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The valence band offset at both SiO,/B-Ga,03 and HfSiO,4/B-Ga,03 heterointerfaces was measured using X-ray photoelectron spectroscopy. Both
dielectrics were deposited by atomic layer deposition (ALD) onto single-crystal 8-Ga,O3. The bandgaps of the materials were determined by reflec-
tion electron energy loss spectroscopy as 4.6 eV for Ga,03, 8.7 eV for Al,O3 and 7.0 eV for HfSiO4. The valence band offset was determined to be
1.23 £ 0.20 eV (straddling gap, type | alignment) for ALD SiO, on $-Ga;03 and 0.02 £ 0.003 eV (also type | alignment) for HfSiO4. The respective
conduction band offsets were 2.87 £ 0.70eV for ALD SiO, and 2.38 & 0.50 eV for HfSiO,, respectively.

© 2017 The Japan Society of Applied Physics

1. Introduction

The commercial availability of high quality, large diameter
Ga, 03 single-crystals and wide bandgap of this material make
it a very promising material for high power electronic devices
and solar-blind UV photodetectors used for various military
and commercial applications."”'® The g-polymorph has a
higher theoretical breakdown field than both GaN and SiC,
although significant hurdles remain in overcoming its low
thermal conductivity.*®7 Promising device performance has
been reported for rectifiers, transistors and solar-blind photo-
detectors on bulk, epitaxial and thin flakes of f-Ga,03.4!9
There is a need for dielectric/Ga,O3 combinations that can be
used as gates on metal-oxide—semiconductor (MOS) transis-
tors, as well as passivation layers to prevent surface conduc-
tivity changes common to electronic oxides exposed to humid
ambients.*® The gate dielectrics reported for f-Ga,O3 have
typically been either atomic layer deposited (ALD) Al,O3 or
HfO, or ALD and plasma enhanced chemical vapor deposited
(PECVD) Si0,."42D The wide bandgap of Ga,O; limits the
choices than can potentially achieve the >1eV conduction
and valence band offsets preferred for MOS transistors.
Kamimura et al.'® measured the conduction and valence
band offsets of Al,O; with f-Ga,O; as 1.5+ 0.2eV and
0.7 + 0.2 eV, respectively. Hattori et al.!” measured conduc-
tion and valence band offsets of 1.9 and 0.5 eV, respectively
for high quality epitaxial films of y-Al,O3; on single-crystal
Ga,0;. Konishi et al.'> obtained a conduction band offset of
3.1 £ 0.2eV and valence band offset of 1.0 + 0.2eV for the
Si0,/p-Ga,03 interface when the SiO, was deposited by
PECVD. However, Jia et al.'"¥ got a much smaller valence
band offset (0.43eV) measured with X-ray photoelectron
spectroscopy (XPS) for SiO, deposited by ALD on single
crystal f-Ga,O3, with a corresponding larger conduction band
offset of 3.63eV. Wheeler et al.'® measured the band
alignment between ALD ZrO, or HfO, and $-Ga,O3 and both
dielectrics resulted in a type II, staggered gap alignment with a
conduction band offset of 1.2 and 1.3eV for ZrO, and HfO,
films, respectively. Table I provides a summary of reported
values of band offsets and alignment type for dielectrics on
/-Ga,O3. Please note that in some cases the f-Ga,O; was
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either amorphous or polycrystalline and thus interface states
may place a role in band alignments in those cases. There is
typically variability reported in the literature for both valence
and conduction band offsets due to various effects.?>?> Some
of these effects include metal contamination in the deposited
dielectric (especially in sputtered films), interface disorder,
differences in dielectric composition as a result of different
deposition methods or precursors, carbon/hydrogen contam-
ination, annealing, stress/strain and type of surface termi-
nation.? In some cases, these result in differences in the
bandgap of the dielectric and thus affect the conduction band
offset. Generally, the valence band offset is measured directly
and the conduction band offset calculated from the difference
between that and the bandgaps. However, the valence band
offset can also be affected by most of these same issues. The
use of ALD deposited dielectrics minimizes most of these
effects and provides a more controlled method for making the
heterostructure samples need to determine the band alignment.
In this paper, we report on the determination of the band
alignment in the SiO,/f-Ga,03 and HfSi,04/#-Ga,03 hetero-
structures, in which both the dielectrics were deposited by
ALD. While SiO, band offsets with Ga,O5; have been meas-
ured for both ALD and PECVD SiO,, there is significant
variability in the results reported to date and it is worth making
additional studies to clarify the more usual values. In addition,
HfSi0,4 has a significantly higher dielectric constant than SiO,,
allowing for thicker films with equivalent capacitance and
advantages in terms of MOS device applications. Thus it is
also worth examining the band offsets of this dielectric with
p-Ga,03. We employ XPS?*? to determine the valence band
offsets and by measuring the respective bandgaps of the SiO,
(8.7eV), HfSiO, (7.0eV), and -Ga,0; (4.6eV),%® we were
also able to determine the conduction band offset in the
heterostructures and determine the band alignment.

