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Abstract
In this study, we demonstrate an approach to identify defects in wide band gap semiconductors by
comparing accumulatively-recorded derivative steady-state photo-capacitance (SSPC) spectra to
simulations using results from first-principles calculations. Specifically, we present a method to
simulate SSPC spectra which adopts inputs both from first-principles calculations and the
experimental conditions. The applicability of the developed method is demonstrated using the
cases of subsitutional Fe (FeGa) and Ti (TiGa) defects in β-Ga2O3. Using deep-level transient

spectroscopy, we identify defect levels associated with Fe0/−
GaI (EA = 0.66 eV), Fe0/−

GaII (EA = 0.79 eV)

and Ti+/0
GaII (EA = 1.03 eV) in the β-Ga2O3 samples studied here. Accumulatively-recorded SSPC

spectra reveal several defect levels labeled TEFG
1 –TEFG

6 with onsets for optical absorption between
1.5 eV and 4.3 eV. The signature TEFG

1 consists of several overlapping defect signatures, and is

identified as being related to Fe0/−
GaI , Fe0/−

GaII and Ti+/0
GaII by comparing measured and simulated

accumulatively-recorded derivative SSPC spectra.

1. Introduction

Defects have a pronounced influence on the electrical and optical properties of semiconductors, and are
fundamentally important in determining the expected performance of a given semiconductor device. Often,
defects are studied by using their charge state transition levels (defect levels) as fingerprints, while their
unambiguous identification requires the simultaneous utilization of a number of techniques [1, 2]. In recent
years, many wide band gap semiconductors, such as monoclinic gallium sesquioxide (β-Ga2O3), have
attracted considerable research interest due to promising properties for applications ranging from
photo-detectors to power electronics [3–6]. It is, however, a particular challenge to study the electronic
properties of defect levels in wide band gap semiconductors.

A widely-used technique to study defect levels in semiconductors is deep-level transient spectroscopy
(DLTS) [1, 7], but the accessible part of the band gap is typically limited by the temperature range used for
the measurement because DLTS probes defect levels by measuring the thermally-induced emission of charge
carriers from defects (traps). For example, in the case of β-Ga2O3, defect levels up to 1.4 eV below the
conduction band edge can typically be observed using DLTS [8, 9]. Steady-state photo-capacitance
(SSPC) measurements and related techniques [1, 10] measure the optically-induced emission of charge
carriers from traps, and are complementary to DLTS measurements. Using suitable optical excitation, SSPC
measurements can detect defect levels throughout the whole band gap of wide band gap semiconductors.
Indeed, SSPC measurements and their transient counter-part deep-level optical spectroscopy have been
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used to reveal several deep level defects in β-Ga2O3 [11–18]. SSPC measurements, as well as
DLTS measurements, also provide the concentration of the traps associated with the observed defect levels.
This enables a wide range of study designs suitable for identifying extrinsic as well as intrinsic
defects.

First-principles calculations for defect levels in semiconductors have seen significant advancements in
recent years, for example, by the introduction of hybrid-functionals, such as the Heyd–Scuseria–Ernzerhof
(HSE) functionals [19] which yield an improved description of the atomic and electronic
structure of semiconductors, as well as the degree of charge localization at defects [20]. These advances
have bridged the gap between calculated defect levels and defect levels observed by techniques like DLTS
[21, 22]. For β-Ga2O3, specific defect levels observed by DLTS have been identified and assigned
to FeGaI (substitutional Fe on a tetrahedral Ga site), FeGaII (substitutional Fe on an octahedral Ga site) and
TiGaII (substitutional Ti on an octahedral Ga site) by correlating computational and experimental results [8,
23]. Results from first-principles calculations can also be used to correlate signatures seen in SSPC
measurements to specific defects present in a material. Specifically, the optical absorption associated with a
defect level can be predicted [22, 24]. However, a clear and corroborated methodology to perform such
comparisons is still missing. Particularly, the effect of experimental parameters on the spectral position of
signatures seen in SSPC measurements should be taken into account.

Here, we report on a methodology to simulate SSPC spectra from results of first-principles calculations,
enabling a comparison between first-principles calculations and SSPC measurements. Fe- and Ti-related
charge state transition levels which have recently been identified by DLTS in β-Ga2O3 [8, 23] are used to
verify the validity of our method, and thereby, we also identify the corresponding SSPC signatures related to
FeGaI, FeGaII and TiGaII in β-Ga2O3.

2. Experimental details

Bulk β-Ga2O3 crystals grown by edge-defined film-fed growth (EFG) [25, 26] with a surface orientation of
(−201) were obtained from Tamura Corporation. Samples measuring approximately (5 × 5) mm2 were cut
with a laser cutter. All samples were prepared for DLTS and SSPC measurements by depositing metal
contacts using e-beam evaporation. The samples were cleaned inside an ultrasonic bath using acetone,
isopropanol and de-ionized water prior to the metal depositions. Stacks of Ti and Al with a thickness
of 10 nm and 120 nm, respectively, were deposited on the back side and used as Ohmic contacts, while
front-side Ni contacts were used as semi-transparent Schottky contacts [27, 28]. First, Ni contacts with a
thickness of 10 nm were deposited using a shadow mask with diameters of 300 μm, 600 μm and 900 μm.
Subsequently, another layer of Ni with a thickness of 150 nm was deposited using a shadow mask with
circular openings (diameter = 300 μm) which aligns with the first deposition such that the thick
Ni pads are on top of the semi-transparent Ni pads. The thick Ni parts enable mechanical stability for
wire-bonding. Additionally, Pd pads were deposited on top of the thick Ni part to further improve the
wire-bonding.

