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The €-GayO3 p—n heterojunctions (HJ) have been demonstrated using typical p-type oxide semiconductors (NiO or
SnO). The e-Gay O3 thin film was heteroepitaxial grown by metal organic chemical vapor deposition (MOCVD) with three-
step growth method. The polycrystalline SnO and NiO thin films were deposited on the £€-Gay O3 thin film by electron-beam
evaporation and thermal oxidation, respectively. The valence band offsets (VBO) were determined by x-ray photoelectron
spectroscopy (XPS) to be 2.17 eV at SnO/e-Ga, O3 and 1.7 eV at NiO/e-GayO3. Considering the bandgaps determined
by ultraviolet-visible spectroscopy, the conduction band offsets (CBO) of 0.11 eV at SnO/e-Gay O3 and 0.44 eV at NiO/e-
Ga, 03 were obtained. The type-II band diagrams have been drawn for both p—n HJs. The results are useful to understand
the electronic structures at the e-Ga; O3 p—n HJ interface, and design optoelectronic devices based on €-Gay O3 with novel

functionality and improved performance.

Keywords: £-Ga,03, x-ray photoelectron spectroscopy (XPS), valence band offset, band alignment
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1. Introduction

Recently, Ga;0O3 as a wide bandgap semiconductor has
drawn intense attention. It has an extremely wide bandgap
(4.6-4.9 eV), and a theoretical breakdown electric field as high
as 8 MV/cm.!!=3) Thus, it has the potential in deep-ultraviolet
optical devices and power devices.[*®! There are five differ-
ent polymorphic structures of Ga,Oj3, including a-, B-, -,
0-, and g-phases. Among them, €-Ga,O3 has drawn lots of
attention. Compared with 3-Ga,O3 often reported, hexago-
nal €-Ga, 03 is compatible with other hexagonal semiconduc-
tors such as GaN and SiC.!®! Furthermore, it has been theo-
retically predicted that there is a strong spontaneous polariza-
tion effect, which could form a high-mobility two-dimensional
electron gas (2DEG) in &-GayO3-based heterostructures. 1!
Therefore, high-breakdown-voltage, high-mobility, and low-
cost optoelectronics could be realized using £-Ga,03.[7:!!]

In our previous work, high-quality £-Ga,O3 film with a
layer-by-layer morphology was grown on c-plane sapphire by
metal-organic chemical vapor deposition (MOCVD).!'?] How-
ever, Ga;O3 is an intrinsically doped n-type semiconductor
with lower formation energy of donors related to the oxy-
gen vacancies compared to that of acceptor ions.!!! Although,
some literature studies exist on the experimental work to re-
alize p-type conductivity Ga;O3 by doping with Mg, Zn, and

DOI: 10.1088/1674-1056/ab9c0d

Mg—Zn, it is very difficult to achieve.!'3-131 As a result, Ga, 03
based p—n homojunction has not been realized. It will prevent
the optoelectronic devices design. Fortunately, some oxides
are intrinsically p-type semiconductors with intrinsic accepted
defects, the £-GapO3 based p—n heterojunction (HJ) can be
proposed with these typical p-type oxide semiconductors.

The p—n HJ band alignment is an important part of de-
vice design and applications. It can be divided into 3 types:
type I also called straddling type, type-II the staggered type,
and type-III the broken type.l'®18] At present, there are many
studies on the band alignment of -Ga;O3 p—n HJs. The re-
sults are dependent on the HJ fabrication process and the ma-
terials. Li er al. have reported a type-I band alignment of
Li-doped NiO and Si-doped B-Ga>03.I'") Ghosh et al. have
reported that sol-gel fabricated NiO on single crystal B-Ga; 03
had type-II band alignment, -Cr,O3 on single crystal -
Gay03 was the same.[20-21] However, the band alignment of
the £-Ga;O3 p—n HJ is not clear, which is crucial to design
e-Ga;03 optoelectronic devices with novel function and im-
proved performance.

In this work, €-GayO3 was heteroepitaxial grown on c-
axis sapphire substrate by MOCVD with three-step growth
method. The €-Ga;O3 p—n HJs were demonstrated using
NiO and SnO, which are the most representative p-type ox-
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ide semiconductors.?>->>! The energy band alignment of these
HJs was investigated by x-ray photoelectron spectroscopy
(XPS).

2. Experiment

The €-Ga;03 thin films were grown on c-axis sapphire
substrates by MOCVD using a three-step growth method. Tri-
ethylgallium (TEGa) was used as the precursor of Ga, and the
deionized water (H,O) and nitrous oxide (N,O) were used as
the precursors of O in different steps, while argon was the
carrier gas. First, the buffer layer was grown at 550 °C with
TEGa flow rate of 90 sccm and H,O flow rate of 2000 sccm
for 30 min under processing pressure of 100 torr. The second
epitaxy layer was grown at 600 °C for 60 min under chamber
pressure of 20 torr, where N,O was used as the precursor of
O with flow rate of 500 sccm. After that, the third epitaxy
layer was grown at temperature of 640 °C for 60 min, while all
precursors flow rates remained the same.

