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Abstract

By deep level transient spectroscopy (DLTS), emission and capture behaviors have been
explicitly investigated for a single electron trap in a Si-doped 5-Ga, O3 epilayer. Trap
characteristics including activation energy for emission (E.n; = 0.8 eV), capture cross-section
of 6.40 x 10~ cm? and lambda-corrected trap concentration (N,) of 2.48 x 103 cm™3 were
revealed, together with non-emission region width (A = 267.78 nm). By isothermal DLTS, in
addition to the impact of temperature, electric-field-enhanced trap emission kinetics were
studied. When a relatively low electric field was applied (E < 1.81 x 10° V ecm™! at 330 K),
emission kinetics of the trap was modeled to comply with phonon-assisted tunneling, whereas
the emission process was regarded to be dominated by direct tunneling for a relatively high
electric field (E > 1.81 x 10° V cm™! at 330 K). A thermal-enhanced capture process has also
been disclosed and quantitatively studied, where a capture barrier energy of 0.15 eV was
extracted.

Supplementary material for this article is available online
Keywords: 3-Ga,0s, epilayer, deep level transient spectroscopy, trap, emission, capture

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

1. Introduction (4.9 eV), high critical electric field of 8 MV cm~ !, and excel-
lent thermal stability [1-3]. In addition to $-Ga, O3 devices
B-GayO3 has been attracting extensive research interest for based on bulk semiconducting materials [4, 5], there have been
power conversion applications, owing to its ultrawide bandgap  ample efforts devoted to development of 3-Ga,O; epitaxial
layers and devices [6-10]. High-quality 5-Ga,O3; homogen-
eous epilayers with low effective donor concentration have
* Author to whom any correspondence should be addressed. been grown and demonstrated by hydride vapor phase epitaxy
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(HVPE) [10]. Using a 20 pum -thick epitaxial layer, Yang
et al reported a 3-Ga,0; field-plated Schottky rectifier with
a breakdown voltage of 2300 V [11]. Polyakov et al reported
that trap concentration in a 3-Ga; O3 epilayer could be substan-
tially reduced, compared to trap concentration in the 3-Ga; 03
substrate [12].

Deep level traps in $-Ga,Os; have often been linked to
threshold voltage (Vy,) instability and on-resistance (Roy)
increase in Ga,Oj3 devices, thus it is demanding to gain a
comprehensive understanding of trap properties [13]. Deep
level traps with activation energy for emission (Eepi) from
0.6 eV to 1.0 eV have been reported in devices using 3-Ga, 03
epilayers [6, 12, 14, 15]. Among all the deep level traps,
electron trap with its E.p; of 0.8 eV has been identified by
a number of methods including thermally stimulated current
spectroscopy [15], deep level transient spectroscopy (DLTS)
[6, 12] and optical DLTS [14]. In a 20 pum Si-doped 3-Ga;03
epilayer grown by HVPE, the trap concentration of an elec-
tron trap (Eemi = 0.75 eV) was found to increase after proton
irradiation [12]. Temperature-dependent (7-dependent) emis-
sion time constant of trap (Eemi = 0.77 eV) has also been
reported for an undoped 100 nm 3-Ga, O3 epilayer grown by
plasma-assisted molecular beam epitaxy [13].

Despite the steady progress towards understanding deep
level trap (Eemi = 0.8 eV) in homoepitaxial grown (-Ga, 03
layer, there are still some issues to be addressed before achiev-
ing a thorough understanding of this particular trap level in the
5-Ga, 03 epilayer. (a) Emission behaviors of electron traps in
[B-Ga, 03 play an important role in investigating device prop-
erties, e.g. compensation of conductivity, or recombination of
nonequilibrium charge carriers [16]. There have been some
reports on emission Kinetics of traps in an undoped 3-Ga;03
bulk crystal [17]; however, de-trapping behaviors of deep level
trap (Eemi = 0.8 eV) as a function of electric field are still
unknown for a Si-doped 3-Ga,0j; epilayer. (b) Both carrier
emission rates and capture rates are highly dependent on elec-
tron capture barrier energy (Ecyp) [18]. Meanwhile, without
knowing the capture barrier energy, accurate determination of
binding energy (Epinding) Which reveals the depth of the trap
with respect to the conduction band minimum would not be
possible [19]. There has been few study on the capture barrier
of a proton-irradiated 3-Ga, 03 layer [12]. However, an insight
into the E¢,p and the Eyinging of deep level in a pristine Si-doped
(B-Ga, 03 epilayer are currently unavailable.

