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a b s t r a c t

X-Ray Photoelectron Spectroscopy was used to determine the valence band offset at Al2O3/b-Ga2O3

heterointerfaces. The Al2O3 was deposited either by Atomic Layer Deposition (ALD) or rf magnetron
sputtering and the synthesis method was found to have a very significant effect on the resulting band
alignment. The bandgaps of the materials were determined by Reflection Electron Energy Loss Spec-
troscopy as 4.6 eV for Ga2O3 and 6.9eV for Al2O3 deposited by either method. The valence band offset was
determined to be 0.07eV ± 0.20 eV (straddling gap, type I alignment) for ALD Al2O3 on Ga2O3 and
-0.86 ± 0.25 eV (staggered gap, type II alignment) for sputtered Al2O3. This led to conduction band offsets
of 2.23 ± 0.60 eV for ALD Al2O3 and 3.16 ± 0.80 eV for sputtered Al2O3, respectively. The choice of
deposition method for the dielectric alters the type of band alignment for the Al2O3/Ga2O3 system from
type I alignment to type II. Since the main difference is expected to be the disorder at the dielectric/Ga2O3

interface, this shows how synthesis method can affect the resulting band alignment.
© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The b-polymorph of Ga2O3 is attracting interest for high power
switching electronics, solar-blind UV photodetectors and sensors.
Ga2O3 is commercially available in large diameter, bulk single-
crystal form and impressive demonstrations of high quality epi
grown by Hydride Vapor Phase Epitaxy (HVPE) and Metal Organic
Chemical Vapor Deposition (MOCVD) have been reported [1e13].
The large bandgap of Ga2O3 means that it has a theoretical break-
down field of ~8 MV cm�1, which is higher than either GaN or SiC
[4,8]. This leads to high theoretical power electronics figures-of-
merit [4,6,8e11,14]. Different types of Ga2O3-based power recti-
fiers and transistors have been reported [4,6e17]. Both metal-
semiconductor field effect transistors (MESFETs) and metal-oxide
esemiconductor field effect transistors (MOSFETs) have been re-
ported for Ga2O3 [7,8,11,12,15e17]. It is desirable to have metal-
oxide-semiconductor (MOS) gates on transistors for improved
thermal stability, threshold voltage control and lower interface
state density than with metal gates [4,6,11,18e20]. The gate di-
electrics employed to date [21e26] have typically been either
Atomic Layer Deposited (ALD) or Pulsed Laser Deposited (PLD)
Al2O3 or HfO2, [8,11,12,22e24] along with Plasma Enhanced
Chemical Vapor Deposited SiO2 [4,6,21,25].

Since a gate dielectric must act as a barrier to both electrons and
holes and because band discontinuities can form a barrier for car-
rier transport across the interface, the knowledge of heterointer-
face band alignment is essential for predicting the transport
properties of the interface, or the electrostatic potential in a het-
erojunction device. Materials with a high dielectric constant (high-
K) are desirable for Ga2O3 MOSFETs, since the higher capacitance
can reduce the effect of interface traps, and therefore reduce the
device operating voltage [4,6,21e24]. However, many of the high-K
dielectrics available are often synthesized in polycrystalline form,
which is undesirable due to impurity diffusion through grain
boundaries and there are fewer choices with sufficiently high
bandgap to get the desired >1 eV conduction and valence band
offsets [4,11,12]. Kamimura et al. [22] measured a band gap of
6.8 ± 0.2 eV for ALD Al2O3 and the conduction and valence band
offsets at the interface were estimated to be 1.5 ± 0.2 eV and
0.7 ± 0.2 eV, respectively. Hung et al. used capacitance-voltage
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Fig. 1. XPS survey scans of thick sputtered or ALD Al2O3, 1.5 nm sputtered or ALD Al2O3

