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Abstract
The properties of a minority carrier (hole) trap in β-Ga2O3 have been explicitly investigated
using a NiO/β-Ga2O3 p–n heterojunction. Via deep-level transient spectroscopy, the activation
energy for emission (Eemi) and the hole capture cross section (σp) were derived to be 0.10 eV
and 2.48 × 10−15 cm2, respectively. Temperature-enhanced capture and emission kinetics were
revealed by the decrease in the capture time constant (τ c) and emission time constant (τ e).
Moreover, it was determined that the emission process of the minority carrier trap is independent
of the electric field. Taking carrier recombination into account, a corrected trap concentration
(NTa) of 2.73 × 1015 cm−3 was extracted, together with an electron capture cross section (σn) of
1.42 × 10−18 cm2. This study provides a foundation for the comprehension of trap properties in
β-Ga2O3, which is crucial for overcoming self-trapped hole effects when obtaining p-type
β-Ga2O3 materials and performance enhancement of β-Ga2O3-based power devices.

Keywords: NiO/β-Ga2O3p–n heterojunction, deep-level transient spectroscopy,
minority carrier trap, time constant, trap concentration

(Some figures may appear in colour only in the online journal)

1. Introduction

Today, β-Ga2O3 has tremendous potential in power sup-
ply, radar and communication systems due to its outstand-
ing material properties, including its wide bandgap (4.9 eV),
high breakdown electric field (8 MV cm−1) and availability

∗
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of single-crystal native substrates [1, 2]. In the past, in addi-
tion to unipolar devices [3–5], enormous efforts have been
made in the development of β-Ga2O3-based bipolar devices
[6–9]. However, p-type β-Ga2O3 represents a challenge due
to its large hole effective mass and self-trapping of holes in β-
Ga2O3 [2, 10]. Instead, β-Ga2O3-based p–n heterojunctions
have typically been manufactured with other p-type materi-
als, such as Si [11], GaN [12, 13], NiO [6, 8, 14], 4H-SiC [7],
diamond [15], CuMo2 [16] and ZnCo2O4 [8]. For instance,
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the NiO/β-Ga2O3 p–n heterojunction has successfully demon-
strated a low specific on resistance of 2.7 mΩ cm2 and a high
breakdown voltage of 1404 V [6].

It is also reported that the performance of the β-Ga2O3 p–
n heterojunction is significantly affected by deep-level traps
inside the devices [17–19]. By reducing the deep-level trap
concentration, improved performance was obtained in the
NiO/β-Ga2O3 p–n heterojunction, including a reduced ideal-
ity factor and an enlarged reverse blocking voltage [17].
Furthermore, a previous study suggested that the forward con-
duction characteristics of the NiO/β-Ga2O3 p–n heterojunc-
tion were primarily governed by Shockley–Read–Hall recom-
bination induced by interfacial states or mid-gap traps [18].

There have been some investigations on the majority car-
rier (electron) traps in the β-Ga2O3 p–n heterojunction [8, 13,
15, 17–20]. In a NiO/β-Ga2O3 p–n heterojunction, two major-
ity carrier traps were identified and believed to be responsible
for the forward subthreshold conduction (EC− 0.67 eV) and
reverse leakage current at a high electric field (EC− 0.75 eV),
respectively [19].

Compared to majority carrier traps, there are few studies
on minority carrier (hole) traps in n-type β-Ga2O3. A minor-
ity carrier trap with an activation energy for emission (Eemi)
of 0.14 eV was found in a NiO/β-Ga2O3 p–n heterojunction
[18, 19] and a diamond/β-Ga2O3 p–n heterojunction [15].
However, some issues still need to be addressed before one
can achieve complete comprehension of minority carrier traps
in β-Ga2O3 p–n heterojunctions.

(a) Few studies focus on the capture process characteristics of
minority carrier traps in β-Ga2O3, such as the temperature-
dependent capture time constant (τ c) and the capture bar-
rier energy (Ecap). The lack of the above information
may hinder crucial optimization of β-Ga2O3-based bipolar
devices. For example, the capture process of minority car-
rier traps in a high-gain β-Ga2O3 ultraviolet detector is
highly related to the gain and spectral responsivities of the
photodetector [21].

(b) Information on the emission process of minority car-
rier traps is critical in understanding the correlation
between minority carrier traps and device properties, such
as compensation of conductivity and recombination of
nonequilibrium charge carriers [22]. The electric-field-
dependent emission process has previously been qualitat-
ively investigated [18]; however, a quantitative assessment
of the emission time constant (τ e) of minority carrier traps
in β-Ga2O3 p–n heterojunctions is still missing.

