
calculated valence band offsets are summarized in Table I in the SI for all In and Al contents.

Band gap determination from XPS

It has been demonstrated that the band gap of wide band gap materials can be obtained from XPS
measurements, by analyzing the onset of the inelastic background at the high binding energy side
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Figure 3: Exemplary core level and valence band
spectra of Ga>O3 [a) and b)] and MgO [¢) and d)].
The core level position is determined after
Shirley-background correction and fitting with a
Voigt-peak. The valence band onset is determined
from a linear extrapolation of the leading edge to
the background, as indicated by the two red lines.
The two peaks in the Ga>xO3 VB spectrum at 8 and
10 eV binding energy are satellites from the Ga
3d core level, due to the non-monochromated X-
ray excitation.

of a strong core level peak®®>2. This is because the energetically lowest inelastic scattering that a
photoelectron can experience on its way to the surface is the excitation of an electron from the
valence band to the conduction band. However, the probability for this scattering event is low and
therefore as well the intensity of the inelastic background, which makes prolonged acquisition time
necessary for an adequate signal-to-noise ratio. For the band gap determination in this study, we
used the O 1s core level, as exemplarily shown in Figure 4 a) for Alo.72Gai2803. However, it should
be noted that in principle every core level could be used for this purpose. Figure 4 b) shows a zoom
into the background region of the O 1s core level, as indicated by the black box in Figure 4 a). The
x-axis here is relative binding energy with respect to the O 1s peak position. A linear extrapolation
of the onset of the inelastic background to the constant background gives a band gap of 5.7 eV in
the case of Alo72Gai2803. The determined band gap values for all In and Al compositions are
summarized in Supplementary Figure S4 and are in agreement with recently determined values
from transmission spectroscopy>*?°. It should be mentioned that for higher In contents the band
gap determined by this method might be overestimated, as the onset of the inelastic background
and the core level peak start to partially overlap, making a determination of the constant
background difficult. For MgO the band gap determination was a bit more involved, as the O 1s
peak consisted of two components [see Supplementary Figure S5 a)]. One at 532.28 eV, which can
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Figure 4: a) Ols core level spectrum of
Alp72Ga12803. The Ols peak position is at
530.37 eV binding energy. b) Zoom into the
inelastic background region marked in a). The
distance of the onset of the inelastic background,
as determined from linear extrapolation as
marked in red, to the Ols core level position
corresponds to the band gap of the material,
which is 5.7 eV in this case.

be attributed to Mg bound to —OH groups at the surface 3¢, Referencing the inelastic background
onset to this peak would lead to a severe underestimation of the band gap. A second peak at 530.42
eV can be attributed to Mg bound to bulk oxygen. Referenced to this peak, the inelastic background
onset yields a band gap of 7.7 eV, in good agreement with literature>”->%.

Discussion

The measured band positions of k-([Al,In]xGaix)203 with respect to the MgO bands are
summarized for all measured In and Al contents in Figure 5. The CB values as calculated from
band gaps determined by transmission experiments***** are shown for comparison as well and are
in good agreement. We find that both x-(AlxGaix)203 and k-(InxGaix)203 form a type I
heterostructure with MgO. Conduction band offsets of at least 1.4 eV for all compositions provide
excellent carrier confinement for electrons exceeding the required 1 eV recommended in literature
for MOS transistors>’. The magnitude of these offsets is similar to those of established dielectrics
such as Si0;, AlO3, HfO; or HfSiO4 to various other polymorphs of the (AlxGai.x)203/(InxGai-
203 alloy systems®* 62, Therefore, this material might be a promising alternative to these
established gate dielectrics in HEMT or other field-effect transistor applications based on Ga;0Os3,
as also recently suggested for the monoclinic modification®*. The valence band offsets are
comparably small and no correlation could be found between the offset magnitude and the Al or In
content. A much weaker change in the valence band offset compared to the evolution of the
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Figure 5: Summary of the energy levels at the a)
(InxGaix)203/MgO interface and b) at the
(AlxGaix)203/MgO interface as determined
from XPS (red) and transmission*>** (blue)
measurements. The measured energy levels
render the (AlxGai«)203/(InxGaix)203/(AlxGai-
x)203 a promising heterostructure for quantum
wells.

conduction band has been found also for mist-CVD grown k-(AlxGai-x)203 films. Notably, a similar
trend in the valence band offsets has also already been observed for other polymorphs of the alloy
systems, such as the monoclinic B- as well as cubic y-(AlxGaix)203 alloy®® and the (InxGa1x)203
alloy in monoclinic or X-ray amorphous modification®. DFT calculations further predicted the
same flat evolution of the valence band maximum, both for the monoclinic B- as well as the
rhombohedral a-phase of the (AlxGaix).03 alloy in the complete composition range between
Ga;0; and ALO; in the respective modification®. This behavior therefore might not be an
exclusive property of the orthorhombic modification, but seems to be the case for all known
modifications of the alloy phases of Ga,O3. However, there are also reports on band offsets of S0,
or HfO; to B-(AlxGaix)203 thin films, where the valence band offsets are changing much more
drastically over a similar composition range of up to 53 at. % aluminum®-%2, One might therefore
be cautious when comparing band offsets in literature even for identical dielectric/semiconductor
combinations. Looking at the energy position, one can assume that (AlxGaix)203/(InxGa;.-
x)203/(AlxGaix)203 in the orthorhombic modification could render a promising heterostructure for
quantum wells with applications as QWIPs or even in HEMT structures. Subniveau transition
energies in the conduction band of QWs can therefore be tuned up to a value of 1.1 eV such that
detectable wavelengths from the far IR up to the visible might be covered by QWIPs in the
investigated composition range.

Conclusion



In summary, by XPS measurements we determined band offsets as well as band gaps of the
([ALIn]xGaix)203 alloy system in the metastable orthorhombic modification over a broad
composition range of up to xm<0.26 and xa<0.55. The corresponding thin films were grown by
pulsed laser deposition. The employed reference dielectric MgO forms a type I heterostructure to
the alloy thin films for all investigated compositions and provides excellent electron confinement
with conduction band offsets of at least 1.4 eV. However, valence band offsets of only up to 0.3
eV were determined, such that hole confinement might be an issue. This report is to date the most
conclusive investigation on band offsets of the alloy systems in the widest range of compositions
for the metastable orthorhombic modification of Ga;Os;. Our results render this material a
promising alternative as gate dielectric for ([Al,In]xGaix)203 MOS structures, where typically
electrons are the majority charge carriers since p-type doping seems not to be feasible in Gax0s.
We further found a negligible change in the energy position of the valence band maximum of the
alloy layers with increasing aluminum or indium content, such that the conduction band offsets are
mainly determined by the evolution of the band gap. A maximum value of this offset of 1.1 eV in
combination with the expected polarization jumps at heterointerfaces and the possibility of
polarization doping renders the alloy systems in the orthorhombic modification a promising
alternative for applications as heterostructures in QWIPs or HEMTs. Especially in QWIPs, this
would allow for tunable transition energies from the IR to the visible spectral range.
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