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Abstract
We report the emission kinetics of a single-electron trap (E1, EC–0.63 eV) in Sn-doped (2̄01)
β-Ga2O3 crystals studied using deeplevel transient spectroscopy (DLTS). The time constant
(τ ) of the electrons emitted from the trap level E1 was thoroughly investigated as a function of
the temperature and the electric field (E-field) . The temperature-dependence τ of E1 was
extracted by both the temperature-scanning and isothermal modes of DLTS. It was found that
the emission process accelerated exponentially from 200 K to 350 K. The E-field dependence of
the emission time constant could be divided into two regimes for all measurement steps
(250–325 K). In the low-electric-field regime, the emission time constant of the trap decreased
slightly with a strengthened E-field. With a further enhancement of the E-field
(E > 1.76 MV cm−1), the field-enhanced emission rate was accurately modeled by the
Poole–Frenkel effect; the accelerated emission process was attributed to a reduction of the
Coulomb well barrier for the donor-like trap E1.

Supplementary material for this article is available online
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1. Introduction

β-phase Ga2O3 has attracted considerable research interest
for use in power conversion applications, due to its thermal

∗
Authors to whom any correspondence should be addressed.

stability, ultra-wide bandgap of 4.9 eV, and high critical break-
down electric field of 8MV cm−1 [1, 2]. Various Ga2O3-based
power devices, including metal–oxide–semiconductor field-
effect transistors (FETs) [3, 4], metal–semiconductor FETs
[5, 6], FinFETs [7] and Schottky barrier diodes (SBDs) [8–10]
have been successfully demonstrated. In work toward reli-
able fast switching applications, the dynamic performance
of Ga2O3-based devices has been measured and investigated.
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Forward conduction current loss after off-state stress [11] and
reverse breakdown degradation after forward bias stress [12]
have been reported for vertical Ga2O3 SBDs. After off-state
stress, Zhang et al found that ion implantation-based edge ter-
mination could lead to worsened forward current drop, com-
pared to the case without ion implantation, although the break-
down voltage was greatly improved [11]. It was suggested that
the root cause of the above degradation was deep-level traps in
the bulk materials [13–15]. Deep traps with energy levels 0.5,
0.6, 0.7, 0.8 and 1.0 eV below the conduction band minimum
(CBM) have been commonly found in Ga2O3 manufactured
by various growth methods and a number of characterization
methods [16–18]. In particular, traps with activation energies
of around 0.6 eV have been extensively identified and reported
using various methods, including deep-level transient spectro-
scopy (DLTS) [16, 19]. Nevertheless, physical insight into the
emission and capture mechanisms of this trap (EC–0.6 eV) is
still missing.

To achieve reliable high-power switching applications,
it is necessary to understand the temperature-dependent
and electric-field (E-field)-dependent characteristics of traps
inside Ga2O3, particularly the characteristics related to the car-
rier trapping and de-trapping processes. Steady-state capacit-
ance spectroscopy has been utilized to study the trap emis-
sion time constant (τ ) of Ga2O3 SBD at, or slightly higher
than, room temperature [20], but it was challenging to extract
the time constant at temperatures well above room temperat-
ure. The isothermal DLTS method [21], which features mul-
tiple sampling time spans at fixed temperature steps, has been
employed to obtain the short-emission-time constants (<1 s)
of Ge-doped (010) Ga2O3 at temperatures of 405–430 K [22].
The influence of the electric field on the electron emission rate
from deep levels can be generally modeled by three mech-
anisms: (a) the direct tunneling effect, (b) the Poole–Frenkel
effect (PFE), and (c) phonon-assisted tunneling. The PFE,
which is caused by a lowering of the Coulomb barrier, occurs
for charged impurities only [23] whereas phonon-assisted tun-
neling (and direct tunneling in very strong electric fields) is
possible for charged impurities in all charge states [24]. Field-
enhanced emission behaviors have been reported for traps at
temperatures above 360 K in molecular beam epitaxy- and
hydride vapor phase epitaxy-grown β-Ga2O3 films, and a trap
activation energy of 0.9–1 eV was revealed [18]. Phonon-
assisted tunneling and PFE have been identified in edge-
defined film-fed grown (EFG) Ga2O3 for trap levels at 0.8 eV
and 1 eV below the conduction band, respectively [25].

Despite the steady advances in the understanding of trap
properties in Ga2O3, two relevant issues still need to be
addressed: (a) the trap emission time constants at or above
room temperature have been reported, but were limited to a
small temperature range (<30 K). The emission time constant
mapping for a wide temperature range, e.g. 200–400 K is still
unknown, which hinders a comprehensive understanding of
its temperature dependence; (b) the electric-field-dependent
emission mechanisms of traps with activation energies of 1 eV
and 0.8 eV have been reported; however, the E-field dependent
emission kinetics for shallower trap levels are not fully under-
stood, in particular, for a range of temperatures.