on Ga2O3 and Ga2O3 bulk sample.
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profiling on ALD Al2O3/b-Ga2O3 interfaces and found a conduction
band offset of 1.7 eV. Hattori et al. [24] measured conduction and
valence band offsets of 1.9 and 0.5 eV, respectively for high quality
epitaxial films of g-Al2O3 deposited by PLD on single-crystal Ga2O3.
Thus there is a difference of 0.4e0.6 eV in the reported conduction
band offsets for Al2O3 on Ga2O3 for well-controlled dielectric
deposition methods. In a similar vein for other dielectrics on Ga2O3,
Konishi et al. [21] obtained a conduction band offset of 3.1 ± 0.2 eV
and a corresponding valence band offset of 1.0 ± 0.2 eV for the SiO2/
Ga2O3 interface where the dielectric deposition was by PECVD. Jia
et al. [25] got a much smaller valence band offset (0.43 eV)
measured with X-Ray Photoelectron Spectroscopy (XPS) for SiO2
deposited by ALD on single crystal b-Ga2O3, with a corresponding
larger conduction band offset of 3.63eV. Wheeler et al. [26]
measured the band alignment between ALD ZrO2 or HfO2 and b-
Ga2O3 and both dielectrics resulted in a type II, staggered gap
alignment with a conduction band offset of 1.2 and 1.3 eV for ZrO2
and HfO2 films, respectively.

There is typically variability reported in the literature for both
valence and conduction band offsets for dielectrics on electronic
oxides or semiconductors [26e28]. Some of the causes include
metal contamination, interface disorder, dielectric composition,
carbon/hydrogen contamination, annealing, stress/strain and sur-
face termination [27,28]. The presence of these effects can result in
differences in the bandgap of the dielectric and this affects the
conduction band offset since the valence band offset is directly
measured. However, the latter can also be affected by most of these
same issues [29]. A comparison of ALD deposited dielectrics with
sputtered films allows us to identify mechanisms that can lead to
differences in band alignment.

In this paper, we report on the determination of the band
alignment in the Al2O3/Ga2O3 heterostructure, in which the Al2O3
was deposited by either ALD or sputtering. We employ X-Ray
Photoelectron Spectroscopy (XPS) to determine the valence band
offsets and by measuring the respective bandgaps of the Al2O3
(6.9 eV) and Ga2O3 (4.6 eV), we were also able to determine the
conduction band offset in Al2O3/Ga2O3 heterostructures and show
that the dielectric deposition method has a very large effect on the
band alignment.

2. Experimental

The bulk b-phase Ga2O3 single crystals with (�201) surface
orientation (Tamura Corporation, Japan) were grown by the edge-
defined film-fed growth method. Hall effect measurements
showed the sample was unintentionally n-type with an electron
concentration of ~3 � 1017 cm�3. The samples were cleaned using
UV/ozone exposure and solvent rinses prior to insertion into the RF
magnetron sputtering or ALD systems used for Al2O3 deposition.
The sputtering was carried out at room temperature using a 3-in.
diameter target of pure Al. The RF power was 350 W and the
working pressure was 5 mTorr in a 3%O2/Ar ambient. The ALD
layers were deposited at 200 �C in a Cambridge Nano Fiji 200 using
a trimethylaluminum source and a remote inductively coupled
plasma (ICP) at 300 W to generate atomic oxygen. Plasma mode
ALD helps lower contaminants in the film and reduces the nucle-
ation delay while minimizing ion induced damage by utilizing a
remote source. Both thick (200 nm) and thin (1.5 nm) layers of the
Al2O3 were deposited by both methods to allow measurement of
both bandgaps and core levels on the b-Ga2O3 [30e32].

To obtain the valence band offsets, XPS survey scans were per-
formed to determine the chemical state of the Al2O3 and Ga2O3 and
identify peaks for high resolution analysis [30,31]. A Physical
Electronics PHI 5100 XPS with an aluminum x-ray source (energy
1486.6 eV) with source power 300 W was used, with an analysis
area of 2 mm � 0.8 mm, a take-off angle of 50� and an acceptance
angle of ±7�. The electron pass energy was 23.5eV for the high
resolution scans and 187.5eV for the survey scans. The samples
were exposed to ambient when transferred to the XPS system and
thus the surface will have carbon resulting from this exposure.
Greczynski and Hultman [33] have recently shown that using this
carbon as a binding energy reference, which is the commonly used
approach, can actually be subject to significant error.

Charge compensation was performed using an electron flood
gun. The charge compensation flood gun is often not sufficient at
eliminating all surface charge, and additional corrections must be
performed. Using the known position of the adventitious carbon
(C-C) line in the C 1s spectra at 284.8 eV, charge correction was
performed. During the measurements, all the samples and electron
analyzers were electrically grounded so they were performed
providing a common reference Fermi level. Differential charging is
a serious concern for photoemission dielectric/semiconductor band
offset measurements [32,33].While the use of an electron flood gun
does not guarantee that differential charging is not present and in
some cases could make the problem worse, our experience with
oxides on conducting substrates has been that the differential
charging is minimized with the use of an electron gun. Calibrations
with and without the gun and verified that was the case. This
procedure has been described in detail previously [28,29]. How-
ever, as discussed earlier, the use of referencing against the C 1s
peak is not always a reliable approach [33].

