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ABSTRACT

The defect ∼0.8 eV below the conduction band edge of β-Ga2O3 wide bandgap semiconductor is investigated using the matched
Arrhenius-equation projection technique that offers substantial improvement over the conventional deep level transient spectroscopy
technique. An experimental technique is developed to extract activation energy Ea and attempt-to-escape frequency ν0 of defects bypassing
both the rate-window treatment and the Arrhenius plot. Only raw capacitance transients in the time domain are needed with this technique.
The capacitance transients are projected between the temperature and time domains as well as to Ea and ν0 domains. Extraction of Ea and
ν0 is accomplished by matching the projected and experimental capacitance transients to each other.

Published by AIP Publishing. https://doi.org/10.1116/6.0002045

I. INTRODUCTION

β-Ga2O3 is a wide bandgap semiconductor material1–4 that is
projected to greatly impact next-generation power electronics,5–7

radio-frequency electronics,8–10 and sensing11 devices. Electronic
defects in this material12 are among the most pressing issues that
limit the performance of state-of-the-art devices at present and in
the foreseeable future. Electronic defects13,14 have been observed at
0.6, 0.8, and 1.1 eV below the conduction band edge. These defects
are considered to affect the doping compensation,15 leakage current,
and threshold stability in Ga2O3 transistors.16 Recent evidence17

indicates Fe and Mg as possible causes for the defects 0.8 and 1.0 eV
below the conduction band edge, respectively. Obviously, improve-
ment of the measurement accuracy and expediency for the activation
energy Ea and the capture cross section of defects is vital to under-
stand their physiochemical origins and devising mitigation strategies
in β-Ga2O3 material and device engineering.

Detection of β-Ga2O3 defects (in various forms such as Hall,18

conductivity,18 admittance spectroscopy,18,19 deep-level transient
spectroscopy, and DLTS,20 sometimes assisted by optical excita-
tion)14 is commonly accomplished by inspecting the electrical
charge response, which is based on the Arrhenius behavior of rate

ν (i.e., the reciprocal of the characteristic time τ) of the carrier
emission process from a defect,18–20

v ¼ 1/τ ¼ v0 exp(�Ea/kBT), (1)

where ν0 is the attempt-to-escape frequency (directly related to the
carrier capture cross section),18 kB is the Boltzmann constant, and T
is the temperature. All thermally activated electrical charge response
measurements are analyzed by the conventional Arrhenius plot line-
fitting procedure, where one constructs an Arrhenius plot of ln(ν)
versus T−1 (following the common practice of neglecting the T2 term
in ν tolerating a small error ∼kB T in Ea, see Eq. (7.19) of Ref. 18
and extract Ea from the slope and ν0 the intercept of a line fitting
according to Eq. (1)]. Fitting the Arrhenius plot by a line is based on
the assumption that Ea and ν0 are invariant over the scanned range
of temperature, which may be at times untrue,21 especially for
defects in wide bandgap semiconductors,22–24 such as Ga2O3.

In this work, we demonstrate the measurement of Ea and ν0 of
the defect located 0.8 eV below the conduction band edge in the
Ga2O3 substrate material using the matched Arrhenius-equation
projection method. The defect is detected and analyzed not from
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the rate-window-treated DLTS spectra but directly from raw capaci-
tance transients, which can be readily acquired by general-purpose
instruments such as impedance analyzers and lock-in amplifiers.
We extract Ea and ν0 by matching the isothermal capacitance tran-
sients to a virtual transient projected to other parameter domains,
thus bypassing the rate-window treatment, the peak identification
in DLTS spectra, and the Arrhenius plot construction and line
fitting. The efficient utilization of information from the 2D
temperature-time domain allows operation in a smaller temperature
range and extraction of the temperature dependence of Ea and ν0.