In this paper, we describe an investigation of the device
performance and single trap (EC–0.63 eV) properties of
EFG-based (2̄01) β-Ga2O3 SBDs, in which temperature-
dependent current–voltage (I–V) and capacitance–voltage (C–
V) characterizations were performed, and two kinds of DLTS
technique (temperature-scanning mode DLTS and isothermal
mode DLTS) were used. To profile the trap location in the
device and its origin, the reverse bias, pulse voltage and filling
pulse width were varied in the DLTS temperature scan. Map-
ping of the effects of thermal acceleration on the trap emission
process was performed using both DLTS techniques at a wide
range of temperatures from 200 K to 350 K. A detailed study
was made of the field-enhanced emission mechanisms of both
the low-electric-field and high-electric-field regions.

2. Device structural and electrical characterizations

The inset of figure 1(a) shows a schematic cross-section of the
vertical β-Ga2O3 SBD used in this study. A (2̄01) β-Ga2O3

wafer was prepared by EFG method with a thickness of
600 µm and a top Sn:Ga2O3 layer electron concentration of
around 2.3× 1017 cm−3. The vertical diode structure was fab-
ricated using Ni/Au for the Schottky contact and Ti/Au for the
ohmic contact. At 300 K, the turn-on voltage was measured to
be 0.82 V (using 1 A cm−2 as the threshold current criteria)
and the specific on-resistance (Ron) was about 22.3 mΩ cm2 at
a current density of 50 A cm−2. The turn-on voltage increased
from 0.75 V to 0.96 V as the temperature decreased from
350 K to 200 K, and the corresponding Ron decreased from
24.2 to 21.3 mΩ cm2at 50 A cm−2 owing to higher mobil-
ity at a lower temperature [26, 27]. For the same temperature
range, the leakage current density was greatly suppressed from
1.5 × 10−3 A cm−2 down to 3.5 × 10−4 A cm−2 at −50 V
with decreasing temperature, indicating the enhanced DC per-
formance of the device at lower temperatures. Although no
advanced passivation technique was applied, the leakage cur-
rent level was comparable with the state-of-the-art β-Ga2O3

SBDs described in the literature [8, 28].
Figure 1(c) shows a 1/C2–V plot from 200 K to 350 K;

the net donor concentration (NS) of the SBD extrac-
ted from the capacitance–voltage (C–V) measurements was
2.3× 1017 cm−3 at 300 K. The Schottky barrier height (SBH)
was extracted from the C–V characteristics at various tem-
peratures, taking image-force-induced barrier height lowering
into account [29]:

q∅B = qVbi +EC −EF − q∅IFL (1)

where ∅B is the SBH, EC is the CBM of Ga2O3, EF is
the Fermi level, q is the elementary charge, and ∅IFL is the
image-force-induced barrier height lowering. The value of
the potential barrier height (qVbi) monotonically decreased
from 1.38 eV to 1.24 eV when the temperature increased
from 200 K to 350 K. Accordingly, the SBH reduced from
1.42 eV to 1.34 eV, which was a good match for the decrease
in the threshold voltage of the SBD when the temperature was
raised.
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Figure 1. (a) Forward I–V characteristics in the temperature range of 200–350 K. Inset: schematic of the vertical β-Ga2O3 SBD fabricated.
(b) Reverse I–V characteristics. (c) 1/C2–V characteristics at 1 MHz. Inset: the net donor concentration (NS) of the device was extracted
from C–V measurements. (d) The temperature-dependent built-in potential (Vbi) and Schottky barrier height (SBH) extracted from a linear
extrapolation of the C–V measurements.

3. DLTS results and discussion

Figure 2(a) shows the temperature-scanning mode DLTS sig-
nal spectra scanned from 200 K to 350 K with a reverse bias
UR = −8 V, a filling pulse height UP = −0.1 V, and a filling
pulse width tP = 1 ms. Using maxima and Laplace analyses
[30, 31], we identified one majority carrier (electron) trap,
called E1 (EC−0.63 eV) with a capture cross-section σn =
3.07× 10−17 cm2, as shown in Figure 2(b). The E1 trap con-
centration (NT) was 9.5 ×1015 cm−3. This trap energy level
has been widely observed in Ga2O3 devices grown by either
the EFG [16, 19] or Czohralski (CZ) methods [32, 33], and the
origin of E1 was thought to be associated with point defects
[16, 34]. Compared to the trap level of EC−0.62 eV with a
NT of 4.7 ×1014 cm−3 in the previously reported un-doped
(010) Ga2O3 [16], the trap concentration of E1 in this Sn-
doped sample is higher by one order of magnitude.

