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There is increasing interest in (AlxGa1-x)2O3/Ga2O3 metal-oxide semiconductor field effect transistors, but there is little information
on appropriate gate dielectrics for the (AlxGa1-x)2O3. A potential candidate is HfSiO4 deposited by Atomic Layer Deposition
(ALD), which should mitigate disruption to the surface. The valence band offset of the HfSiO4/(Al0.14Ga0.86)2O3 heterointerface
was measured using X-Ray Photoelectron Spectroscopy. The single-crystal β-(Al0.14Ga0.86)2O3 was grown by Molecular Beam
Epitaxy. The bandgap of the HfSiO4 was determined by Reflection Electron Energy Loss Spectroscopy to be 7.0 ± 0.35 eV,
while high resolution XPS data of the O 1s peak and onset of elastic losses was used to establish the (Al0.14Ga0.86)2O3 bandgap
as 5.0 ± 0.30 eV. The valence band offset was 0.42 eV ± 0.10 eV (straddling gap, type I alignment) for ALD HfSiO4 on
β-(Al0.14Ga0.86)2O3. The conduction band offset was 1.58 ± 0.35 eV, providing good electron confinement.
© 2018 The Electrochemical Society. [DOI: 10.1149/2.0041810jss]
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β-Ga2O3 is attracting attention for power switching device appli-
cations as well as solar blind UV detection.1–15 The β polymorph is the
most prominent of the five phases of Ga2O3 and has a wide bandgap of
∼4.8 eV, a theoretical breakdown field of ∼8 MV.cm−1 that is higher
than either SiC or GaN and the ability to operate at temperatures
in excess of 250◦C.1–3,8 The monoclinic crystal structure with space
group C2/m consists of double octahedral chains, running parallel to
the crystallographic y-axis,2–4 as shown in Figure 1(top). The chains
are cross-linked by tetrahedral GaO4 groups. The beta phase is more
stable at ambient conditions, but under heating it transforms to the
alpha phase, which has the corundum (alumina) structure.2–4 Most
of the devices reported to date have employed pure Ga2O3, but there
is strong interest in heterostructures involving β-(Al,Ga)2O3 mono-
clinic phase alloys.15–19 In this system, the bandgap can be varied
from 4.8–6 eV, providing the ability to make a variety of advanced
devices based on β-(AlxGa1-x)2O3/ Ga2O3 heterostructures. There are
already device demonstrations of modulation-doped transistors in this
materials system with impressive characteristics.15–20

The use of metal-oxide-semiconductor field-effect transistor
(MOSFET) structures, combined with the advantages of heterostruc-
tures provides lower leakage currents and power consumption and
capability for greater voltage swings relative to the more common
Schottky-gate devices.6,21 These larger gate voltage swings have the
potential for operation in either enhancement mode or depletion mode.
The development of gate dielectrics for (AlxGa1-x)2O3 alloys is still
in its infancy, but there are some general rules of thumb in materials
selection. It is commonly accepted that a 1 eV bandgap difference be-
tween the gate insulator and the semiconductor is preferred for obtain-
ing sufficient energy barrier to hole and electron leakage current.2–6,22

To date, the most common dielectrics employed on Ga2O3 and re-
lated alloys have typically been Al2O3, HfO2 or SiO2.23–36 To benefit
from the large dielectric constant of HfO2 and the wide bandgap of
SiO2, alternating layers of these dielectrics are often deposited to form
HfSiO4. HfSiO4 is of particular interest due to its dielectric constant
being significantly larger than SiO2. The larger dielectric constant
allows for an equivalent capacitance in thicker films which is ad-
vantageous in MOS device applications. Additionally, by altering the
HfO2:SiO2 ratio, the bandgap and dielectric constant can be tuned for
Hf1-xSixO4.

The valence band offset is normally measured directly using X-Ray
Photoelectron Spectroscopy (XPS) and the conduction band offset is
then calculated from the difference between that and the bandgaps

∗Electrochemical Society Fellow.
∗∗Electrochemical Society Member.

zE-mail: spear@mse.ufl.edu

of the dielectric and semiconductor.36–39 Atomic Layer Deposition
(ALD) is an attractive option because it provides minimal disruption
to the heterointerface and can be used with a remote plasma to reduce
the effects of contamination.

