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ABSTRACT

There is increasing interest in α-polytype Ga2O3 for power device applications, but there are few published reports on dielectrics for this
material. Finding a dielectric with large band offsets for both valence and conduction bands is especially challenging given its large bandgap
of 5.1 eV. One option is HfSiO4 deposited by atomic layer deposition (ALD), which provides conformal, low damage deposition and has a
bandgap of 7 eV. The valence band offset of the HfSiO4/Ga2O3 heterointerface was measured using x-ray photoelectron spectroscopy.
The single-crystal α-Ga2O3 was grown by halide vapor phase epitaxy on sapphire substrates. The valence band offset was 0.82 ± 0.20 eV
(staggered gap, type-II alignment) for ALD HfSiO4 on α-Ga0.2O3. The corresponding conduction band offset was −2.72 ± 0.45 eV, providing
no barrier to electrons moving into Ga2O3.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0002453

I. INTRODUCTION

There is significant interest in power device applications of
metastable corundum α-Ga2O3 due to its even larger bandgap
than the stable β-polymorph and the ability to grow it on large
area, inexpensive, isomorphous sapphire (α-Al2O3) substrates.

1–29

In terms of thermal stability, epitaxial films of α-polytype Ga2O3

grown on m-plane sapphire are stable up to 600 °C, allowing a
significant opportunity for practical device fabrication.25 This
metastable polymorph is found to convert to the β-phase after
annealing at 800 °C.29 Alloying to form α-(AlxGa1−x)2O3 allows
varying the bandgap up to 8.6 eV. This has huge potential for
increasing breakdown voltage for power electronics and should be
even more radiation-hard against displacement damage than
α-Ga2O3 due to the higher average bond strength. The current
crystal growth issues include lattice mismatch and reduction of
defect concentrations.30–33

Development of dielectrics for α-Ga2O3 is challenging due to
the large bandgap, which limits the choice of options.34 A starting
point is that the dielectric should have a bandgap of at least 2 eV
larger given the general rule of thumb of desirably having 1 eV
offset in both conduction and valence bands.34–40 One candidate is
HfSiO4, with a bandgap of ∼7 eV. This has advantages in terms of
the large dielectric constant of HfO2 and the wide bandgap of SiO2.
It is typical to use alternating layers of these dielectrics to form
HfSiO4.

39,40 HfSiO4 has an advantage over pure SiO2 because of its
larger dielectric constant. This allows for use of thicker dielectrics
while maintaining an equivalent capacitance to lower dielectric
constant materials and has advantages in MOS device performance.
Additionally, by altering the HfO2:SiO2 ratio, the bandgap and
dielectric constant can be tuned for Hf1−xSixO4.

39 With the selec-
tion of a gate dielectric, as discussed above, generally at least a 1 eV
difference between the insulating material on the gated area and

ARTICLE avs.scitation.org/journal/jva

J. Vac. Sci. Technol. A 41(2) Mar/Apr 2023; doi: 10.1116/6.0002453 41, 023205-1

Published under an exclusive license by the AVS

 15 N
ovem

ber 2023 20:08:07

https://doi.org/10.1116/6.0002453
https://doi.org/10.1116/6.0002453
https://www.scitation.org/action/showCitFormats?type=show&doi=10.1116/6.0002453
http://crossmark.crossref.org/dialog/?doi=10.1116/6.0002453&domain=pdf&date_stamp=2023-03-01
http://orcid.org/0000-0002-8644-8599
http://orcid.org/0000-0002-2817-7612
http://orcid.org/0000-0002-0332-4700
http://orcid.org/0000-0001-7631-7977
http://orcid.org/0000-0001-5001-0600
http://orcid.org/0000-0002-8330-9366
http://orcid.org/0000-0001-8293-4891
http://orcid.org/0000-0001-8422-1238
http://orcid.org/0000-0001-9234-019X
http://orcid.org/0000-0001-6498-1256
mailto:spear@mse.ufl.edu
https://doi.org/10.1116/6.0002453
https://avs.scitation.org/journal/jva


the channel semiconductor is preferred for performance, as that
difference will provide a sufficient energy barrier to hole and elec-
tron leakage current. In terms of how to deposit the dielectric,
atomic layer deposition (ALD) is a preferred option because com-
pared to physical vapor deposition methods, it has less disruption
to the surface and less chance of contamination.40

To obtain the band alignment, the standard method is based
on precise x-ray photoelectron spectroscopy (XPS) measurement of
a core level and the valence band edge for each material investi-
gated and measurement in the shift of the core levels when the two
materials have formed the heterojunction.35–38 The conduction
band offset is then obtained from the difference between that and
the bandgaps of the dielectric and semiconductor.