II. EXPERIMENT

The β-Ga2O3 Schottky devices were fabricated on (2̅01) bulk
substrates grown by edge-defined film-fed growth25 commercially
available from Tamura in Japan. After dicing the 2-in. wafer into
1 × 1 cm2 pieces, samples were cleaned in solvents (acetone,
toluene, acetone, isopropyl alcohol, and then nitrogen blow dry;
5 min for each step) and 50 nm/1000 nm Ti/Au contacts were sput-
tered as ohmic contacts. The samples were then annealed in a tube
furnace with the argon gas flow to reduce the contact resistance,
the temperature being ramped up from room temperature to
450 °C in 15 min. Schottky diodes of various sizes ranging from
0.1 to 2 mm2 were prepared by depositing 150 nm Au contact
without additional annealing. More details of the sample prepara-
tion can be found in Ref. 26. Room-temperature capacitance-
voltage measurement conducted at 10 kHz determines a carrier
concentration of n = (1.27 ± 0.02) × 1017 cm−3.

We used a Keithley 4200A-SCS parameter analyzer, which is an
instrument commonly seen in semiconductor laboratories, to
measure capacitance transients. The core piece of this system pertain-
ing to this work is a multifrequency capacitance unit capable of
acquiring data at a time resolution of ∼30ms and over a recording
time of 72 h limited by the buffer size of the data acquisition system.
The frequency and AC modulation amplitude of capacitance mea-
surements were fixed at 10 kHz and 50mVpeak-to-peak, respectively.
For temperature-dependent measurements, we mounted the sample
onto a hot plate in atmospheric ambient to vary the temperature
from 290 to 330 K in 5 K steps. The combination of a Keithley
4200A-SCS parameter analyzer and a hot plate with near-room tem-
perature operability is a notable deviation and cost reduction from a
commercial DLTS apparatus integrated with a cryogenic system.

After reaching a stable sample temperature, the DC bias
voltage on the Ga2O3 Schottky junction device was fixed at +0.5 V
forward bias for a period longer than 10 min to allow equilibration
of charge occupancy in interested defects. The Keithley 4200A-SCS
parameter analyzer was configured to collect capacitance transients
from 0.2 to ∼200 s after the DC bias voltage was switched from
+0.5 V forward bias to −10 V reverse bias. Figure 1 shows capac-
itance transients that exhibit single-exponential transient ΔC
(t) = ΔC0exp(−t/τ) toward a baseline, where ΔC0 is the transient
magnitude and τ is the carrier emission characteristic time
described in Eq. (1) and extractable via curve fitting.27 The
Arrhenius plot of the characteristic time τ [i.e., ln(τ) versus
the inverse temperature, Fig. 4 in Ref. 27] can be line-fitted to
extract the defect activation energy Ea = 810 ± 5meV from the

slope and the attempt-to-escape frequency ln(ν0) = 27.7 ± 0.2 s−1

from the intercept with the ordinate.

III. RESULTS AND DISCUSSION

We define the isothermal capacitance transient taken at a
fixed temperature Tfix,

ΔC(t, T fix) ¼ ΔC0 exp(�t/τ)

¼ ΔC0 exp[�tv0 exp(�Ea/kBT fix)], (2)

and the isotime capacitance transient taken at a fixed time tfix,

ΔC(t fix , T) ¼ ΔC0 exp[�t fixv0 exp(�Ea/kBT)]: (3)

Isothermal capacitance transients measured at various temper-
atures are shown in Fig. 1 from which an isotime capacitance tran-
sient may be reconstructed (for example, with capacitance data
taken at a fixed measurement time tfix = 2.1 s). We extend the
temperature-time duality28,29 to capacitance transients in the form
of T-t projection derived from equating Eqs. (2) and (3),

tT ¼ t fix exp[E
0
ak

�1
B (T�1

fix � T�1)], (4)

where Ea
0
is used instead of Ea to indicate a free-tuning parameter.