In this paper, we report on the determination of the band alignment
in the HfSiO4/(Al0.14Ga0.86)2O3 heterostructure, in which the HfSiO2

was deposited by ALD onto (Al0.14Ga0.86)2O3 grown by Molecular
Beam Epitaxy (MBE). The valence band offset was obtained from
XPS measurements and by measuring the respective bandgaps of the
HfSiO4 (7.0 ± 0.35 eV) and β-(Al0.14Ga0.86)2O3 (5.0 ± 0.30 eV),
we were able to determine both the conduction band offset in the
heterostructures and determine the band alignment type.

Experimental

Alternating cycles of HfO2 and SiO2 were grown by ALD on
(Al0.14Ga0.86)2O3/Ga2O3 structures and quartz substrates to form a
ternary film with the composition of HfSiO4.35 The latter were used
for dielectric constant and composition measurements. Both thick
(150 nm) and thin (1.5 nm) layers of the dielectrics were deposited

Figure 1. Schematic of β-Ga2O3 lattice structure (top) and composition and
corresponding thicknesses of layer structure used (bottom).
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to be able to measure both bandgaps and core levels on the β-
(Al0.14Ga0.86)2O3. For substrate cleaning pre-deposition, the following
rinse sequence was employed: acetone, IPA, N2 dry and finally Ozone
exposure for 15 min. The HfSiO4 layers were deposited at 200◦C in
a Cambridge Nano Fiji 200, a remote plasma atomic layer deposi-
tion tool, using an ICP source at 300 W. Plasma mode ALD helps
lower contaminants in the film and reduces the nucleation delay while
minimizing ion induced damage by utilizing a remote source. The
sequence of dielectric deposition started with HfO2 being deposited
first using precursors of Tetrakis (dimethylamido) hafnium (IV) and
O2 at a deposition rate of 0.9 A/cycle.35 Likewise, the SiO2 layers
were deposited using precursors of Tris (dimethylamino) silane and
O2, and produced a deposition rate of 0.6 A/cycle35 To achieve an
atomic concentration of Hf0.5Si0.5O4, three SiO2 cycles (1.8 A) were
followed by two HfO2 cycles (1.8 A) to keep a 1:1 ratio. A previ-
ous study reported no difference in the starting layer (SiO2 or HfO2)
on band offset35 although published theoretical work states even one
monolayer can be enough to alter band alignment contingent on in-
tralayer electronegativity.40–46 These films were deposited onto epi
(Al0.14Ga0.86)2O3 that was grown by Molecular Beam Epitaxy. These
AGO layers were doped with Si to produce an n-type carrier density
of 1017 cm−3 and were 55 nm thick. The carrier concentration was
determined by electrochemical capacitance-voltage (ECV) profiling
at a frequency of 740 Hz on calibration samples and the composition
was determined by X-ray diffraction on these same samples. These
epitaxial layers were grown on top of Sn-doped (6.3 × 1018 cm−3)
bulk β-phase Ga2O3 single crystal substrates (500 μm thick) with
(010) surface orientation (Tamura Corporation, Japan) grown by the
edge-defined film-fed growth method. The heterostructure sample is
shown schematically in Figure 1(bottom).

XPS survey scans were used to obtain the chemical state of the
HfSiO4 and β-(Al0.14Ga0.86)2O3 and identify peaks for high resolu-
tion analysis.37 An ULVAC PHI XPS with a monochromatic, micro-
focused, aluminum X-ray source (energy 1486.6 eV) at a source power
of 300 W was used. The analysis area was 10 μm in diameter while
a take-off angle of 50◦ and an acceptance angle of ± 7 degrees were
utilized. The electron pass energy was 23.5 eV for the high-resolution
scans and 93.5 eV for the survey scans. The approximate escape depth
(3λ sin θ) of the electrons was 80 Å. In this system, all of the peaks
are well-defined.