In this paper, we report on the determination of the band
alignment in the HfSiO4/α-Ga2O3 heterostructure, in which HfSiO2

was deposited by ALD on α-Ga2O3 grown by halide vapor phase
epitaxy. The valence band offset was obtained from XPS measure-
ments using the Kraut method. The band alignment is type II, stag-
gered gap, meaning the conduction band of the HfSiO4 is above
that of Ga2O3 and does not provide electron confinement. The
result for HfSiO4 on α-polymorph Ga2O3 contrasts with that on
β-polymorph, where a type-I band alignment with valence band
offset of 0.02 ± 0.003 eV and a conduction band offset of
2.38 ± 0.50 eV were measured.41

II. EXPERIMENT

The α-Ga2O3 layers were grown by halide vapor phase epitaxy
on (0001) sapphire substrates at 590 °C.42,43 The growth precursors
were O2 and Ga metal reacted with hydrochloric acid (HCl) gas to
form GaCl and GaCl3. The partial pressures of the precursors were
GaCl: 0.25 kPa, O2: 1.00 kPa, and additional HCl: 0.25 kPa, respec-
tively. The additional HCl was supplied to suppress the parasitic
gas-phase reaction of the precursors by converting a part of GaCl
to GaCl3. The carrier gas was N2. The precursor purities were as
follows: Ga metal: >7 N, HCl: >5 N, and O2: >6.5 N. The thick-
nesses of the α-Ga2O3 epilayers were 3–5 μm, and the growth rate
was ∼28 μm/h. Figure 1 shows an atomic force microscopy (AFM)
scan over 5 × 5 μm2 of α-Ga2O3. This height profile was in a range
of ±8.0 nm. The root mean square (RMS) surface roughness was
measured to be 3.71 nm. The 2Θ-Ω x-ray data from the films are
given in Fig. 2, showing the 0006 reflection and its proximity to the
corresponding Al2O3 reflection from the substrate. The α-Ga2O3

10–12 pole figure is shown in Fig. 3, confirming the excellent
crystal quality of the films.42,43

The ALD HfSiO4 layers were deposited as described previ-
ously.39 This involved a method of alternating cycles of HfO2 and
SiO2 deposited at 200 °C in a plasma-assisted Cambridge Nano Fiji
200 system onto α-Ga2O3.

34 Both thick (150 nm) and thin (1.5 nm)
layers of the dielectrics were deposited.41 This enabled measure-
ments of both bandgaps of the dielectric and semiconductor and
the change in core levels of the thin dielectric on α-Ga2O3. The
Inductively Coupled Plasma source power during ALD was 300W.
We used a continuous power application. We have found it advan-
tageous to use this remote plasma source mode ALD, which
reduces the deleterious effects of contaminants and ion induced
damage in the films. The deposition sequence was initiated by

deposition of HfO2 using Tetrakis (dimethylamido) hafnium (IV)
and O2 at a rate of 0.9 A/cycle.34 The second part of the cycle
involved the deposition of SiO2 layers using Tris (dimethylamino)
silane and O2 at a rate of 0.6 A/cycle. To achieve the targeted
Hf0.5Si0.5O4 composition, three SiO2 cycles (1.8 A) were followed
by two HfO2 cycles (1.8 A) to keep the desired 1:1 ratio. A

FIG. 2. 2Θ-Ω XRD scan profile from the α-Ga2O3 film.

FIG. 1. 5 × 5 μm2 AFM image of α-Ga2O3. This height profile is in a range of
±8.0 nm. The RMS surface roughness is 3.71 nm.
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schematic of a heterostructure sample of HfSiO4 deposited on
α-Ga2O3 is shown in Fig. 4.

The band alignments were determined using the Kraut
method,35 based on XPS measurements of the shift of core levels
and valence band maxima (VBM) in a thick (60 nm) HfSiO4 layer
and in the epitaxial α-Ga2O3. The shift in these same core level
locations (ΔECL) in the HfSiO4/α-Ga2O3 heterojunction allows an
accurate determination of the valence band offset (ΔEV) from

35,40

ΔEV ¼ ΔECL þ (ECore � EVBM)Ref : HfSiO4
� (ECore � EVBM)Ref : Ga2O3:

XPS measurements were performed on a Physical Instruments
ULVAC PHI system. This employs an Al x-ray source (energy

1486.6 eV) with an x-ray source power of 300W. The data on all
samples were collected from a 100 μm diameter analysis region at a
take-off angle of 50° and an acceptance angle of ±7°. The electron
pass energy was 23.5 eV on high-resolution scans. We estimated
the total energy resolution was 0.5 eV, with an accuracy for the
binding energies of 0.03 eV. Numerous recent reviews have shown
that with adequate precautions,36–38 XPS is the most accurate way
of obtaining band alignments and is not subject to the surface and
interfacial defect problems that complicate current or capacitance-
based methods.36–38 We did not observe differential charging and
the bandgaps of HfSiO4 and α-Ga2O3 were consistent with the lit-
erature values, meaning the determination of valence band offsets
is clear-cut.