Capacitance–voltage (CV) and current–voltage (IV) measurements were performed using a Keithley
6487 picoammeter/voltage source and either an HP4280 A or Boonton 7200 capacitance meter,
respectively. CV measurements were performed at a probing frequency of 1 MHz. CV and IV measurements
were performed to ensure device characteristics suitable for DLTS and SSPC measurements as
well as to determine the donor concentration (ND) of the β-Ga2O3 samples [1]. For analyzing CV
measurements, a relative static dielectric constant (εs) of 10.2 was assumed for β-Ga2O3 [29].

DLTS measurements were performed using a setup described in detail in [23, 30]. The setup allows for
DLTS measurements in the temperature range from 150 K to 680 K. DLTS spectra were constructed using a
GS4 filter [31]. In order to obtain parameters describing traps, such as trap concentration (Ntr), activation
energy (EA) and apparent capture cross section (σna) DLTS spectra were simulated using a python-based
script, where the λ-correction was employed to obtain Ntr [1, 32]. EA is the sum of the classical activation
energy for carrier capture (Eb) and the thermodynamic charge-state transition level [1, 21]. σna depends
both on Eb and a prefactor (σ0) which is, for example, dependent on the charge state of the trap [21,
33–37]. For the samples studied here, larger values for σ0 can be expected for positively-charged traps as
compared to neutral traps, whereas neutral traps are expected to exhibit larger values of σ0 than
negatively-charged traps [34, 37]. More information regarding the simulation of DLTS spectra and the
λ-correction can be found in the appendix A.

SSPC measurements were performed with a setup described in detail in [28]. The photo-capacitance
(Cillum) of the samples is recorded after illuminating the junction at a photon energy E for a time tillum,
whereby tillum between 30 s and 1200 s were employed for this study. Cillum is referenced to the capacitance
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Figure 1. Photon flux Φ (E) recorded for the optical excitation used for SSPC measurements. A structure is marked in gray
which also appears in SSPC measurements.

of the junction in the dark (Cdark). All capacitance values were measured at a fixed external bias (Vext) of −8
V. SSPC spectra S (E, tillum) were recorded by subsequently measuring Cillum (E, tillum) at different E after
tillum. Measurements were performed using steps (ΔE) of 20 meV in-between subsequent E. The spectral
distribution of the optical excitation represented by the photon flux (Φ (E)) was determined using a
calibrated thermal power meter placed at the sample position, and is shown in figure 1. Typical photon
fluxes of 1 × 1017 m−2 s−1 in the UV and 1 × 1019 m−2 s−1 in the visible part of the spectrum were found.
SSPC spectra were recorded at 120 K.

SSPC measurements can be performed accumulatively [28] or non-accumulatively [1, 13]. For the
accumulative SSPC measurements conducted here, S (E, tillum) was recorded at subsequent E without
changing Vext, and the measurements were exclusively performed in ascending order of E. In contrast, in
non-accumulative SSPC measurements, Vext is set to 0 V in-between measurements at subsequent E.

3. Methodology

3.1. First-principles calculations based on hybrid-functionals
A detailed description of the first-principles methodology and computational details can be found in [23],
thus only a brief summary is given here. All calculations were performed using the Heyd–Scuseria
–Ernzerhof [19] range-separated hybrid functional, as implemented in the VASP code [38], with the
fraction of screened Hartree–Fock exchange set to α = 0.33. Defect calculations were
performed with 160-atom supercells, a plane-wave energy cutoff of 500 eV and a single k-point at (1/4, 1/4,
1/4). To remedy the spurious supercell-size dependence of thermodynamic and vertical charge state
transition energies, we used the correction schemes of Freysoldt et al [39, 40], and Gake et al [41],
respectively.

The optical properties of FeGaI, FeGaII and TiGaII were investigated within the framework of the
one-dimensional configuration coordinate (CC) model [20, 22, 42, 43]. CC diagrams were constructed
using model parameters from the hybrid-functional calculations, namely the change in configuration
coordinate ΔQ, the zero-phonon line (ZPL) energy EZPL, and the effective vibrational frequencies Ωg and
Ωe in the ground (g) and excited (e) state, respectively. In the Franck–Condon (FC) approximation, optical
transitions are vertical with no change in configuration coordinate. Classical emission and absorption
energies can then be defined as Eem = EZPL − dFC

g and Eabs = EZPL + dFC
e , respectively, where dFC

g and dFC
e are

the so-called FC shifts. The normalized absorption cross-section σo
i,norm (E), including temperature

-dependent vibrational broadening, can be simulated using the effective vibrational frequencies, as outlined
in [22, 24].