Charge compensation was performed using a dual beam charge
neutralization system. This system utilizes a low-energy electron
beam and ion beam simultaneously to prevent charge buildup dur-
ing data collection.36 The charge neutralization system 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, the samples and electron
analyzers were electrically grounded to provide a common reference
Fermi level. Differential charging is a concern for semiconductor band
offset measurements41–48 and while use of an electron flood gun does
not guarantee that differential charging is not present, 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.36

Reflection electron energy loss spectroscopy (REELS) was em-
ployed to measure the bandgap of the HfSiO4.39,40 By taking a linear
fit to the leading plasmon peak and finding its zero energy with the
background, a direct measurement of valence to conduction band en-
ergy is made. REELS spectra were obtained using a 1 kV electron
beam and the hemispherical electron analyzer.

Results and Discussion

Figure 2 shows the stacked XPS survey scans of thick (200 nm)
HfSiO4, 1.5 nm ALD HfSiO4 on β-(Al0.14Ga0.86)2O3, and an
(Al0.14Ga0.86)2O3 reference sample. The spectra show only the lattice
constituents are present to the sensitivity of the measurement from
contaminants. By contrast, in sputtered films it has been reported that

Figure 2. XPS survey scans of thick ALD HfSiO4, 1.5 nm ALD HfSiO4 on
(Al0.14Ga0.86)2O3, and (Al0.14Ga0.86)2O3 reference sample. The intensity is in
arbitrary units (a.u.).

Figure 3. XPS spectra of core levels to valence band maximum (VBM) for
(a) thick film HfSiO4 deposited by ALD and (b) reference (Al0.14Ga0.86)2O3.
The intensity is in arbitrary units (a.u.).

metallic contaminants can form oxides that reduce the overall bandgap
of the dielectrics and affect the resulting band alignment derived from
the data.41–43

The valence band maximum (VBM) was determined by linearly
fitting the leading edge of the valence band and the flat energy dis-
tribution from the XPS measurements, and finding the intersection of
these two lines,37,38 as shown in Figure 3 for the thick HfSiO4, and
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Figure 4. Bandgap of (a) HfSiO4 and (b) (Al0.14Ga0.86)2O3 determined by
Reflection Electron Energy Loss Spectra and the onset of energy loss spectrum,
respectively. The intensities are in arbitrary units (a.u.).

the (Al0.14Ga0.86)2O3. The VBMs were measured to be 3.0 ± 0.2 eV
for β-(Al0.14Ga0.86)2O3 and 3.32 ± 0.4 eV for the HfSiO4.

The measured bandgap for the HfSiO4 was 7.0 ± 0.35 eV from the
REELS data of Figure 4a. The bandgap of the β-(Al0.14Ga0.86)2O3 was
determined to be 5.0 ± 0.3 eV, from XPS O1s based electron energy
loss measurements which is shown in Figure 4b.39 The difference
in bandgaps between HfSiO4 and β-Ga2O3 is therefore 2.0 eV. This
is consistent with past work on powdered samples of (AlxGa1-x)2O3

over the composition range x = 0 - 0.4.44 Using that linear relationship
for bandgap as a function of composition leads to an expected value
of 5.01 eV for x = 0.14, consistent with our data. Others have21

reported a more pronounced bowing behavior for the compositional
dependence of bandgap in (AlxGa1-x)2O3 alloys, with systematically
lower bandgaps at each composition, including pure Ga2O3, but they
indicated there was significant strain in their films which would alter
the result. If we use the theoretical relationship derived by Peelaers
et al.,22 we would expect a bandgap of 5.14 eV for our sample with
x = 0.14, close to our experimental result.

The band alignment and valence and conduction band offsets were
obtained from the examined the core level spectra using the now-
standard method due to Kraut et al.37 This method relies on precise
measurement of a core level and the valence band edge for each
material investigated and measurement in the shift of the core levels
when the two materials have formed the heterojunction. The equation
used to calculate the offset is:

�EV = (
E1

core − E1
V B M

) − (
E2

core − E2
V B M

) − (
E1

core − E2
core

)

Figure 5. High resolution XPS spectra for the vacuum-core delta regions of
(a) bulk (Al0.14Ga0.86)2O3 and (b) ALD HfSiO4. The intensity is in arbitrary
units (a.u.).