(c) The minority carrier trap concentration has previously
been extracted using deep-level transient spectroscopy
(DLTS) [18, 19]. Nevertheless, failure to take the quick
carrier recombination effect into account would lead to an
underestimated trap concentration rather than the actual
value. It is highly demanding to accurately extract the trap
concentration (NT), which is key to identifying the origins
of traps and providing feedback for the optimization of
materials and devices [23].

In this paper, the electrical and trap characteristics of a
NiO/β-Ga2O3 p–n heterojunction were thoroughly studied.
A minority carrier (hole) trap (EV + 0.10 eV) is extrac-
ted via DLTS in a NiO/β-Ga2O3 p–n heterojunction. The
temperature-dependent τ c is determined by varying the filling
pulse width (tP), from which the Ecap is measured. The negli-
gible shift of τ e with an altering reverse bias (UR) indicates
an electric-field-independent emission process. Meanwhile,
temperature-enhanced emission behavior is revealed by the
temperature-dependent τ e. By varying the UR, a corrected
trap concentration (NTa) is obtained together with the elec-
tron capture cross section (σn). The investigation on the
minority carrier trap paves a solid path for a comprehensive
understanding of the trap properties in β-Ga2O3 p–n hetero-
junctions, which could further facilitate acquisition of p-type
β-Ga2O3 and performance enhancement of β-Ga2O3-based
devices.

2. Device and electrical characteristics

Figure 1(a) shows a schematic cross section of the NiO/β-
Ga2O3 p–n heterojunction. The wafer contained a 10 µm
thick Si-doped n−-type β-Ga2O3 drift layer and a 635 µm
thick Sn-doped (001) n+-type β-Ga2O3 substrate, and their
electron concentrations were about 4 × 1016 cm−3 and
9.7 × 1018 cm−3, respectively. A Ti/Au (20 nm/80 nm) cath-
ode was formed by electron beam evaporation and rapid
thermal annealing for 60 s at 470 ◦C. Subsequently, the 360 nm
thick SiO2 and 40 nm thick SiNx were grown by plasma-
enhanced chemical vapor deposition. To pattern the p-type
NiO region, inductively coupled plasma etching was applied
for 160 s, followed by buffered oxide etchant treatment for
30 s to remove residual SiO2. Then, 300 nm thick p-type
NiO with a radius of 110 µm was deposited by sputtering
and lift-off. The hole concentration in the p-type NiO layer
is 3.7 × 1019 cm−3 via Hall measurements. Eventually, a cir-
cular Ni/Au (50 nm/100 nm) anode with a radius of 100 µm
was formed after metal deposition and annealing at 300 ◦C for
120 s.

Figure 1(b) illustrates the forward and reverse current–
voltage (I–V) characteristics of the NiO/β-Ga2O3 p–n hetero-
junction at 300 K. A leakage current of 7.09 × 10−9 A cm−2

at a bias of−50 V is observed, deducing an excellent voltage-
blocking capacity. The forward I–V characteristics in linear
scale are plotted in the inset of figure 1(b), and the threshold
voltage (V th) is determined to be 1.84 V at 300 K, using
1 A cm−2 standard.

Figure 1(c) displays the capacitance–voltage (C–V)
characteristics of the NiO/β-Ga2O3 p–n heterojunction at
1 MHz with a step of 50 K. To investigate the relation-
ship between capacitance and temperature, the capacitance–
temperature (C–T) characteristics at −0.75 V are exhibited in
figure 1(d). The capacitance reduces from 23.50 nF cm−2 to
13.80 nF cm−2 as the temperature decreases from 350 K to
25 K due to the reduced hole concentration in p-type NiO
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Figure 1. (a) A schematic cross section of the NiO/β-Ga2O3 p–n heterojunction. (b) Forward and reverse I–V characteristics on a
logarithmic scale at 300 K. Inset: forward I–V characteristics in linear scale at 300 K. (c) C–V characteristics from 50 K to 350 K. (d) C–T
characteristics. Inset: the carrier concentration extracted from the C–V characteristics at 300 K.

at low temperatures [18]. Moreover, the capacitance was
extracted to be 13.80 nF cm−2 at 25 K, indicating that the
hole concentration was nearly halved at cryogenic temperat-
ures. Meanwhile, the depletion region in the junction mainly
locates at the n−-type β-Ga2O3 layer, as the hole concen-
tration in the p-type NiO layer is still much larger than the
carrier concentration in the n−-type β-Ga2O3 layer, even
though about half of the holes are frozen out at low tem-
peratures. As shown in the inset of figure 1(d), the carrier
concentration (NS) was extracted to be about 4 × 1016 cm−3

at 300 K.