In this paper, emission and capture characteristics of elec-
tron trap (Eem; = 0.8 eV) in Si-doped 8-Ga, O3 homogeneous
epilayer have been investigated. Thermally-enhanced emis-
sion process has been explicitly analyzed with emission time
constants. Electric-field-enhanced emission mechanisms of
the trap were studied by isothermal DLTS measurements. By
varying filling pulse width, the capture process of the trap was
revealed, and the E¢,, was extracted based on the amplitude
of capacitance transient signal as well. The physical insight
on the emission and capture process of the trap paves a solid
path for a thorough understanding of the trap properties in
[B-Ga, 03 epilayer and interpretation of the electrical perform-
ance instability of 5-Ga, O3 based power devices.

2. Device and electrical characteristics

Figure 1(a) shows the schematic cross section of the ver-
tical 3-Gay O3 Schottky barrier diode (SBD) with homogen-
eous epilayer. The 11 pum Si-doped 3-Ga,O; epilayer was
grown on the Sn-doped (3-Ga,0O3 substrate by HVPE, and
the [3-Ga,O; substrate was grown by edge-defined film-fed
growth. For 3-Ga,O; SBD fabrication, Ti/Al/Ni/Au metal
stack was evaporated on the backside of the wafer to form
ohmic contact. Finally, Ni/Au was deposited on the epilayer
to obtain Schottky contact.

Figure 1(b) illustrates typical I-V characteristics of a fab-
ricated 5-Ga; O3 SBD (anode diameter = 400 pm). Threshold
voltage (V) was determined to be 0.78 V, at a current density
of 1 A cm~2 at room temperature. Reduced Vy, from 0.92 V
to 0.72 V displayed in figure 1(c) can be observed with rising
temperature from 200 K to 350 K. Figure 1(d) depicts the C-V
results of the SBD with a measurement frequency of 1 MHz.
The built-in voltage (Vy;) and corresponding Schottky barrier
height (@) can be extracted from C-V characteristics by the
following equations [20, 21]:

L2 (o w "
C?  ¢,609A2N; bi q

N,
q®s = qVoi + Ec — Er = qVyi —kTln (Ns) ()
c

where ¢; and ¢ are relative and vacuum permittivity, respect-
ively, g is the elementary charge, A is the anode area, k is the
Boltzmann constant, and N¢ is the effective density of states in
the conduction band. Schottky barrier height (@p), the built-in
voltage (Vpi), and Ec — Ef as a function of temperature are
plotted in figure 1(e). As temperature increases from 200 K to
350K, gPp and gV, decrease slightly from 1.19eV to 1.15eV
and from 1.11 eV to 0.98 eV respectively, which matches well
with the reduced Vy, at higher temperature. The net donor con-
centration of the epilayer, Ny of 2 x 10'® cm~3 can also be
extracted from the C—V characteristics, as shown in the inset
of figure 1(d).

3. Trap characteristics

DLTS measurement was performed to identify the exist-
ence and activation energy of trap in the [§-Ga,Os; SBD
with homogeneous epilayer. The DLTS measurements were
conducted with a reverse bias Ur = —20 V and a filling
pulse Up = —0.5 V. Filling pulse width 7 and measure-
ment period Tw were set to 0.8 s and 9 s, respectively. As
shown in figure 2(a), temperature-scanning DLTS signal spec-
tra revealed one majority carrier (electron) trap, named as E1
in this study. Figure 2(b) displays the Arrhenius plot of elec-
tron trap E1 obtained from DLTS spectra [22]. From Arrhenius
analysis, an activation energy for emission (E.pi) of 0.80 eV,
and capture cross section (o,) of 6.40 x 10~15 cm? could
be extracted. Meanwhile, the depletion region width with Ug
(wr) was calculated to be 1.06 pm when Ur = —20 V, which
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Figure 1. (a) Schematic cross section of the vertical 5-Ga;O3 Schottky barrier diode (SBD) with homogeneous epilayer. (b) Forward
current—voltage (/-V) characteristics in logarithmic scale from 200 K to 350 K. (c) Vi, extracted from forward /-V characteristics from
200 K to 350 K. (d) Capacitance—voltage (C—V) characteristics at 1 MHz. Inset: the net donor concentration (Ns) extracted from C-V