For an isotime transient ΔC(tfix, T), one can apply T-t projection to
project it from T-domain to t-domain and obtain a corresponding

FIG. 1. Experimental isothermal capacitance transients (time axis in the loga-
rithmic scale) measured at fixed temperatures from 290 to 330 K in 5 K steps
exhibit exponential transients with a magnitude of ΔC0. Electronics-induced
baseline shift was corrected by aligning the long-time baselines. The capaci-
tance data at tfix = 2.1 s, indicated by the vertical dashed line, are used to recon-
struct an isotime transient from which a virtual isothermal transient (symbols)
are obtained [via T-t projection in Eq. (4) with Ea

0
= 810 meV] to match the iso-

thermal transient at Tfix = 310 K.
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virtual isothermal transient ΔC(tT, Tfix) “measured” at T = Tfix,

ΔC(tT , Tfix) ¼ ΔC0 exp[�tTn0 exp(�E0
a/kBTfix) exp((E

0
a � Ea)/kBT)]:

(5)

The condition for the virtual transient ΔC(tT, Tfix) in Eq. (5)
to match the experimental isothermal transient ΔC(t, Tfix) in
Eq. (2) is Ea

0
= Ea. The T-t projection is applied (using

Ea
0
= 810 meV and Tfix = 310 K) to isotime ΔC(tfix, T) data taken at

tfix = 2.1 s to obtain the virtual isothermal transient ΔC(tT, Tfix)
(symbols in Fig. 1), which is in good agreement with the experi-
mental isothermal transient ΔC(t, Tfix = 310 K).

We then reverse T-t projection by dividing a rearranged form
of Eq. (1) [Ref. 29, Eq. (3)] for an isothermal process with a
variable time t, i.e., Tt = Ea/kB/[ln(ν0) + ln(t)], by that at the fixed
point (Tfix, tfix), i.e., Tfix = Ea/kB/[ln(ν0) + ln(tfix)], to arrive at t-T
projection,

Tt ¼ T fix[(ln(v
0
0)þ ln(t fix)]/(ln(v

0
0)þ ln(t)], (6)

where ν0
0
is used instead of ν0 to indicate a free-tuning parameter.

For an experimental isothermal transient ΔC(t, Tfix), one can
apply t-T projection to project it from t-domain to T-domain
and obtain a corresponding virtual isotime transient ΔC(tfix, Tt)
“measured” at t = tfix. Figure 2 illustrates the application of t-T
projection [ln(ν0

0
) = 27.7 s−1 and tfix = 2.1 s] to the experimental

isothermal transient ΔC(t, Tfix = 310 K) to obtain the virtual
isotime transient ΔC(tfix, Tt) that matches the experimental
isotime transient ΔC(tfix= 2.1 s, Tt) when ν0

0
= ν0 [the proof is

omitted since it is similar to that for T-t projection described in
Eqs. (2)–(5)]. After either Ea or ν0 is determined from the above

procedure via either T-t or t-T projection and matching, one can
calculate the other parameter from Eq. (1) with τ extracted from
experiment (e.g., by exponential fitting of the isothermal transient
at T = Tfix). The above two procedures extract Ea and ν0 by pro-
jecting one experimental capacitance transient (e.g., isothermal
transient in t-domain) to the orthogonal variable domain (e.g.,
T-domain) and matching the resultant virtual capacitance tran-
sient to another experimental transient in this domain.

Next, we project isotime capacitance transients to a virtual
activation energy domain via T-Ea projection derived from
rearranging Eq. (1) for an isotime process with a variable tem-
perature T,

Ea,T ¼ kBT[ln(v0€)þ ln(t fix)], (7)

and the isothermal capacitance transients to a virtual activation
energy domain via t-Ea projection derived from rearranging
Eq. (1) for an isothermal process with a variable time t,