3. Trap characteristics

As depicted in figure 2(a), the trap properties have been quan-
tified by temperature-scanning DLTS from 20 K to 350 K.
The equipment used in this experiment is the FT 1230 high-
energy resolution analysis DLTS (FT 1230 HERA-DLTS) sys-
tem (PhysTech). The DLTS signal is recorded with a reverse
bias UR = −15 V, a filling pulse UP = −0.1 V, a filling pulse
width tP = 0.01 s and a measurement period TW = 0.01 s. A
minority carrier trap (H1) was determined by a distinct negat-
ive valley in the DLTS spectrum. When the pulse bias changes
from −15 V to −0.1 V, the junction barrier between NiO and
β-Ga2O3 becomes smaller, and it is easier for holes to get

injected from p-type NiO into n−-type β-Ga2O3 directly or via
the assistance of an interface state. As shown in figure 2(b),
H1 features an Eemi of 0.10 eV and a hole capture cross
section (σp) of 2.48 × 10−15 cm2 by Arrhenius analysis [24].
Furthermore, the depletion region width with UR of −15 V
is evaluated to be 1.24 µm around 60 K, which is much
smaller than the thickness of n−-type β-Ga2O3 (10 µm),
deducing that H1 is located in the upper region of n−-type
β-Ga2O3.

As shown in table 1, hole traps or defects in β-Ga2O3 have
been commonly observed in the literature [18, 19]. Hole traps
with comparable Eemi and smaller σp were reported in both
the Si-doped β-Ga2O3 drift layer (Eemi = 0.14 eV, σp = 6–
7 × 10−17 cm2) and the unintentionally doped β-Ga2O3 bulk
substrate (Eemi = 0.06 eV, σp = 1–2 × 10−21 cm2) [18, 19].
Compared to other hole traps, the larger σp of H1 indicates
the enhanced ability of H1 to capture holes in β-Ga2O3. The
strong capability of H1 to capture holes represents the barrier
which needs to be overcome before achieving p-type conduc-
tion in β-Ga2O3 materials.

The variations of capacitance transient amplitudes (△C)
with different tP were recorded from 40 K to 60 K, as shown
in figure 3(a). As tP increases, the absolute value of△C exhib-
its a steep increase initially due to the incremental amount of
filled trap. However, the value of△C becomes saturated while
tP is further enhanced, which is attributed to the complete
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Figure 2. (a) The temperature-scanning DLTS signal at 1 MHz. (b) The Arrhenius plot of H1 to extract Eemi, where vthp is the thermal
velocity of holes and NV is the effective density of states in the conduction band.

Table 1. A comparison of trap properties between H1 and other hole traps in the literature. (NA means not applicable in the table.)

Eemi (eV) β-Ga2O3 structure σp (cm2)

0.10 [This work] Si-doped epilayer 2.48 × 10−15

0.14 [18] Si-doped epilayer 6–7 × 10−17

0.06 [19] Unintentionally doped bulk material 1–2 × 10−21

Figure 3. (a) The normalized△C as a function of tP. (b) Fitting curves for H1. (c) The capture time constant from 40 K to 65 K. (d) An
Arrhenius plot of H1 to extract Ecap.

occupancy of traps. When the temperature rises, a shorter tP is
sufficient to achieve the saturation of △C, indicating that the
capture process of H1 is accelerated at a higher temperature.

Figure 3(b) illustrates the relationship between △C and tP
at different temperatures, showing good linearity, as described
by the following equation [25]:
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Figure 4. (a) The temperature-scanning DLTS signal with different UR. (b) The temperature-dependent τ e.

ln
(
1− ∆C

∆Cmax

)
= tP

τc
(1)

where△Cmax is the saturated capacitance transient amplitude.
H1 is regarded as a point defect rather than an extended defect
as a result of the excellent fitting linearity [25]. In figure 3(c),
from 40 K to 65 K, τ c obtained via equation (1) reduces
from 10.45 ms to 3.88 ms, revealing a temperature-enhanced
capture process. It is also proposed that τ c has the follow-
ing relationship with temperature, from which Ecap can be
determined [26]:

ln
(

1
τcvthpσp

)
=−Ecap

kT + ln(pP) (2)

where k is the Boltzmann constant, and pP is the hole concen-
tration at the depletion region width with UP (wP). As shown
in figures 3(d) and (a), a negligible Ecap (7 meV) is extracted
by linear fitting of equation (2). Due to the absence of a cap-
ture barrier for H1, holes in β-Ga2O3 are readily captured by
H1, posing a significant obstacle in the manufacture of p-type
β-Ga2O3 materials.