Figure 3(a) shows the DLTS signal collected by varying
the filling pulse width (tP) from 10 µs to 1 ms. Despite the
filling pulse width variation, the DLTS signal curves were typ-
ically identical to each other, which indicated that the time
taken to fully fill the traps was less than 10 µs and that fur-
ther increasing the filling time would not help to amplify the
signal. The uniform results also implied that the origin of E1
was associated with point defects, rather than extended defects
[16, 34, 35]. Figure 3(b) shows a quenching of the DLTS peak

Figure 2. (a) Temperature-scanning-mode DLTS spectrum of a
Ga2O3 SBD from 200 K to 350 K and its fitting curve. (b) Arrhenius
plot of the deep trap level known as E1.

amplitude when the filling pulse voltage (UP) amplitude was
increased from −0.1 V to −5 V while keeping the reverse
bias (UR) and tP unchanged. The lowering of the DLTS sig-
nal corresponded to a reduction of the sampled volume. For
the same reason, when changing the reverse bias from−0.5 V
to −8 V while keeping UP = −0.1 V and tP = 1 ms, the
probed region became deeper in the Ga2O3 device (from the
surface). Thus, we were able to detect defects from the surface
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Figure 3. DLTS spectrum of Ga2O3 as a function of (a) the filling pulse width (b) the filling pulse voltage and (c) the reverse bias (the
vertical dashed line is a guide for the eye).

Figure 4. (a) Representative DLTS signals at four measurement temperatures. (b) Temperature dependence of τi and τc by isothermal DLTS
and temperature-scanning DLTS (UR = −8 V, Up = −0.1 V, and tp = 1 ms). (c) Data points fitted to temperature dependence, τc.

to the bulk of the Ga2O3 layer at various depths. As shown in
figure 3(c), when the reverse bias voltage increased, the DLTS
signal amplitude became higher, indicating that the number of
traps involved in the transient capacitance measurement had
increased. Hence, the traps are thought to be mainly located
in the bulk Ga2O3 layer rather than interface-related [35, 36].
In addition, it should be noted that the peak position shifted in
the direction of lower temperatures when the reverse bias amp-
litude increased, indicating that reverse bias exerted an influ-
ence on the trap emission rate, [37] which would be further
discussed in the E-field-related session (figure 5).

Figure 4(a) shows the normalized isothermal-mode DLTS
signal as a function of time for four fixed temperature levels.
More detailed isothernal-mode DLTS information can be
found in supplementarymaterial (availabe online at stacks.iop.
org/SST/36/055015/mmedia).

With increasing temperature, the main peak that denotes
the trap level of EC−0.63 eV exhibits smaller time con-
stants, as shown in figure 4(b). The time constant extrac-
ted from the main peaks of the isothermal DLTS signal
(τi) decreased from 36.8 s to 1.4 s when the temperature
increased from 304 K to 345 K. Figure 4(b) also shows the
temperature-dependent emission time constant (τc) extracted
by the temperature-scanning method for comparison. The τc

was greatly reduced from 202.4 s at 235 K to 2.6 s at 345 K,
indicating that raising the temperature indeed accelerated the
emission process [20]. Meanwhile, the time constants extrac-
ted by the two methods are a good match for each other.

The temperature-dependent relationshipwas also re-plotted
in figure 4(c). It was found that the emission time con-
stant maintained an exponential relationship with temperat-
ure, which can be fitted by the Arrhenius relation, assuming
a degeneracy ratio of 1, as shown in equation (2) [38]:

ln
(
τT2

)
=
EC −ET

kT
− ln(γσn) (2)

where k is the Boltzmann constant, γ is the characteristic con-
stant related to the effective mass of the electron, ET is the trap
energy and σn is the capture cross-section.

From the slope and intercept of the data points above 300 K
(red fitting line in figure 4(c)), an activation energy of 0.60 eV
and a capture cross-section of 1.08× 10−17 cm2 were extrac-
ted, respectively. The results are a good match for the trap
energy level extracted in figure 2, confirming that it is E1
that governs the trap emission behavior. It is also noted that
a second peak starts to appear at a temperature of 345 K
(figure 4(a)), corresponding to a deeper energy level beyond
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Figure 5. (a) Electric-field-dependent emission time constants extracted by DLTS. (b) Electric-field-dependent emission rate versus the
square root of the electric field at various temperatures. (c) Extracted τ (0, T) and βPF as a function of temperature. (d) Arrhenius plot of
τ (0, T) at four temperatures.

