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The wide-bandgap ternary (AlxGa1�x)2O3 forms a heterostructure system with
Ga2O3 that is attracting attention for modulation-doped field-effect transis-
tors. The options for gate dielectric on (AlxGa1�x)2O3 are limited by the need
for adequate band offsets at the heterointerface. Al2O3 deposited by atomic
layer deposition (ALD) is one option due to its large bandgap (6.9 eV). We
measured the valence-band offset at the Al2O3/(Al0.14Ga0.86)2O3 heterointer-
face using x-ray photoelectron spectroscopy (XPS). Al2O3 was deposited by
ALD onto single-crystal b-(Al0.14Ga0.86)2O3 (bandgap 5.0 eV) grown by
molecular beam epitaxy (MBE). The valence-band offset was determined to be
0.23 ± 0.04 eV (straddling gap, type I alignment) for ALD Al2O3 on b-(Al0.14-

Ga0.86)2O3. The conduction-band offset was 1.67 ± 0.30 eV, providing good
electron confinement.

Key words: Band offset, dielectric, (AlGa)2O3, atomic layer deposition, band
alignment

INTRODUCTION

b-Ga2O3 has attracted significant attention
recently for applications in power switching elec-
tronics and solar-blind ultraviolet (UV) detec-
tion.1–16 Of the phases in which Ga2O3 can exist,
the b monoclinic polymorph is the most widely
studied due to its bandgap of � 4.8 eV and avail-
ability in large-diameter, bulk wafer form.1–5 There
have been recent reports of excellent device perfor-
mance for rectifiers, transistors, and solar-blind
photodetectors on bulk, epitaxial, and thin flakes of
b-Ga2O3.6–21 Ga2O3 has a theoretical field break-
down of � 8 MV/cm, above the theoretical limits for
both SiC and GaN. A three-terminal breakdown
voltage of doped lateral Ga2O3 metal–oxide–semi-
conductor field-effect transistor (MOSFETs) of
1850 V was reported for a device with gate–drain
distance of 20 lm, while a breakdown voltage of

324 V was obtained for a device with gate–drain
separation of 0.8 lm under �32 V gate bias, giving
an average lateral gate-to-drain electric field
strength of 4.4 ± 0.2 MV/cm.13 The field plate in
these devices comprised a composite of ALD Al2O3

and plasma-enhanced chemical vapor-deposited
(PECVD) SiO2 layers.13 The highest reverse break-
down of a vertical Ga2O3 Schottky diode is 2300 V,
obtained with dielectric field plates.14

The choice of gate dielectric in either MOSFET,
metal–insulator–semiconductor field-effect transis-
tor, or field plates for rectifiers is important for
optimizing device performance.17 The band discon-
tinuities form a barrier to carrier transport across
the interface, and a � 1 eV difference in band edges
between the insulating dielectric on the gated area
and the channel semiconductor is needed to achieve
a sufficient energy barrier to hole and electron
leakage current.2,3,6,17 The majority of published
MOSFET, field plate, or passivation work on Ga2O3

and related alloys has typically used either ALD
Al2O3 or HfO2 or ALD and PECVD SiO2 and Al2O3(Received September 28, 2018; accepted December 12, 2018;

published online January 4, 2019)
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as the gate dielectrics, with conduction-band differ-
ences reported from 1.5 eV to 3.1 eV.18–37

Improved MOSFET performance can be achieved
by employing b-(AlxGa1�x)2O3 (for which we use the
acronym AGO) monoclinic-phase ternary alloys.
This allows the bandgap to be tuned from 4.8 eV
to 6 eV, assuming miscibility.18–23 In perhaps the
biggest breakthrough for this material so far,
ternary heterostructure field-effect transistors
(HFETs) based on an (AlxGa1�x)2O3 barrier epitax-
ially grown on a b-Ga2O3 buffer on a native sub-
strate exhibited a two-dimensional electron gas, as
evidenced by Shubnikov–de Haas oscillations at low
temperature.18–23 In these structures, the value of x
is typically 0.12 to 0.17, which produces high-
quality epitaxial growth and sharp heterointerfaces
and does not create excessive densities of threading
dislocations. Figure 1a shows some candidate
dielectrics on (AlxGa1�x)2O3 as a function of band-
gap and dielectric constant (K). Note that the
variation in dielectric constant over the composition
range of AGO is small compared with the scale.38

Materials with high K are used to reduce the effect
of interface traps, and reduce the operating
voltage.4–6,21–24,40–43

Carey et al.41 reported the valence-band offsets at
Al2O3/b-Ga2O3 heterointerfaces. The Al2O3 was
deposited by either ALD or sputtering, and the
synthesis method was found to have a strong effect
on the resulting band alignment. While the bandgap
was 6.9 eV for Al2O3 deposited by either method,
the valence-band offsets were different for the two

deposition methods, with 0.07 ± 0.20 eV (straddling
gap, type I alignment) for ALD Al2O3 and
� 0.86 ± 0.25 eV (staggered gap, type II alignment)
for sputtered Al2O3. Since the main difference is
expected to be the disorder at the dielectric/Ga2O3

interface, this shows how the synthesis method can
affect the band alignment.