Reflection electron energy loss spectroscopy (REELS) was
employed to measure the bandgaps of the Al2O3 and Ga2O3. REELS
is a surface sensitive technique capable of analyzing electronic and
optical properties of ultrathin gate oxide materials because the
low-energy-loss region reflects the valence and conduction band
structures [32]. REELS spectra were obtained using a 1 kV electron
beam and the hemispherical electron analyzer.
3. Results and discussion

Fig. 1 shows the stacked XPS survey scans of thick (200 nm)
sputtered and ALD deposited Al2O3, 1.5 nm ALD or sputtered Al2O3
on Ga2O3 and finally, the bulk Ga2O3 crystals. The spectra are free
from metal contaminants and consistent with past published XPS
data on these materials [25,26,34]. In particular, we looked
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carefully for the presence of metallic contaminants in the sputtered
films whose oxides might lower the overall bandgap of the Al2O3
and thus affect the band alignment. However these were not
detected to the sensitivity level of XPS. There is the presence of
adventitious carbon from the atmospheric exposure of the samples
during transfer between the various deposition tools and the XPS
system.

The valence band maximum (VBM) was determined by linearly
fitting the leading edge of the valence band and the flat energy
distribution from the XPS measurements, and finding the inter-
section of these two lines [30], as shown in Fig. 2 for the bulk Ga2O3
(top) and thick Al2O3 (bottom). The VBM was measured to be
3.2 ± 0.2 eV for Ga2O3, which is consistent with previous reports
[21e23,30] and 3.25 ± 0.3 eV for the ALD Al2O3 or 2.58 ± 0.3 eV for
the sputtered Al2O3. The shift in these levels for the different syn-
thesis techniques indicates the likely presence of interfacial disor-
der caused by the sputtering [35e41].

The bandgap of the Ga2O3 was determined to be 4.6 ± 0.3 eV, as
shown in the REELS spectra in Fig. 3(top). The band gap was
determined from the onset of the energy loss spectrum [32]. The
Fig. 2. XPS spectra of core levels to valence band maximum (VBM) for bulk Ga2O3 (top)
and thick film Al2O3 deposited by either sputtering or ALD (bottom).

Fig. 3. (top) Reflection electron energy loss spectra to determine the bandgap of bulk
Ga2O3 (top) and for thick ALD or sputtered Al2O3 (bottom).
measured band gap for both the sputtered and ALD Al2O3 was
6.9 ± 0.6 eV from the REELS data of Fig. 3(bottom), which is
consistent with literature values. The difference in bandgaps be-
tween Al2O3 and Ga2O3 is therefore 2.3 eV. To determine the actual
band alignment and the respective valence and conduction band
offsets, we examined the core level spectra for the samples.

High resolution XPS spectra of the VBM-core delta region are
shown in Fig. 4 for the Ga2O3 (top) and thick sputtered and ALD
Al2O3 (bottom) samples. Once again, there was a difference for the
two types of Al2O3 films. Fig. 5 shows the XPS spectra for the Ga2O3
to Al2O3-core delta regions of the two types of heterostructure
samples. These values are summarized in Table 1 for the three
samples examined and these were then inserted into the following
equation to calculate DEv [42e46]:

DEV ¼ ðECore � EVBMÞRef : Ga2O3
� ðECore � EVBMÞRef : Al2O3

�
�
EGa2O3
Core � EAl2O3

Core

�Al2O3

Ga2O3

In this equation, the reference Ga2O3 and Al2O3 subscripts refer
to the core and valence bandmaxima in the “thick” samples of each,
whereas the last term refers to the core energy levels measured in



Fig. 4. High resolution XPS spectra for the vacuum-core delta regions of (top) the bulk
Ga2O3 (top) and sputtered or ALD Al2O3 (bottom).

Fig. 5. High resolution XPS spectra for the Ga2O3 to Al2O3-core delta regions for both
types of Al2O3.
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the composite sample with thin Al2O3 on bulk Ga2O3.
Fig. 6 shows the band diagrams of the Al2O3/Ga2O3 hetero-

structure for both types of Al2O3. Our data shows the alignment is a
nested, type I alignment for the ALD Al2O3, with a valence band
offset of 0.07 ± 0.20 eV and the conduction band offset is then
2.23 ± 0.6 eV using the following equation: DEC ¼ EAl2O3

g � EGa2O3
g �

DEV ,ie. DEC ¼ 6:9eV � 4:6eV � 0:07eV ¼ 2:23eV. Note that the
error bar in the valence band offset means it could still be a stag-
gered type II interface, but the main point is that the magnitude of
the valence band offset is very small.