2. Experimental methods

The SiO, and HfSiO4 were deposited by ALD on Ga,0O3 and
quartz substrates. The latter were used for dielectric constant
and composition measurements. Both thick (200 nm) and thin
(1.5 nm) layers of the dielectrics were deposited to be able to
measure both bandgaps and core levels on the -Ga,03. The

© 2017 The Japan Society of Applied Physics
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Table I. Reported values for band offsets for different materials on GaOs.
(crys:zlllfll(aeciiulrzaftpgag 05 Synthesis method (Aeflc) (Aefl\; Alignment type Reference
SiO, (single crystal) PECVD 3.1 (x0.2) 1.0 (20.2) 1 15
SiO, (single crystal) ALD 3.63-3.76 0.3-0.43 I 14
SiO; (single crystal) ALD 2.9 (£0.7) 1.2 (+0.2) 1 This work
Al O3 ALD 1.5-1.6 (+0.2) 0.7 (£0.2) 1 16
7-Al, O3 (single crystal) PLD 1.9 0.5 1 17
ALO; (single crystal) ALD 2.23 (+0.2) 0.07 (+0.2) I 36
Al,O5 (single crystal) PVD 3.16 (+0.2) —0.86 (+0.2) 1T 36
Si (amorphous) PLD -0.2 (+0.1) -3.5 (+0.1) I 21
GaN (polycrystalline) Oxidation —0.1 (£0.08) —1.4 (+0.08) 1 19
6H-SiC (amorphous) PVD 0.89 (+0.1) —2.8 (x0.1) I 20
ZrO; (single crystal) ALD 1.2 —0.3 (+0.04) I 18
HfO, (single crystal) ALD 1.3 —0.5 (+0.04) I 18
HfSiO, (single crystal) ALD 2.38 (£0.5) 0.02 (£0.003) 1 This work
ALD layers were deposited at 200 °C in a Cambridge Nano Qits ””:“'--‘sl .
Fiji 200. The ternary films were made by depositing alter- 1 1 %0 _ _
nating cycles of HfO, and SiO, to achieve the HfSiO, com- 1 o ALM Thick HFSIO,
position.?? All layers were deposited using remote plasma 2 i Pl
atomic layer deposition using an inductively coupled plasma S ] Thick SI0,
(ICP) source at 300 W. Plasma mode ALD helps lower 8 ] __M_M_F_
contaminants in the film and reduces the nucleation delay 2 ] ”’”L“““—'L Thin HISIO,
while minimizing ion induced damage by utilizing a remote e ] /\h
source. The HfSiO, precursors were tetrakis(dimethylamido)- 2 : MLM LA——M‘L_L
hafnium(IV) and O, and resulted in a deposition rate of 0.9 = 1 Thingio,
A/cycle.”? Likewise, the SiO, layers were deposited using _ ;
precursors of tris(dimethylamino)silane and O,, and produced ] 3| Thick Ga0,
a deposition r.ate of 9.63 A/cycle. Plasma mode ALD he'lps 1500 1000 500 0
lower cor}tamlpapts 1'n the ﬁ¥m and reduces the nl}({l(e.at10n Binding Energy (eV)
delay while minimizing ion induced damage by utilizing a
remote source. The bulk f-phase Ga,O; single crystals with  Fig. 1. XPS survey scans of thick ALD SiO, on bulk -Ga,Os and thick

(201) surface orientation (Tamura) were grown by the edge-
defined film-fed growth method. Hall effect measurements
showed the sample was unintentionally n-type with an elec-
tron concentration of ~3 x 10'” cm™. The samples were not
exposed to air prior to the subsequent XPS measurements to
avoid complications from surface contamination. The latter
may lead to less accurate band gap measurements when using
reflection electron energy loss spectroscopy.

To obtain the valence band offsets, XPS survey scans
were performed to determine the chemical state of the SiO,,
HfSiO,4 and $-Ga,0; and identify peaks for high resolution
analysis.>*>> A Physical Electronics PHI 5100 XPS with
an aluminum X-ray source (energy 1486.6eV) with source
power 300 W was used, with an analysis area of 2 X 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 approximate
escape depth (31sin @) of the electrons was 80 A. All of the
peaks are well-defined in this system.