We report herein a determination of the band
alignment in the Al2O3/b-(Al0.14Ga0.86)2O3 heterostruc-
ture, in which amorphous Al2O3 was deposited by ALD
onto single-crystal (Al0.14Ga0.86)2O3 grown by molecu-
lar beam epitaxy (MBE). We employed XPS to deter-
mine the valence-band offsets, and by measuring the
respective bandgaps of the Al2O3 (6.9 eV) and b-
(Al0.14Ga0.86)2O3 (5.0 eV), we also determined the con-
duction-band offset.

EXPERIMENTAL PROCEDURES

Al2O3 was deposited by ALD on (Al0.14Ga0.86)2O3/
Ga2O3 samples and also quartz substrates. The
latter were used for dielectric constant and compo-
sition measurements.39–42 Both thick (200 nm) and
thin (1.5 nm) layers of the dielectrics were deposited
to measure both the bandgaps and core levels on b-
(Al0.14Ga0.86)2O3. For substrate cleaning predeposi-
tion, the following rinse sequence was employed:
acetone, isopropyl alcohol (IPA), dry N2, and finally
ozone exposure for 15 min. ALD layers were
deposited at 200�C in a Cambridge Nano Fiji 200
using a trimethylaluminum source and a remote
inductively coupled plasma (ICP) of O2 at 300 W.

Epi (Al0.14Ga0.86)2O3 was grown by MBE. The
composition is representative of heterostructure
devices reported to date.18–23 The AGO was doped
with Si to produce an n-type carrier density of
1017 cm�3 and was 55 nm thick. The donor concen-
tration was determined by electrochemical capaci-
tance–voltage (ECV) profiling at frequency of
740 Hz on calibration samples, and the composition
was determined by x-ray diffraction analysis. Since
the Si dopant should be ionized at room tempera-
ture, the carrier density is closely correlated with
the Si donor concentration, a fact confirmed by
secondary-ion mass spectrometry. These epitaxial
layers were grown on top of Sn-doped
(6.3 9 1018 cm�3) bulk b-phase Ga2O3 single-crystal
substrates (500 lm thick) with (010) surface orien-
tation (Tamura Corporation, Japan) grown by the
edge-defined film-fed growth method. The
heterostructure sample is shown schematically in
Fig. 1.

XPS survey scans determined the chemical state
of the Al2O3 and b-(Al0.14Ga0.86)2O3 and identified
peaks for high-resolution analysis.44,45 An ULVAC
PHI XPS with Al x-ray source (energy 1486.6 eV)
with source power of 300 W, analysis size of 20 lm
diameter, take-off angle of 50�, and acceptance
angle of ± 7� was used. The electron pass energy
was 23.5 eV for high-resolution scans and 93.5 eV
for survey scans.

Fig. 1. Dielectric constant and bandgap (a) of candidate dielectrics
on the (AlxGa1�x)2O3 layer structure (b) used in this work.
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Charge compensation was performed using an
electron flood gun. The adventitious carbon (C-C)
line in the C 1s spectra at 284.8 eV was used for
charge correction. The samples and electron ana-
lyzers were electrically grounded to provide a
common reference Fermi level. Differential charg-
ing46–53 was not observed with this use of an
electron gun.43

Reflection electron energy loss spectroscopy
(REELS) was used to obtain the Al2O3 bandgap,44–46

using a 1-kV electron beam and hemispherical
electron analyzer.

RESULTS AND DISCUSSION

Figure 2 shows the stacked XPS survey scans
of thick (200 nm) Al2O3, 1.5 nm ALD Al2O3 on
b-(Al0.14Ga0.86)2O3, and an (Al0.14Ga0.86)2O3 refer-
ence sample. The spectra are consistent with past
published XPS data on these materials.26,29–33,39–41

Within the detection limit of XPS, there were no
metallic contaminants in the films whose oxides
might lower the overall bandgap of the dielectrics
and affect the band alignment.