SnO films were deposited by electron-beam evaporation
with substrate temperature of 280 °C using SnO; as the target
under a high vacuum of 4.5 x 107 torr. This method has been
described in literature in detail.[?*! NiO thin film was prepared
by thermal oxidation. At first, a Ni thin film was deposited
by electron beam evaporation under room temperature. Then,
the thermal oxidation of the Ni layer was performed by rapid
thermal annealing (RTA) for 10 min in O, ambient with flow
rate of 0.3 slpm. According to the deposition rate and time,
we precisely controlled the thickness of the SnO and NiO thin
films.

Table 1. The samples.

Sample Structure
1 100 nm €-Ga; O3 on sapphire
2 75 nm SnO on glass
3 3 nm SnO on £-Ga,03
4 40 nm NiO on sapphire
5 3 nm NiO on £-Ga, 03

In this study, five samples were prepared in order to in-
vestigate the valence band offsets (AEy) of the SnO/e-Gay03
and NiO/e-Ga, 03 HIJs using XPS, respectively. They are sam-
ple 1: €-Gay O3 thin film on the c-axis sapphire substrate with
thickness of 100 nm, which represents the properties corre-
sponding to the bulk £-Ga;03, sample 2: SnO film on glass
with thickness of 75 nm, sample 3: SnO on bulk &-Ga;03
with thickness of 3 nm, sample 4: NiO film on sapphire wafer
with thickness of 40 nm, and sample 5: NiO thin film on bulk
€-Gap O3 with thickness of 3 nm. Samples 1, 2, and 4 were
used to obtain the valence band maximum (VBM) and core
level (CL) positions, while samples 3 and 5 were used to ob-
tain the CL offset between the p-type oxides and £-GayOs.
The sample information is summarized in Table 1. The XPS

instrument is ESCALAB 250 of thermos-VG Scientific with
monochromat Al K x-radiation at source excitation energy of
15 keV.

3. Results and discussion

Figure 1(a) shows the x-ray diffraction (XRD) pattern of
sample 1. Expect for the sapphire (0006) peak, the other three
peaks are all attributed to £-Ga,05.['?) Figure 1(b) shows the
high-resolution XRD rocking curve for the (004) plane. A full
width at half maximum (FWHM) of 648 arcsec is observed.
Based on the rocking curve of €-Gay;O3 (004), the calculated
density of screw dislocations is 2.55 x 103 cm™2. The results
indicate that the pure £-Ga, O3 with high crystal quality is fab-
ricated by MOCVD with the three-step growth method.
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B E-GaQOg
2T
@
a |+
it
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(004)
L 1 (002)
l l (006)
20 30 40 50 60
26/(%)
- (b)
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=t
g
5
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Fig. 1. (a) The XRD pattern of the Ga,Oj3 thin film on c-axis sapphire

substrate and (b) the rocking curve for the (004) plane.

Fig. 2. Cross-sectional SEM image of the €-Ga, O3 thin film on sapphire.

In this work, the NiO and SnO thin films were fabricated
by electron-beam evaporation with excellent coverage. There-
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fore, the roughness of the interface between £-Ga;O3 and p-
type oxides is mainly determined by the £-Ga; O3 thin film sur-
face roughness. Figure 2 is the cross-sectional SEM image of
the €-Ga, O3 thin film on sapphire. It is observed that the sur-
face is smooth. It is consistent with our previous results. In our
previous work, we have reported that the £-Ga;Os3 thin film

grown by layer-by-layer mode has an atomic flat surface.!'?!

100 | 6-Ga203
X 80F
~
g
‘w 60F
2
£
2 40
g
& 20t !
]
3.00 3.50 4.00 4.50 4.95 5.50
0 h~vy/eV
200 300 400 500 600 700 800
Wavelength /nm

Fig. 3. The transmission spectrum of the Ga, O3 thin film on c-axis sapphire
substrate. The inset shows the optical bandgap calculation procedure.

Figure 3 shows the transmission spectrum of the £-Ga; 03
thin film in the wavelength range from 200 nm to 800 nm. The
optical bandgap can be extrapolated according to the formula

ahy =A(hy—E)",

—— SnO

(001)

Intensity

15 20 25 30 35 40 45
20/(°)

— NiO (c)

Intensity

35 40 45 50 55 60 65 70
20/(°)

Transmission /%

where « stands for the absorption coefficient, 4y stands for the
photon energy, A is a constant, and E; is the optical bandgap.
As the €-Gay O3 thin film has a direct bandgap structure, the n
value of 0.5 is used. The fitting result shows that the optical
bandgap of the €-Ga;03 is ~ 4.95 eV. The value is basically
consistent with our previous results.