Ea,t ¼ kBT fix[ln(v0€)þ ln(t)], (8)

where ν0
00
is a free-tuning parameter. Figure 3 shows the virtual

transient ΔC(Ea,t) in the Ea domain produced by projecting
the experimental isothermal transient ΔC(t, Tfix) taken at
Tfix = 310 K using t-Ea projection in Eq. (8). Figure 3 also shows
the virtual transient ΔC(Ea,T) in the Ea domain obtained by pro-
jecting the isotime transient ΔC(T, tfix) taken at tfix = 2.1 s
(Fig. 2) using T-Ea projection in Eq. (7). A good agreement is
reached between ΔC(Ea,t) and ΔC(Ea,T) when the best fit
attempt-to-escape frequency value of ln(ν0

00
) = 27.7 s−1 is used in

both Eqs. (7) and (8), in agreement with that extracted from the

FIG. 2. Isotime capacitance transient at tfix = 2.1 s (symbols) is constructed from
the intercepting points between the vertical line and the isothermal transients in
Fig. 1. The virtual isotime transient (dashed line) ΔC(tfix, Tt) projected from the
isothermal transient measured at Tfix = 310 K using the t-T projection [Eq. (6)]
with the best fit value ln(ν0

0
) = 27.7 s−1.

FIG. 3. Isothermal and isotime transient taken at Tfix = 310 K and tfix = 2.1 s,
respectively, are projected onto the Ea domain by Eqs. (8) and (7) using the
best fit value of ln(ν0

00
) = 27.7 s−1 to produce good matching between the virtual

transients of ΔC(Ea,t) (solid line) and C(Ea,T) (dashed line and circles). Ea is
extracted directly from the peak position of dΔC(Ea,t)/dEa,t (crosses).
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conventional Arrhenius plot. Next, Ea can be extracted directly
(a straightforward proof based on elementary calculus is omitted
here) from the peak position of dC(Ea,T)/dEa,T or dC(Ea,t)/dEa,t,
and the latter is shown in Fig. 3 as an example.

The electrical instrument (Keithley 4200A-SCS) and experi-
mental configuration of this work are designed to more conve-
niently measure the isothermal capacitance transients than their
isotime counterparts, the latter requiring data reconstruction from
the former. In this case, one can project just the isothermal tran-
sients to the Ea domain without isotime transients. Figure 4 shows
that the nine virtual ΔC(Ea,t) transients, produced by projecting the
isothermal transients ΔC(t, Tfix) in Fig. 1 to the Ea domain via
Eq. (8) using the same ln(ν0

00
) = 27.7 s−1, overlap with each other

with good agreement. Therefore, one can conduct t-Ea projection
to project isothermal transients taken at various temperatures to
the Ea domain and require all the ΔC(Ea,t) transients to agree with
each other, thus obtaining a best fit value of ν0. Again, Ea can be
taken directly from the peak position of dC(Ea,t)/dEa,t.

Alternative transient projections are possible by exploiting the
Ea-ν0 symmetry in Eq. (1). Similar to T-Ea and t-Ea projections in
Eqs. (7) and (8), we define the T-ν0 projection,

v0,T ¼ exp(Ea€/kBT)/t fix , (9)

and the t-ν0 projection

v0,t ¼ exp(Ea€/kBT fix)/t, (10)

where Ea
00
is a free tuning parameter. Ea

00
adjusts the curvature of

virtual transients in the ν0 domain ΔC(ν0,T) and ΔC(ν0,t), which
are projected from the experimental isotime ΔC(tfix, T) and isother-
mal ΔC(t, Tfix) transients, respectively. Matching the virtual tran-
sient of ΔC(ν0,T) to ΔC(ν0,t) determines the best fit value of Ea

00
.

Figure 5 shows the isothermal and isotime transients projected
onto the ν0 domain [by Eqs. (10) and (9), respectively] to produce
virtual transients that are in good agreements with each other when
the best fit projection parameter of Ea

00
= 810 meV is used. In case

only one kind (isotime or isothermal) of experimental transients is
available, one of the corresponding projections [Eqs. (9) or (10)]
can be used to project multiple transients of the available kind to
ν0 domain and extract Ea when all projected transients agree to
each other. The nine virtual ΔC(ν0,t) transients, produced by pro-
jecting the isothermal transients ΔC(t, Tfix) to the ν0 domain via
Eq. (10) using the same Ea

00
= 810meV, are seen to overlap with

each other in Fig. 5. Similarly, ln(ν0) = 27.7 s−1 is extracted directly
from the (negative) peak position of dC(ν0,t)/dν0,t.