We used linear fitting of the leading edge of the
valence band to obtain the valence-band maximum
(VBM),44,45 as shown in Fig. 3a and b for the thick
Al2O3 and the (Al0.14Ga0.86)2O3, respectively. The
VBM was 3.0 ± 0.2 eV for b-(Al0.14Ga0.86)2O3 and
3.25 ± 0.4 eV for the Al2O3. The bandgap for the
Al2O3 was 6.9 ± 0.4 eV according to the REELS
data shown in Fig. 4a. The bandgap of the
b-(Al0.14Ga0.86)2O3 was determined to be
5.0 ± 0.3 eV from the onset of the plasmon loss
feature in the O 1s photoemission spectrum shown in
Fig. 4b.44,45 The difference in bandgap between Al2O3

and b-Ga2O3 is 1.9 eV. The work of Krueger et al.54

determined the compositional dependence of the
bandgap in powder samples of AlxGa1�xO as a linear
dependenceonAlcontent withEg = (4.75 + 1.87x) eV.

This would lead to a value of 5.01 eV, consistent with
our result. Their data are based on XPS of polycrys-
talline samples and represent an averaged standard.
Theoretical calculations27 suggest a dependence of
Eg = (1 � x)Eg[Ga2O3] + xEg [Al2O3] � bx (1 � x),
where b is the bowing parameter. For our sample
with x = 0.14, this would lead to a bandgap of 5.14 eV,
again in rough agreement with our experimental
value.

The core-level XPS spectra were used to obtain
the valence-band offsets using the standard analy-
sis of measuring the shift of these levels when the
dielectric and semiconductor have formed the
heterojunction.44 High-resolution XPS spectra of
the VBM–core delta region are shown in Fig. 5a for
the b-(Al0.14Ga0.86)2O3 and thick ALD Al2O3 (b)
samples. Figure 6 shows the XPS spectra for the b-
(Al0.14Ga0.86)2O3 to Al2O3 core delta regions of the
heterostructure samples. These values are summa-
rized in Table I and were used to calculate DEv.

Figure 7 shows the measured nested, type I band
alignment of the Al2O3/b-(Al0.14Ga0.86)2O3 heterostruc-
ture.Thevalence-bandoffset is0.23 ± 0.04 eV,andthe
conduction-band offset is 1.67 ± 0.30 eV. The valence-
band offset is too small for effective hole confinement,
but the conduction-band offset would provide good

Fig. 2. XPS survey scans of thick ALD Al2O3, 1.5 nm ALD Al2O3 on
(Al0.14Ga0.86)2O3, and an (Al0.14Ga0.86)2O3 reference sample. The
intensity is in arbitrary units (a.u.).

Fig. 3. XPS spectra of core levels to valence-band maximum (VBM)
for (a) ALD thick-film Al2O3 and (b) reference (Al0.14Ga0.86)2O3. The
intensity is in arbitrary units (a.u.).
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electron confinement, even for high-temperature
device operation. The low valence-band offset is less of
an issuebecausetherearenoeffectivep-typedopants in
Ga2O3. Figure 8 shows a summary of reported band
offsets for various dielectrics on (AlxGa1�x)2O3, includ-
ing the work of Feng et al.28 and our group. Additional
dielectrics should be examined, especially as higher-Al-
content b-(AlxGa1�x)2O3 is developed for heterostruc-
ture transistors, since this will reduce the number of
choices that have sufficiently high bandgap to produce
type I alignment. Literature on band alignments in all
dielectric/semiconductorsystemsshowsthatvariations
of sometimes more than 1 eV depending on interface
preparation can be observed.29–33,39–41,43 These differ-
ences are usually seen for the same heterostructure but
different deposition methods; i.e., sputtering is more
prone to creating interfacial disorder and also results in
metallic contamination that affects the bandgap of the
dielectric.43 It will be important to establish the
accepted values for band offsets obtained on AGO for
controlled deposition methods such as ALD.

CONCLUSIONS

The band alignment at Al2O3/b-(Al0.14Ga0.86)2O3

heterojunctions was found to be a nested gap
(type I) band offset. This system represents the

typical composition of AGO used in heterostructure
transistors. The valence-band offset was
0.23 ± 0.04 eV, and the conduction-band offset
was 1.67 ± 0.30 eV. The valence-band offset is
small and unable to adequately confine holes,
whereas the conduction-band offset is sufficient for
restricting electron transport.

Fig. 4. Bandgap of (a) Al2O3 and (b) (Al0.14Ga0.86)2O3 determined by
reflection electron energy loss spectra and the onset of the plasmon
loss feature in O 1s photoemission spectrum, respectively. The
intensities are in arbitrary units (a.u.).

Fig. 5. High-resolution XPS spectra for the vacuum–core delta
regions of (a) (Al0.14Ga0.86)2O3 and (b) ALD Al2O3. The intensity is
in arbitrary units (a.u.).

Fig. 6. High-resolution XPS spectra for the (Al0.14Ga0.86)2O3 to
Al2O3 core delta regions. The intensity is in arbitrary units (a.u.).
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