The bandgap of α-Ga2O3 was obtained using the onset of the
plasmon loss feature in O 1s photoemission spectrum. While this
technique works well to bandgaps up to ∼5 eV, it is less accurate
for ultra large bandgap materials and for obtaining the bandgap of
the HfSiO4, we used the technique of Reflection Electron Energy
Loss Spectroscopy (REELS).34,40 This enables a direct measurement
of bandgap energy from a linear fit to the leading plasmon peak
and finding its zero energy with the background. These spectra
were obtained with a 1 kV electron beam and hemispherical elec-
tron analyzer.

III. RESULTS AND DISCUSSION

From Fig. 5, the bandgap of the α-Ga2O3 was determined to
be 5.1 ± 0.3 eV, from XPS O1s based electron energy plasmon loss
measurements. The measured bandgap for HfSiO4 was
7.0 ± 0.35 eV from the REELS.34,39 Both of these are consistent with
the literature values.1,40 The difference in bandgaps between
HfSiO4 and β-Ga2O3 is, therefore, 1.9 eV.

FIG. 3. α-Ga2O3 10–12 pole figure from the α-Ga2O3 film.

FIG. 4. Schematic of α-Ga2O3 epi layer structure used.
FIG. 5. Bandgap of α-Ga2O3 determined using the onset of the plasmon loss
feature in O 1s photoemission spectrum.
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To determine how this difference is portioned between
valence and conduction bands, XPS was performed. XPS survey
scans of the three different sample types (α-Ga2O3, thick HfSiO4,
and the α-Ga2O3/HfSiO4 heterostructure) showed the presence of
only the lattice constituents. High-resolution XPS spectra of the
VBM-core delta region are shown in Fig. 6 for α-Ga2O3 and Fig. 7
shows the XPS spectra for the α-Ga2O3 to HfSiO4 core delta
regions of the heterostructure samples. These values are summa-
rized in Table I and were then used to calculate ΔEv. The 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 intersection of these two lines.35,36 The VBMs were
measured to be 3.5 ± 0.2 eV for α-Ga2O3 and 3.32 ± 0.4 eV for
HfSiO4.

The band alignment and valence and conduction band offsets
were obtained from these core level spectra and are shown in
Table I. It is important to use a well-defined core level since the
offsets are small compared to the core level energy and more devia-
tion is expected at higher core level energies.

Figure 8 shows the extracted band alignment of the
HfSiO4/(α-Ga0.86)2O3 heterostructure. This is a staggered gap,
type-II system with a valence band offset of 0.82 ± 0.20 eV and a
conduction band offset of −2.72 ± 0.45 eV. The valence band offset
is smaller than the 1 eV magnitude discussed earlier so that the

hole confinement would be less efficient than desired. The negative
conduction band offset means there is no electron confinement at
all, with the band alignment actually conducive to electron injec-
tion. The corresponding values for HfSiO4/β-Ga2O3 are
ΔEV ¼ 0:02 eV and ΔE ¼ 2:38 eV.34 The results for the alpha poly-
type are in contrast to β-Ga2O3, where HfSiO4 provides good

FIG. 6. XPS spectra of core levels to valence band maximum for α-Ga2O3.

FIG. 7. High-resolution XPS spectra for α-Ga2O3 to HfSiO4 core delta regions.

TABLE I. Valence band maximum and core level data used to calculate the
valence band offset of HfSiO4 on α-Ga2O3 (eV).

Reference α-Ga2O3

Core level VBM Core level peak Core-VBM
Ga 2p3/2 3.50 1117.10 1113.60

Reference HfSiO4

Core level VBM Core level peak Core-VBM
Si 2p 3.32 102.30 98.98

Thin HfSiO4 on α-Ga2O3

Δ Core level (Ga 2p3/2–Si 2p) Valence band offset
1015.44 0.82

FIG. 8. Band diagrams for the HfSiO4/α-Ga2O3 heterostructure in which HfSiO4

was deposited by ALD. The valence band offset was determined to be 0.82 eV
for ALD HfSiO4 on α-Ga2O3. The conduction band offset was 2.72 eV.
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electron confinement, but essentially no hole confinement. HfSiO4

is still an option for surface passivation of α-GaO3.

IV. SUMMARY AND CONCLUSIONS

The band alignment at HfSiO4/α-Ga02O3 heterojunctions is a
staggered gap (type II). The valence band offset was 0.82 ± 0.20 eV
and the conduction band offset was −2.72 ± 0.45 eV. The conduc-
tion band offset does not provide any electron confinement, while
even the valence band offset is marginal for hole confinement.
Since the dielectric constant of the HfSiO4 is attractive compared to
some alternatives, it could still be a component in multilevel gate
stacks on transistor structures to increase the capacitance. It could
also be a suitable candidate as a surface passivation layer to protect
α-Ga2O3. There have not yet been detailed published studies on the
sensitivity of the α-Ga2O3 surface to environmental exposure or
processing steps, but the results from the β-polytype show that
such protection is needed.44,45
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