characteristics at 300 K. (e) T-dependent Schottky barrier height (®p),
(EFr) and conduction band minimum (E¢).
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Figure 2. (a) DLTS spectra from 200 K to 350 K. (b) Arrhenius plot of E1. (c) Nt (trap concentration) and N1, (lambda-corrected trap

concentration) as a function of depletion region width under Ur (wR).

was narrower than the thickness of homogeneous epilayer
(11 pm). Therefore, E1 is considered to be located in the
homogeneous epilayer.

Accurate extraction of trap concentration plays a crucial
role in identifying the origins and providing feedback for
optimization of growth conditions [23]. Figure 2(c) depicts the
trap concentration Nt extracted from equation (3) as a function
of depletion width wg, which can be controlled by changing
Uk [24]:

ACy
Cr

where ACr and Cr represent the capacitance transient
amplitude and capacitance under Ug, respectively. It was

Nr=2 N 3

observed that the Nt was enhanced with increasing wgr. The
phenomenon of Nt varying with the depletion region width
is related to the fact that the traps near the edge of depletion
region do not emit carriers, also known as lambda effect [25].
Failure to take lambda effect into account would lead to an
underestimated Nt than the actual value. Considering lambda
effect, the lambda-corrected trap concentration (N,) in the
device could be accurately determined by equation (4) [24]
(More details about lambda-corrected trap concentration can
be found in the supplementary material):

A >2

WR

Ny :NTa(l @)
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Figure 3. (a) Isothermal DLTS from 325 K to 335 K. (b) T-dependent 7 extracted from isothermal DLTS. (c) Arrhenius plot of E1.

where A denotes non-emission region width and could be
obtained by exploration of depletion width dependent carrier
concentration. In this study, Nt, and A were extracted to be
2.48 x 10" cm~3 and 267.78 nm, respectively.

Figure 3(a) shows the normalized isothermal DLTS of E1
as a function of measurement time (7w) from 325 K to 335 K
(reverse bias Ur = —20 V, filling pulse Up = —0.5 V and
filling pulse width #p = 0.8 s). The emission time constants
(1) were extracted from the peak location of isothermal DLTS
spectra at each temperature step. As heating the sample up,
the signal peak of E1 exhibits shorter emission time constants.
The extracted emission time constants of E1 at different tem-
peratures are summarized in figure 3(b). When the temperature
increased from 315 K to 345 K, the emission time constant of
El steadily reduced from 12.56 s to 0.81 s, indicating an accel-
erated emission process at higher temperature.

As shown in figure 3(c), the T-dependent relationship can
be fitted by Arrhenius relation, which is expressed as following
equation [4]:

Eemi

kT

In (TTZ) = —In(voy,) )
where vy is a constant value corresponding to effective elec-
tron mass m. The fitting reveals an activation energy for
emission E.p; of 0.80 eV and capture cross section o, of
5.31 x 10~ cm?, which matches well with the trap properties
from DLTS in figure 2(b).

Figure 4(a) shows electric-field-dependent (E-dependent)
emission time constant (7) extracted from isothermal DLTS at
four temperature steps from 320 K to 335 K. Assuming that the
Nj in the entire depletion region is uniform, maximum elec-
tric field can be considered as representative of electric field to
investigate the electric-field-enhanced emission process [26].
The local electric field (E(x)) can be obtained from Vy; and

N [17]:
E(x) = 2gNs (Voi — Ur) Na ©)
Er€o Er€0

where x is the distance to the metal-semiconductor interface.
To characterize the emission time constant, the average electric
field in the depletion region from wp — A to wg — A is used,
where wp and wy are the depletion region width under Up and
U, respectively.