0.63 eV which, however, is outside the scope of this study and
needs further investigation at higher temperatures.

Figure 5(a) shows the emission time constants measured
under reverse bias (0 V to −50 V) at four fixed temperat-
ures from 250 K to 325 K. For all the temperature steps,
the values of τi were reduced by a strengthening electric
field. Based on the PFE signature of linear ln(en) versus E1/2

[24], two regions have been identified: a relatively low elec-
tric field region (E1/2 < 1325 (V cm−1)1/2—the unshaded
region in figure 5(a)), and a relatively high electric field
region (E1/2 > 1325 (V cm−1)1/2—the shaded region). In the
low-field range, the emission time constants only slightly
decreased when the E-field increased. At 325 K, the emis-
sion time constant was 3.9 s at E = 3.67 ×105 V cm−1

(E1/2 = 606 (V cm−1)1/2), which dropped to 0.3 s at
E = 2.07 MV cm−1 (E1/2 = 1440 (V cm−1)1/2).

In the relatively large electric field range (figures 5(a) and
(b)), the emission rate was clearly accelerated by the electric
field. It is noted that the emission rate (en) is linearly pro-
portional to the square root of the electric field for all tem-
perature steps (figure 5(b)). The electric field dependence of
the electron emission rate from the trap level indicates that
PFE [23] was the governing mechanism when E1/2 was higher
than 1325 (V cm−1)1/2. A comprehensivemodel describing the
thermal and E-field contributions to electrons emission from
the trap state follows [39, 40]:

lnen (E,T) = ln
(
τ(0,T)−1

)
+

(
βPF

kT

)
E1/2 (3)

where en(E, T) (reciprocal of τ ) represents the temperature
and E-field-dependent electron emission rate; τ (0, T) is the
emission time constant at a zero electric field at various tem-
peratures and is the reciprocal of en(0, T), E is the maximum
electric field at the Schottky interface and can be expressed
as E=

√
2qNS (Vbi −V)/εsε0 [29]. Figure 5(c) shows the

extracted τ (0, T) and βPF (Poole–Frenkel coefficient) as a
function of temperature from 250 K to 325 K. Here, τ (0, T)
was found to be extremely long when no E-field was applied,
and that the purely temperature-induced emission effect was
shown to remain weak. Based on the slopes of the curves
in figure 5(b), βPF was found to increase slightly with an
increase in temperature and was comparable to the value of
3.45 ×10−4 eV V−1/2 cm1/2 observed for GaN [41]. Given a
nearly constant βPF, the acceleration of the emission rate as
a result of the applied E-field can be associated with and
explained by the reduction of the Coulomb well barrier, which
is described by βPFE1/2. The electric-field dependence of the
trap emission rate, described by the PFE model, also indicated
that E1 is a donor-like trap [42] in the n-type Ga2O3 material.
The activation energy was extracted from τ (0, T) as a func-
tion of temperature in figure 5(c) via equation (2). The Arrhe-
nius plot and linear fit of τ (0,T) are shown in figure 5(d).
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An activation energy of 0.58 ± 0.03 eV was obtained from
the slope, in good agreement with the trap energy level of
EC−0.63 eV obtained by temperature-scanning mode DLTS
(figure 2). It should also be noted that the leakage current of the
diode was still sufficiently low over a relatively large reverse
bias range (−25 V < Vr < −50 V). The effective activation
energy of the leakage current was shown to be above 1 eV,
much higher than the studied trap level of EC−0.63 eV, so that
leakage current effects were ruled out from the DLTS spectra.
The capacitive DLTS signals collected could reasonably rep-
resent single trap behavior without being distorted by leakage
conduction, in either the temperature-scanning mode or the
isothermal mode.

4. Conclusions

In summary, the temperature dependent I–V and C–V charac-
teristics of a vertical β-Ga2O3 SBDwere analyzed from 200 K
to 350 K. The deep-level E1 (EC−0.63 eV) was observed
using conventional temperature-scanningmodeDLTS and iso-
thermalmodeDLTSmethods. The temperature-dependent and
electric-field-dependent emission kinetics of the E1 trap were
investigated, showing that the emission process was acceler-
ated by increasing the temperature and/or applying a higher
electric field. The trap parameters extracted from the emission
time constant plot were a good match for the trap information
revealed by the temperature-scanning mode DLTS. The ana-
lysis of the electric-field-dependent trap emission kinetics took
the field level into account, in addition to the impact of tem-
perature. For the relatively low field range, the emission time
was found to slightly decrease with an increase in the E-field.
In the relatively high field range, the field-enhanced emission
time can be accurately modeled by the PFEwhenE1/2 is higher
than 1325 (V cm−1)1/2.
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