The binding energy (Ebinding), which signifies the distance
between the trap and valence band, is extracted to be 0.10 eV
from the following equation [27]:

Eemi = Ecap +Ebinding . (3)

Due to the absence of Ecap, Ebinding, which represents the
precise location of H1 in the bandgap, is typically equal
to Eemi.

Figure 4(a) depicts the temperature-scanning DLTS signal
with different UR. The blue dashed line represents the val-
ley of the temperature-scanning DLTS signal. The valley pos-
ition stabilizes at around 60 K as UR increases, indicating that
H1 is a bulk trap in n−-type β-Ga2O3 instead of an inter-
face trap [28]. Meanwhile, the fixed valley position also infers
that the emission process is not enhanced by the rising elec-
tric field, corresponding to UR from −5 V to −20 V [28].
Figure 4(b) shows the τ e extracted by isothermal DLTS, as
enhancing the reverse bias from −5 V to −20 V, in the tem-
perature ranging from 40 K to 65 K [3]. The bar in the graph

represents the deviation value of τ e, as varying UR. When UR

increases, τ e is slightly shifted, leading to a typical electric-
field-independent emission process. Nonetheless, the decrease
in τ e from 4.28 ms to 2.48 ms when the temperature increases
from 40 K to 65 K reveals a temperature-enhanced emission
process.

Figure 5(a) shows the NT derived from △C as a function
of the depletion region width under the UR (wR) by isothermal
DLTS with varying UR:

NT = 2
∆C
CR

NS (4)

where CR is the capacitance at UR. During isothermal DLTS,
tP is set to be 100 ms to ensure that all the traps are occupied.
The NT initially increases and subsequently decreases as wR is
extended. The increase in the NT is related to the quick car-
rier recombination effect at the edge of the depletion region
[29]. The electron concentration near the edge of the deple-
tion region gradually drops to zero in the region with a critical
width (λR), as shown in figure 5(b). In this region, holes are
emitted rapidly from traps to recombine with the electrons,
and fail to be detected by DLTS due to the short emission
time. The neglection of quick carrier recombination contrib-
utes to an underestimated NT. The NTa, which means the cor-
rected trap concentration, can be extracted from the following
equations [29]:

NT = NTa

(
1− λR

wR

)2

(5)

λR =

√
2εrε0kT
NSq2

ln

(
NSvthnσnτe

ln(2)

)
(6)

where εr and ε0 are relative and vacuum permittivity, sep-
arately, q is the elementary charge, and vthn is the thermal
velocity of electrons. From the fitting red dashed line, an
NTa of 2.73 × 1015 cm−3, a λR of 533 nm and a σn of
1.42 × 10−18 cm2 are extracted. The NTa is one order of mag-
nitude greater than the NT, reflecting a higher consumption of
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Figure 5. (a) NT as a function of wR. The red dashed line represents the fitting of equation (5). (b) The carrier distribution near the
NiO/β-Ga2O3 interface.

holes than the result that does not take quick carrier recombin-
ation into account. Meanwhile, σn is much smaller than σp,
suggesting that H1 is more likely to capture holes rather than
electrons. The results highlight the difficulties associated with
achieving efficient hole doping in β-Ga2O3. As wR is further
extended, NT shows a decreasing trend, as shown in figure 5(a).
The decreased NT as extracted was due to insufficient hole
injection. When wR is adequately long, it is challenging for
the holes to tunnel from p-type NiO and diffuse to the region
far away from the NiO/β-Ga2O3 junction interface, and hole
traps located far away from the NiO/β-Ga2O3 junction inter-
face cannot be detected due to the absence of hole trapping
activity.

4. Conclusion

In summary, the electrical and trap characteristics of a NiO/β-
Ga2O3 p–n heterojunction were thoroughly investigated. A
minority carrier trap H1 was identified via DLTS with an Eemi

of 0.10 eV and σp of 2.48 × 10−15 cm2, and is regarded as
a point defect. When the temperature elevates from 40 K to
65K, τ c drops from 10.45ms to 3.88ms and τ e decreases from
4.28ms to 2.48ms, indicating a temperature-enhanced capture
and emission process. In contrast, τ e remains unchanged with
varying UR, inferring the insignificant influence of the electric
field on the emission process. Taking the quick carrier recom-
bination effect into account, NTa and σn were measured to be
2.73 × 1015 cm−3 and 1.42 × 10−18 cm2, respectively. The
results imply that the strong capability of capturing holes, a
large corrected trap concentration and the absence of a cap-
ture barrier, in combination, represent obstacles that need to
be overcome before achieving good p-type conduction in β-
Ga2O3 materials. The trap properties revealed in this study also
provide a foundation for understanding trap-related dynamic
degradation in β-Ga2O3-based power devices.
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