The emission time constant was measured with reverse
bias Ugr varying from —1 V to —50 V, and corresponding
average electric field changed from 1.06 x 10° V cm™! to
3.37 x 10° V cm~'. When the electric field applied on the
device was relatively low (Region I in figure 4(a)), 7 decreased
significantly as increasing electric field, indicating that the
emission process can also be accelerated by elevating elec-
tric field. In this region, In(ey) is found to be linearly propor-
tional to E? from 320 K to 335 K, as shown in figure 4(b). The
dependence between In(e,) and E? suggests that the emission
mechanism of E1 could be well modeled by phonon-assisted
tunneling (PAT), as described by equation (7) [27]:

+1In (1>
T0

where Tpar is the tunneling time of PAT and 7 is the emis-
sion time constant at zero-field strength. The first term of
equation (7) is linearly dependent on E2, and second term is
independent of E. With increasing the electric field, the abso-
lute value of first item in equation (7) become comparable with
the absolute value of second item, indicating an electric-field-
enhanced emission process. This process can be interpreted
by the lowering and thinning of potential barrier due to the
strengthened electric field [27, 28]. Figure 4(c) summarizes
extracted 7 at different temperatures. The T-dependent 7
reveals the influence of temperature on the emission process at
zero electric field. When the temperature increases from 320 K
to 335 K, it is observed that the 7 decreases from 17.94 s to
4.73 s, indicating a temperature-enhanced emission process at
zero electric field. As a specific emission time constant, 7y has
the relationship with temperature as well:

B 27rq2TSATE2

Infen) = =3
(&

(N

Eemi()

In (7’0T2) = kT

—In(yoy) ®)
where Eenio is the activation energy for emission at zero-
field strength. Figure 4(d) exhibits the Arrhenius plot at
zero-field strength, with the result of E.n;0 = 0.87 eV and
on = 6.86 x 1071 cm™2. E o is slightly larger than E¢p;
due to the difference of electric field. An increasing of electric
field will contribute to the lower or thinner potential barrier for
emission [17, 28], as a result, E.pio under zero-field strength
should be slightly larger than En,;. The Tpar is extracted to
determine the duration for the carriers to tunnel through the
barrier between the trap and the conduction band minimum
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Figure 4. (a) Electric-field-dependent 7 extracted from isothermal DLTS from 320 K to 335 K. (b) The emission rate (en) of E1 from 320 K
to 335 K. (c) 7o from 320 K to 335 K. (d) Arrhenius plot of E1 at zero-field strength.

with the assistance of phonons. For the same temperature
range, the Tpar slightly decreases from 19.11 fs to 14.92 fs.
As a part of the emission process, Tpar Will be accelerated
by the temperature as 7. When the electric field applied on
the device was further enhanced (Region II in figure 4(a),
E > 1.81 x 10° V.ecm™! at 330 K), the emission time con-
stant was slightly shortened, which is observed in other stud-
ies as well [29, 30]. The emission mechanism in Region II is
regarded to be direct tunneling (DT) without the assistance of
phonons. Compared to PAT, DT needs a relatively larger elec-
tric field to trigger, and once triggered further enhanced elec-
tric field have little influence on the emission process [31]. The
critical electric field to distinguish Region I and Il in figure 4(a)
raises with increased temperature, which also confirmed that
DT was the mechanism for relatively high electric field.

As shown in figure 5, capacitance transient signal was util-
ized to investigate the capture process of E1. Figure 5(a) illus-
trates the ratio of capacitance transient signal amplitude as a
function of the temperature with different filling pulse widths
tp. AC is the capacitance transient amplitude which reveals the
number of traps being filled, and AC\,,x represents the capa-
citance transient amplitude when traps are completely filled
with a long #p, which was set to be 10 ms in this study. When
tp was set to 1 ms, the ratio of capacitance transient amplitude
was close to 100% for different temperature steps, indicating
that a filling time of 1 ms was long enough to fill all the traps,
and the capture time constant was less than 1 ms. With a fixed
tp of 0.01 ms, the capacitance transient amplitude ratio was

enhanced from 89% to 98% as increasing temperature from
315 Kto 345 K, inferring that higher temperature could accel-
erate the capture process as well.