The underlying assumption of the conventional Arrhenius
plot method, i.e., fitting the Arrhenius plot by a line to yield a
single value of Ea and ν0, is for both parameters to be invariant30

over the entire experimental T-t domain. In contrast, the matching
of projected transients can be implemented over a small range near
Tfix and tfix, i.e., by matching the curvatures at (Tfix, tfix), rendering
extractions of Ea and ν0 that are local to (Tfix, tfix) and allowed to
vary with temperature. The mathematical reason for this advantage
is that extracting Ea and ν0 via matching the curvatures of two
mutually orthogonal transients in the T-t plane more efficiently
uses the physical information contained in C(T, t) surface than the
conventional Arrhenius plot procedure. Although the temperature-
dependence of Ea is not prominent in this work because of the
limited temperature range, such an effect has been frequently
observed (e.g., in III-V21 and I-II-VI29 semiconductors) and is
indeed expected in wide-bandgap semiconductors such as Ga2O3

and GaN22 due to the carrier capture barrier and the temperature-
dependent energetics of the defect and band edges.

FIG. 4. Isothermal transients taken at all nine different temperatures are pro-
jected onto the Ea domain [Eq. (8) with ln(ν0

00
) = 27.7 s−1] to produce matching

virtual transients C(Ea,t).

FIG. 5. Isothermal transients (lines) taken at all nine different temperatures are
projected onto the ν0 domain [Eq. (10) with Ea

00
= 810 meV] to produce matching

virtual transients C(ν0,t). Also shown is the virtual transient C(ν0,T) (symbols)
projected from the isotime transient (taken at tfix = 2.1 s) onto the ν0 domain
[Eq. (9) with Ea

00
= 810 meV] that matches C(ν0,t). ν0 is extracted directly from

the peak position of dΔC(ν0)/dν0 (right axis).
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IV. CONCLUSIONS

In summary, we develop the matched Arrhenius-equation pro-
jection technique for extraction of Ea and ν0 of defects from raw
capacitance transients. Below is a typical procedure of the measure-
ment and analysis.

(1) Measurement: record isothermal capacitance transients in the
time domain and/or isotime capacitance transients in the tem-
perature domain.

(2) Projection of experimental transients to suitable virtual
domains using either Ea

0
or ν0

0
as a free-tuning parameter.

(a) If both isothermal and isotime transients are available,
project the transients between the T and t domains using
Eqs. (4) and (6) or project both transients to Ea and ν0
domains using Eqs. (7)–(10).

(b) If only one kind of transient, either isothermal or
isotime, is available, project the available kind of transient
to either the Ea or the ν0 domain using one of the
equations (7)–(10).

(3) Adjust the free-tuning parameter of either Ea
0
or ν0

0
to achieve

a matching between a projected virtual transient to a corre-
sponding experimental transient, or between two projected
virtual transients. This extracts one of the two parameters of Ea
and ν0. Then, calculate the other of the two from Eq. (1).

We investigated the activation energy Ea and pre-exponential
factor ν0 of a defect 0.8 eV below the conduction band edge in the
Ga2O3 substrate material without using the Arrhenius plot and
using only raw capacitance transient signals. The matched
Arrhenius-equation projection technique bypasses certain require-
ments of DLTS (i.e., rate-window treatment, the peak identification
in spectra, the Arrhenius plot construction, and line fitting) and is
able to solve Ea and ν0 local to a temperature point, hence, their
temperature dependence. The combination of a general-purpose
capacitance instrument and atmospheric sample operation on a hot
plate near room temperature is a desirable simplification compared
to a commercial DLTS apparatus integrated with a vacuum-based
cryogenic system.
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