Figure 4(a) shows the XRD pattern of sample 2
(SnO). The c-axis preferred orientation ¢¢-SnO thin film is
confirmed.?”! Figure 4(b) is the transmission spectrum of the
SnO thin film. The direct optical bandgap is evaluated as
2.89 eV using the (athy)? versus hy plot, as shown in Fig. 4(b).
The result is consistent with our previous work. %%

The XRD pattern and transmission spectra of the NiO
thin film, which was grown on glass, are shown in Figs. 4(c)
and 4(d), respectively. It suggests a polycrystalline NiO film
(JCPDS card No. 47-1049) with a direct bandgap of ~ 3.69 eV
consistent with the literature. The bandgap of NiO has been
reported at the range of 3.6—4.0 eV.[?]

Hall effect measurements have been employed to confirm
the conductive mode of the SnO and NiO thin films. The re-
sults indicate that both NiO and SnO films are p-type semicon-

ductors with hole concentration of ~ 1017 cm™3.

100} (b)

—SnO
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20F
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Fig. 4. (a) The XRD pattern and (b) transmittance spectra of the SnO thin film on glass. (c) The XRD pattern of the NiO thin film on glass, (d)
the transmittance spectra of the NiO thin film on sapphire. The insets of (c) and (d) show their optical bandgaps.

Figure 5 shows the XPS data of sample 1 (e-Gay03), in-
dicating the VBM and Ga 2p core level (CL). Note that all
XPS results have been calibrated by taking the C 1s peak at
284.8 eV. The value of the VBM has been determined to be
2.94 £+ 0.02 eV by linear extrapolation of the leading VBM

edge to the base line of the VB spectra. The obtained VBM
value is far away from the Fermi level, indicating the n-type
nature of the £-Ga;O03. The binding energy (BE) of Ga 2p
is found to be 1117.61 +0.01 eV, and (Egap — EvBM)Ga203
is 1114.67 £0.03 eV. In contrast, as shown in Fig. 6(a), the
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VBM of the SnO thin film (sample 2) has been determined to
be 0.77 £0.02 eV, which is close to the Fermi level, indicat-
ing the p-type nature of the SnO layer. The BE of Sn 3d and
(Esnza — EveMm)sno have been found to be 486.52 +0.01 eV
and 485.75 £0.03 eV, respectively. The BE difference be-
tween the CLs of Sn 3d and Ga 2p has been calculated to be
631.09 +0.02 eV by measurement of sample 3 which has an
ultra-thin SnO layer on top. It allows us to collect photoelec-
trons from both top and bottom layers. The measurement data
is summarized in Table 2.

yya
77
Ga 2p3/2

r 1114.67 eV 1117.61 eV

Intensity
VBM =2.94 eV

4 1110 1115 1120 1125
Binding energy/eV

Fig. 5. High resolution XPS spectra of sample 1, it shows the Ga 2p CL
and VBM.

The valence band offsets (AE,) of the SnO /e-Ga, O3 HJ is
calculated based on Kraut’s method by following formula: 28]

AE,(Sn0/Ga;03) = (EGazp—Ev)GazO3 — (Esnza — Ev)sno

— (EGazp — Esn3d) $n0/Gay0s *

The AE,(SnO/Ga,03) is extracted to be 2.17 £0.08 eV. Com-
bining with the optical band gap, we draw the energy band
diagram of SnO/e-Ga,03 HJ in Fig. 5(c). It shows a type-II
band alignment with a large VBO (2.17£0.08 eV) and a small
CBO (0.11+£0.08 eV).

() L
485.75
| I ° 1 Sn 3d5/2
! 1 486.52 eV’
> |
IS
.a ] |
=} |
)
< I
o
— I
| J
|
|
] |
-2 0 2 4 480 485 490 495
Binding energy/eV
631.09 eV !
! J
I
> | g
E :
2 Ga 2py)»
% \L117.61 eV
= I
I
| J
I
o L I
480 484 488 1112 1116 1120 1124
Binding energy/eV
(c) e-Gay03 SnO
E. 0.11 eV, I B,
2.89 eV
4.95 eV 5
? v
2.17 eV T
l 485.75 eV
Ev
Sn 3d
1114.67 eV~ 631.09 eV
Ga 2p

Fig. 6. High resolution XPS spectra for (a) sample 2 and (b) sample 3. (c)
Schematic diagram for band alignment of the SnO/e-Ga, O3 interface.