By sharp contrast, the sputtered film has a staggered, type II
alignment with Ga2O3, with a valence band offset of�0.86 eV and a
conduction band offset of 3.16eV. It is known that sputtered films
containing metallic contaminants and interfacial disorder due to
the sputter-induced damage [36e42], suffer from Fermi level
pinning effects and are less likely to be accurate than a more
controlled process such as ALDwith a more abrupt interface and far
fewer expected defects. In our case, we know that contamination is
a not a significant problem and thus the main contributor is
surface-induced disorder. A number of papers have reported on the
presence of interfacial defects, such as oxygen or metal atom va-
cancies, and the effect that they can have on the band offsets of
materials [35e43]. The literature shows that energy band align-
ment variations of sometimes more than 1 eV depending on
interface preparation can be obtained [35e39,45,46], due to the
presence of high defect concentrations in the materials and on a
cation effect that will increase the VBM of that material. Modeling
has shown that the defect density has to be at least 1012 e�/cm2 to
produce significant shifts [36]. Defect densities of this magnitude
will produce a shift up or down, depending on the sign of the
charge, of ~0.3eV. We see a substantial shift of the VBM for the
sputtered material to higher energies by 0.60 eV.

These band alignments differences for the same heterostructure
are a strong function of the deposition methods, where, for
example, sputtering may create more interfacial disorder and have
metallic contamination that alters the bandgap of the dielectric.
The literature on band alignments on b-Ga2O3 is not yet extensive
enough to draw those conclusions for this material, but already
variations have been reported for nominally similar dielectrics.
Kamimura et al. [22] reported a valence band offset of 0.7 ± 0.2 eV
for ALD Al2O3 on Ga2O3 using similar deposition conductions to
those used in our work. They showed the presence of a significant
density of border traps in their Al2O3 from capacitance-voltage
data, but the differences with our results show that even nomi-
nally similar dielectric deposition conditions can still lead to vari-
ations in reported band alignments. Similarly, Hattori et al.
obtained a valence band offset of 0.5eV for this interface when
using PLD Al2O3. Their electrical measurements found a high
interface trap density at the interface, which was also the case in
ALD Al2O3/Ga2O3 interfaces synthesized by ALD. We would expect
sputter deposition to create even more surface disorder. Interest-
ingly, the measured offsets are also different than predicted by the
difference in electron affinity between the Al2O3 and the Ga2O3,
which points to an important role for interfacial charge and trap
states [23].

4. Summary and conclusions

The alignment at Al2O3/Ga2O3 heterojunctions is found to be
dependent on how the dielectric was deposited. For ALD Al2O3, it
has a has a nested gap alignment of band offsets with a valence
band offset of 0.07eV and a conduction band offset of 2.23 eV
determined from XPS measurements, while for sputtered Al2O3 on



Table 1
Values of band offsets determined in these experiments (eV).

Reference Ga2O3 Reference Al2O3 Thin Al2O3 on Ga2O3

Ga2O3 metal
core

Ga2O3

VBM
Metal Core
level

Metal core - Ga2O3

VBM
Deposition
Method

Al2O3

VBM
Al 2p core
level

Al 2p -
VBM

Delta Core Levels Ga 2p3/2 - Al
2p

Valence band
offset

Ga2p3/2 3.20 1118.10 1114.90 ALD 3.25 74.40 71.15 1043.68 0.07
Sputter 2.58 74.33 71.75 1044.01 �0.86

Fig. 6. Band diagrams for Al2O3/Ga2O3 heterostructures in which the Al2O3 was deposited by sputtering or ALD.
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the same Ga2O3, there is a type II alignment with a conduction band
offset of �0.86 eV and a conduction band offset of 3.16 eV. The
conduction band offsets in either case are large and provide
excellent electron confinement, but the valence band offsets are
smaller than desirable for limiting hole transport. The main result
of this work is that the band alignment of a common dielectric on
Ga2O3, measured under the same conditions, is quite different
depending on the dielectric deposition method. This study is a
cautionary tale of why the literature can show significant variations
in reported band offsets for heterostructures.
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