Figure 5(b) displays extracted capture barrier energy Ecqp
by the following equation [32]:

Ecap
kT

In(f) = ——<2 4 In(H) ©)
where H is a constant which is independent of temperature,
and f is a function related to AC and temperature [32]:

AC(ty)
In (1 — Acml )
VT '

An E¢,, of 0.15 eV is extracted from the slope of linear fit-
ting in Arrhenius plot, smaller than the E.n;. The lower Ec,p
suggests that less energy is required to capture electrons in the
capture process compared with the emission process.

Figure 5(c) depicts the physical relationship between Eep;
and E,,, and two parabolas display the total energy in dif-
ferent conditions. The black solid parabola shows the cir-
cumstance when the electron is not captured by El, and the
orange dashed one represents the situation when El1 cap-
tures the electron. During the capture process, the electron
needs to overcome the energy barrier from the valley of the
black solid parabola to the intersection, called E,p. Mean-
while, E.p; refers to the activation energy for emission as well.

f= (10)
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coordinate diagram for the total energy before (black solid line) and after (orange dashed line) capture process.

Table 1. Comparation of trap properties between E1 and other similar traps in references. (NA means not applicable in the table.).

Doping Emission
B-Gay O3 Structure element Eeni (eV) on (cm?) Nt (cm™?) mechanism Ecap (eV)
Epilayer [This work] Si 0.80 6.40 x 1071 2.48 x 10" (Ng,) PAT, DT 0.15
Bulk material [6] undoped 0.78 7 x 1071 ~10'° NA NA
Epilayer [6] NA 0.78 NA ~6 x 101 NA NA
Bulk material [16] Sn 0.80 10-5-1071 NA PAT NA
Proton irradiated epilayer [12] Si 0.75 6.5 x 1071 3.2 x 10" (W) NA 0.36

As shown in figure 5(c), E.p; extracted from DLTS consists of
two constituent parts, the capture barrier energy Ec,p and the
binding energy Epinding [19, 33]:

Eemi = cap + Ebinding' (11
Ecap and Eyinging reveal the requisite energy for electrons to
be captured by traps and the depth of E1 with respect to the
conduction band minimum, respectively. Therefore, Eyinding 0f
E1 was determined to be 0.65 eV.

Table 1 summarizes the trap characteristics in this study
and in the literatures. The trap concentration of El is
2.48 x 103 cm—3, comparable with the result in an 5-Ga; 03
SBD with epilayer (~6 x 10'3 cm™?) [6], but much smaller
than the result in an undoped 3-Ga, O3 SBD without epilayer
(~10'% cm™3) [6]. Therefore, it can be concluded that a high-
quality epilayer may have a lower trap concentration, which is
also declared by Polyakov er al [12]. PAT has been success-
fully applied to model the emission mechanism of both trap
in Sn-doped n-type /3-Ga, 03 substrate [16] and the single trap
in Si-doped epilayer. This work also revealed another emis-
sion mechanism: DT in Region IT (E > 1.81 x 10° Vem™!
at 330 K). With the investigation of T-dependent capture pro-
cess, Eyp 0f 0.15 eV was extracted in this study, smaller than
0.36 eV in proton irradiated Si-doped [3-Ga,Oj; layer [12],
indicating that proton irradiation may enhance the capture
barrier.

4. Conclusion

In summary, temperature-dependent electrical characteristics
of vertical 5-Ga,0O3 SBD were analyzed from 200 K to 350 K.
A deep level trap E1 (E.p; = 0.80 eV) in the homogeneous
epilayer was investigated using DLTS. By isothermal DLTS,
the lambda-corrected trap concentration and non-emission

region width are determined to be 2.48 x 10" cm~3 and

267.78 nm, respectively. From 315 K to 345 K, emission
time constant declines from 12.56 s to 0.81 s, revealing emis-
sion process can be accelerated by increasing temperature.
The electric-field-enhanced trap emission kinetics were stud-
ied in addition to the impact of temperature. Two regions in
electric-field-dependent emission process are observed. When
E < 1.81 x 10° Vem~! at 330 K, the emission time of E1 is
considered to comply with PAT, whereas DT was employed to
explain the emission process when an enhanced electric field is
applied (E > 1.81 x 10° V cm~! at 330 K). Through analysis
of capacitance transient signal, thermal-enhanced capture pro-
cess has been quantitatively studied, and capture barrier energy
of 0.15 eV was extracted.
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