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 adven-
titious 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

071101-2

HfSiO4 on bulk $-Ga,03, thin (1.5nm) ALD SiO, and HfSiO4 on bulk
/-Ga,05 and the -Ga,0O3 bulk sample by itself. The intensity is in arbitrary
units (a.u.).

level. Differential charging is a serious concern for photoemis-
sion dielectric/semiconductor band offset measurements.?>>>
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.?%2%
Reflection electron energy loss spectroscopy (REELS)
was employed to measure the bandgaps of the SiO,, HfSiO,
and p-Ga,05.'” 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.?®
It has been successfully used previously in conjunction with
photoemission spectroscopy to measure band-alignment of
y-AlL,O3/5-Ga,05.'” REELS spectra were obtained using a
1kV electron beam and the hemispherical electron analyzer.

3. Results and discussion

Figure 1 shows the stacked XPS survey scans of thick
(200 nm) SiO, and HfSiOy4, 1.5nm ALD SiO, or HfSiO4 on

© 2017 The Japan Society of Applied Physics
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Fig. 2. (Color online) XPS spectra of core levels to VBM for bulk Ga,03
(a) and thick film SiO, and HfSiO4 deposited by ALD (b). The intensity is in
arbitrary units (a.u.).

p-Ga,0O5 and finally, the bulk $-Ga,05 crystals. The spectra
are free from contaminants and consistent with past published
XPS data on these materials.”?>?” In particular, we looked
carefully for the presence of metallic contaminants in the
films whose oxides might lower the overall bandgap of the
dielectrics and thus affect the band alignment. However these
were not detected to the sensitivity level of XPS.

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 intersection of these two lines,>*** as shown in
Fig. 2 for the bulk $-Ga,0O; (a) and thick SiO, and HfSiO4
(b). The VBM was measured to be 3.2 + 0.2 eV for $-Ga,03,
which is consistent with previous reports'*2""?? and 4.8 +
0.4eV for the SiO, or 3.32 + 0.3 eV for the HfSiOj,.

The bandgap of the f-Ga,O3 was determined to be 4.6 +
0.3eV, as shown in the REELS spectra in Fig. 3(a). The band
gap was determined from the onset of the energy loss
spectrum.”® The measured band gap for the SiO, was
8.7 £ 0.4 eV from the REELS data of Fig. 3(b). Both of these
numbers are consistent with literature values and are identical
to those reported by Konishi et al.'> The bandgap for HfSiOy4
was found to be 7.0 + 0.3eV. The difference in bandgaps
between SiO, and $-Ga,0; is therefore 4.1eV and between
HfSi04 and f-Ga,03 is 2.4eV. To determine the actual band
alignment and the respective valence and conduction band
offsets, we examined the core level spectra for the samples.
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Fig. 3. (Color online) (a) Reflection electron energy loss spectra to

determine the bandgap of bulk Ga;O3 and (b) for thick film SiO, and HfSiO4
deposited by ALD. The intensity is in arbitrary units (a.u.).

High resolution XPS spectra of the VBM-core delta region
are shown in Fig. 4 for the #-Ga,0O3 (a) and thick ALD SiO,
and HfSiO, (b) samples. These were used to determine the
selected core level peak positions. Figure 5 shows the XPS
spectra for the $-Ga,03 to SiO, and $-Ga,05 to HfSiO,4 core
delta regions of the two types of heterostructure samples.
These values are summarized in Table II for the two hetero-
structures examined and these were then inserted into the
following equation to calculate AEy:2+>>)

AEv = (Ecore = EvBM)Ref_Ga,0; — (Ecore — EVBM)Ref_dielectric

Ga03 dielectricydielectric
- (E Core E Core )Ga203

In this equation the core parameters refer to either Si 2p or
Ga 2ps3/; when measuring the dielectric or -Ga,Os spectra,
respectively. The reference Ga,0; refers to the bulk $-Ga,0;
and the reference dielectric refers to the thick SiO, or HfSiO4
films.

Figure 6 shows the band diagrams of the SiO,/}-Ga,0;
and HfSiO4/f-Ga,05 heterostructures. Our data shows the
alignments are both nested, type I alignments with a valence
band offset of 1.23 +0.2eV and conduction band offset of
2.87 + 0.4 eV for the Si0,/p-Ga,05 system using the follow-
ing equation: AE¢c = EgiOZ — Eg'“‘zo3 — AEvy, ie., AE-=38.7
eV —4.6eV — 1.23eV =2.87¢eV. The corresponding values
for the HfSiO4/f-Ga,0O3 are AEy =0.02eV and AEc=
2.38eV. The valence band offset is too small to provide
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Table II.

Summary of measured core levels in these experiments (eV).