It is important to use a well-defined core level since the offsets
are small compared to the core level energy and more deviation is
expected at higher core level energies.

High resolution XPS spectra of the VBM-core delta region are
shown in Figure 5a for the β-(Al0.14Ga0.86)2O3 and thick ALD HfSiO4

Figure 5b samples. These were used to determine the selected core
level peak positions. Figure 6 shows the XPS spectra for the β-
(Al0.14Ga0.86)2O3 to HfSiO4 core delta regions of the heterostructure
samples. These values are summarized in Table I and were then used
to calculate �Ev.

Figure 6. High resolution XPS spectra for the (Al0.14Ga)2O3 to HfSiO4 core
delta regions. The intensity is in arbitrary units (a.u.).
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Table I. Summary of measured core levels in these experiments (eV).
Reference (AlGa)2O3 Reference HfSiO4 Thin HfSiO4 on (AlGa)2O3

Core Core Level Core Core Level � Core Level Valence Band
Level VBM Peak Core - VBM Level VBM Peak Core - VBM Ga 2p3/2 - Si 2p Offset

Ga2p3/2 3.00 1117.60 1114.60 Si 2p 3.32 102.30 98.98 1015.20 0.42

Figure 7. Summary (left) and detailed (right) band diagrams for the HfSiO4/(Al0.14Ga0.86)2O3 heterostructure in which the HfSiO4 was deposited by ALD. The
valence band offset was determined to be 0.42 eV ± 0.10 eV for ALD HfSiO4 on β-(Al0.14Ga0.86)2O3. The conduction band offset was 1.58 ± 0.35 eV.

Figure 7 shows the band alignment of the HfSiO4/β-
(Al0.14Ga0.86)2O3 heterostructure. This is a nested, type I system
with a valence band offset of 0.42 ± 0.10 eV and conduction
band offset of 1.58 ± 0.35 eV for the HfSiO4/β-Ga2O3 system
using the differences in bandgaps and the directly measured va-
lence band offset, ie.: �EC = E H f Si O4

g − E AlGaO
g − �EV , ie.

�EC = 7.0 eV − 5.0 eV − 0.42 eV = 1.58 eV. The valence band
offset is below the desirable 1 eV magnitude, but the conduction band
offset is well above this value, ensuring good electron confinement,
especially for high-temperature device operation.

Currently, there are no other measurements of the band offsets of
HfSiO4 on (AlxGa1-x)2O3. We measured a valence offset for ALD
SiO2 on β-(Al0.14Ga0.86)2O3 of 1.60 eV ± 0.40 eV (straddling gap,
type I alignment). The conduction band offset was 2.10 ± 0.08 eV.23

These values are in agreeance with ALD SiO2 band offset values de-
termined in previous studies. There is a strong influence of factors
such as the variation in bandgap of the dielectrics due to differences
in measurement protocols and stoichiometry resulting from different
deposition methods, chemistry and contamination. There are also in-
fluences of strain, defects/vacancies, stoichiometry, chemical bonding
and contamination on valence band offset values AGO/dielectric het-
erojunctions. As an example, dielectrics deposited by sputtering will
have a higher likelihood of interfacial disorder and metallic contami-
nation that affects the bandgap of the dielectric.38–42

Conclusions

The band alignment at HfSiO4/ β-(Al0.14Ga0.86)2O3 heterojunctions
is a nested gap (type I) band offset. The valence band offset was
0.42 ± 0.10 eV and the conduction band offset was 1.58 ± 0.35 eV.
The conduction band offset is large and provides excellent electron
confinement, while the valence band offset would be marginal for
restricting hole transport. At this point, p-type conduction in Ga2O3

and (AlxGa1-x)2O3 is unachievable using conventional dopants,49,50

so the electron confinement by the conduction band offset is most
important.
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