Table 2. Summarize of calculation results.

Valence band

Sample Optical band gap/eV CL/eV VBM/eV
offset/eV
1 4.95 Ga 2p 1117.614+0.01 2.94+0.02
SnO/e-Gay O3 2 2.89 Sn 3d 486.52+0.01 0.77 £0.02 2 174£0.08
3 Ga2p 1117.61+0.01
Sn 3d 486.524+0.01
1 4.95 Ga2p 1117.61+£0.01 2.94+0.02
NiO/e-Gay O3 4 3.69 Ni2p 854.07+£0.01 0.63+£0.02 174008
5 Ga 2p 1117.3940.01
Ni 2p 854.46 +0.01

Figure 7(a) shows the XPS data of sample 4 (NiO) in-
cluding the VBM and Ni 2p CL.[*°! The obtained VBM of the
NiO thin film is 0.63 £ 0.02 eV, which is close to the Fermi
level, indicating the p-type nature of the NiO layer. The BE of

Ni 2p is found to be 854.07+0.01 eV, and (Eni2p — EvBM)NiO
is 853.44+0.03 eV. The BE difference between the CLs of
Ni 2p and Ga 2p has been measured to be 262.93 +0.02 eV

with sample 5. The measurement data is shown in Table 2.
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The AE, of NiO/e-Ga, O3 HJ is extracted to be 1.7 £0.08 eV
according to Kraut’s formula

AE,(NiO/Ga,03) = (EGaZp_Ev>Ga203 — (Enizp — Ev) nio

- (EGa2p - ENiZP)NiO/Ga203 :

The energy band alignment of NiO/e-Ga; O3 HJ is drawn in
Fig. 7(c) using the optical band gap value in Table 2. Like
SnO/e-Gay 03 HJ, the NiO/e-Ga; O3 HJ also has a type-II band
alignment with 1.7£0.08 eV VBO and 0.44 +0.08 eV CBO.
The result is close to the report by Ghosh et al. that NiO/f3-
Ga03 has type-II band alignment with VBO of 1.6 eV, and
CBO of 0.3 eV.2!)

(a)
853.44 eV
™ .
B | Ni 2p3/2
. . 854.07 eV
e o |
£ -
g ©
g <3
S F
2 |
Mo
>
|
0o 1 2 850 860 870
Binding energy/eV
IIII
(b) ]
262.93 eV , )
- | 'Ga 2p3/2
Ni 2ps/2 111739 eV ]
> 854.46 eV ! ]
X |
12}
g F | |
]
) |
=} .
— |
| ]
B 1
|
| ]
L 1 IIV 1 I L i
846 858 1110 1116 1122
Binding energy/eV
(c) e-GaxO3 NiO
k. 0.44 eV§ ] Ee
3.69 eV
4.95 eV
E,
t
1.7 eV
E, ¥
853.44 eV
1114.67 eV
Ni 2p
1262.93 eV
Ga 2p

Fig. 7. High resolution XPS spectra for (a) sample 4 and (b) sample 5. (c)
Schematic diagram for band alignment of the NiO/e-Ga; O3 interface.

The type-1I band alignment makes HJs suitable for device
applications based on the separation of charge carriers. We can
choose appropriate HJ structures according to specific applica-
tions. The turn-on voltage is mainly dominated by the value of
AE.. A small AE. will provide a low turn-on voltage, which
leads to higher forward current, but also a higher leakage cur-
rent at ambient temperature. An appropriate value of AE, is
desirable for the optimum performance of a p—n HJ diode.
Compared with SnO/e-GapO3 with smaller AE of 0.11 eV,
the NiO/e-Gap O3 with AE, of 0.44 eV is suitable for p—n diode
application with lower leakage current. On the other hand, the
larger AE, in SnO/e-Ga;03 (2.17 eV) makes it suitable as a
hole blocking layer in p—n HJ based UV LEDs.[3%3] In ad-
dition, when the junction is in a positive bias, compared with
the NiO/e-Ga, O3 HIJ, the SnO/e-Ga, O3 HJ with smaller AE,
and larger AE, will provide high electron injection efficiency
to improve the performance of bipolar transistors.

4. Conclusions

In this work, p-type semiconductor thin films of NiO and
SnO were fabricated on MOCVD growing £-Ga,0Os3, respec-
tively. The valence band offsets of NiO/e-Ga;O3 and SnO/e-
Gay0O3 HJs were investigated by XPS measurement. Com-
bined with the measurements of the optical bandgaps, the
band alignment diagrams were drawn. Both SnO/e-Ga,; 03 and
NiO/e-Gay O3 HIs have type-II band alignment. The HJs are
suitable for device applications due to the advantage for the
separation of charge carriers.
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