Reference Ga,03

Reference dielectric Thin dielectric on Ga,O3

?;ng Ga,04 Metal core Metal core-Ga,03 Film Dielectric Sclofep Si 20_VBM DCL Valence band
VBM level VBM VBM P Ga 2p3,,-Si 2p offset
core level
SiO, 4.80 103.40 98.60 1015.07 1.23
Ga 2p3)» 3.20 1118.10 1114.90 ;
HfSiO4 3.32 102.30 98.98 1015.90 0.02
(a) Ga 2p,, Si2p
Ga 2p,, 1015.07 eV
Ga 3py,
—~ Galdp,
= o~ |SIO, on Ga,0, i
o >
= &
12}
S | =
% g Ga 291-;
= o) 10159 eV
-—
1 =
HfSiO, on Ga,0,
1120 11 12 5 -5
Binding Energy (eV}
1127 1120 1113 117 108 99 90
(b) | sio, Binding Energy (eV)
] Fig. 5. (Color online) High resolution XPS spectra for the Ga,0; to SiO,
| 98.6 eV . . . S . .
5 [ and HfSiO4-core delta regions. The intensity is in arbitrary units (a.u.).
S | -
> — i A _ pOn0; _ i
2| HISIO, 5 g i
T | BEC(Si0,) = 8.7eV — 4.6¢V — 1236V = 2.87eV
€ |
== | —— AE-(Hf510,) = 7.0eV — 4.6eV — 0.02eV = 2.38eV
]
|
III.I 10 10 Gay 0y 5io; Gay 0y HfSi0,
—
Blndmg Energy (eV} ey
AEe = 2.38¢¥
Fig. 4. (Color online) High resolution XPS spectra for the vacuum-core — :
delta regions of (a) the bulk Ga,0; (a) and ALD SiO, and HfSiO, (b). The E a.7el parsa, _ 7o
intensity is in arbitrary units (a.u.). g = doel ET=% 4 el

effective hole confinement, but this material might still be a
candidate as a surface passivation layer for Ga,0s.

The literature on band alignments in all dielectric/semi-
conductor systems shows that energy band alignment varia-
tions of sometimes more than 1eV depending on interface
preparation can be obtained,?®> due to the presence of high
defect concentrations in the materials and on a cation effect
that will increase the VBM of that material. These differences
are usually seen for the same heterostructure but different
deposition methods, i.e., sputtering is more prone to creating
interfacial disorder and also have metallic contamination that
affects the bandgap of the dielectric.>'=33 The literature on
band alignments on p-Ga,Oj; is not yet extensive enough to
draw those conclusions for that system. Our data on SiO, is
the same as that of Konishi et al.'> within the experimental
error. In their case they used PECVD SiO,. Our data is not as
consistent with that of Jia et al.,'> even though they used a
nominally similar ALD process to deposit the SiO, on bulk,
single-crystal f-Ga;0O3. They also used capacitance—voltage
measurements and showed consistency with their XPS data

071101-4

AEp = 1.23el E—
AEy = D02V

Fig. 6. Band diagrams for SiO,/Ga,05 and HfSiO,/Ga,0; hetero-
structures in which the dielectrics were deposited by ALD. The valence band
offset was determined to be 1.23 +0.20eV for ALD SiO, on f-Ga,03 and
0.02 + 0.003 eV for HfSiO4. The respective conduction band offsets were
2.87 +0.70eV for ALD SiO, and 2.38 + 0.50eV for HfSiO,, respectively.

(conduction band offsets of 3.76 eV with the former, 3.63 eV
with the latter). We have seen significant differences in band
offsets for Al,O3 deposited by either sputtering or ALD?®
and these were in turn different from other reports of ALD
Al,O3; on $-Ga,0O3; by Kamimura et al.!® They obtained a
valence band offset of 0.7eV for ALD Al,03 on $-Ga O3
using similar deposition conditions to those used in our work.
They showed the presence of a significant density of border
traps in their Al,O5 from capacitance—voltage data,'® but the
differences with our results show that even nominally similar
dielectric deposition conditions can still lead to variations in
reported band alignments. This is emphasized by the results

© 2017 The Japan Society of Applied Physics
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of Jia et al.!¥ with a valence band offset of 0.43 eV compared
to the 1.2eV determined here even though the dielectric was
deposited by ALD in both cases. Table I shows that SiO, is
the best choice as a gate dielectric on $-Ga,O3 of the
materials investigated to date, since it has large conduction
and valence band offsets.

4. Summary and conclusions

The band alignment at SiO,/#-Ga,O3 and HfSiO4/f-Ga,O3
heterojunctions was obtained from XPS measurements and in
both cases were found to be nested gap (type I) band offsets.
For SiO, the valence band offset was 1.2eV and the con-
duction band offset was 2.9 eV, while for HfSiO, the valence
band offset was 0.02eV and the conduction band offset was
2.38eV. The conduction band offsets in both cases are large
and provide excellent electron confinement, but the valence
band offset for HfSiOy is too small for limiting hole transport.
A comparison of the literature to date on band offsets for
dielectrics on -Ga,03 shows that SiO, is the best choice. Our
data for SiO; on $-Ga,0; is consistent with the report from
Konishi et al.'> who employed PECVD SiO, in their work.
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