σo
n,norm (E) is related to the optically-induced emission of electrons from a defect, while σo

p,norm (E) is

related to the optically-induced emission of holes. Thus, σo
n,norm (E) is related to processes involving

electrons and the conduction band edge, and σo
p,norm (E) is associated with processes involving electrons and

the valence band edge.

3.2. Simulation of steady-state photo-capacitance spectra
The SSPC signal S (E, tillum) is usually presented as [1, 10]:

S (E, tillum) = 2
Cillum (E, tillum) − Cdark

Cdark
ND = 2

ΔCillum (E, tillum)

Cdark
ND = N∗

tr,eff (E, tillum) . (1)

Here, ΔCillum (E, tillum) denotes the change in (photo-)capacitance during illumination for tillum at E, and
Cdark represents the capacitance of the junction measured in the dark. N∗

tr,eff (E, tillum) is the change in the
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concentration of ionized traps inside the probing volume due to illumination. However the probing volume
will usually not be equal to the volume of the space-charge region [1, 28]. Moreover, equation (1) assumes
ND � N∗

tr,eff to be valid.
S (E, tillum) can be expressed with the following empirically-motivated formula [28]:

S (E, tillum) = 2ND

∑
i

ΔCillum,i

Cdark

1

1 + exp
(
− E−Ei

γi

) (2)

where Ei denotes the onset of optical absorption related to trap i, and γ i describes the steepness of the
corresponding step in S (E, tillum). ΔCillum,i is the (photo-)capacitance change related to photo-excitation of
trap i. ΔCillum,i are larger than zero for optically-induced electron emission, and are smaller than
zero for optically-induced hole emission. Results of SSPC measurements can also be presented as derivative
SSPC spectra dS (E, tillum) /dE [10, 28, 44]. Peaks at Ei in dS (E, tillum) /dE will represent trap i [28]. Notably,
the optically-induced emission of a charge carrier only contributes to the recorded S (E, tillum) if the charge
carrier is swept out of the space-charge region by the electrical field present in the space-charge region. For
many semiconducting oxides, self-trapped holes or electrons can form which may not be sufficiently mobile
to leave the space-charge region [45]. In β-Ga2O3, self-trapped holes are expected to form with very low
mobility below room temperature [45, 46].

In steady-state, i.e., for sufficiently long tillum, S (E, tillum) will be constant, and equal to Nss
tr,eff,

representing the steady-state concentration of ionized traps inside the probing volume. Nss
tr,eff is a sum of all

Nss
tr,eff,i representing the concentration of ionized traps i in steady-state. If optically-induced hole emission

can be neglected, Ntr,i can be computed from Nss
tr,eff,i via [1]:

Ntr,i = Nss
tr,eff,i

W2

x2
1,i − W2

o,i

= cNss
tr,eff,i. (3)

Ntr,i is the actual concentration of trap i. W is the depth of the depletion layer at Vext, x1,i is the depth where
the thermodynamic charge state transition level of trap i (Eth

i ) crosses the Fermi-level EF, and Wo,i represent
the fact that electrons from outside the space-charge region can penetrate into the space-charge
region and refill photo-ionized traps. The correction factor c represents that during SSPC measurements
traps are only photo-ionized in part of the volume of the space-charge region, and will always be larger than
1. Notably, Wo,i will be smaller for a trap for which electron capture is more likely [1]. Here, Wo,i can be
expected to be reduced for donor defects as compared to acceptor defects [34, 37]. Smaller values for Wo,i

suggest that traps are photo-ionized in a smaller volume inside the space-charge region, and hence the
correction factor c will be larger. If hole emission cannot be neglected, an additional factor representing the
relative magnitude of optically-induced electron emission as compared to optically-induced hole
emission needs to be added to the right hand side of equation (3) [10]. For non-ideal junctions, further
corrections in addition to equation (3) are necessary due to leakage currents inside the space-charge
region [47]. If leakage currents are present, corrections based on equation (3) will underestimate the actual
trap concentration. Generally, traps with larger capture cross-sections for electrons will capture more
electrons from the leakage current, and hence a larger deviation from equation (3) can be
expected [47].

In order to obtain computational results which can be compared to measured S (E, tillum), one needs to
compute N∗

tr,eff (see equation (1)). The time-evolution of N∗
tr,eff is described by the following differential

equation [1, 10]:
dN∗

tr,eff

dt
= σo

nΦNtr,eff − σo
pΦN∗

tr,eff. (4)

Here, Ntr,eff denotes the concentration of traps occupied with electrons. σo
i are the absorption cross-sections

related to the optically-induced emission of electrons (i = n) or holes (i = p) from a trap [22]. Often,
optically-induced hole emission can be neglected, and one obtains:

dN∗
tr,eff

dt
= σo

nΦNtr,eff. (5)

Here, Ntr,eff is equal to Nss
tr,eff − N∗

tr,eff. Equation (5) can be solved for the experimental conditions
encountered in accumulative or non-accumulative SSPC measurements. In the following, Ek denotes a
specific photon energy used for illumination during an SSPC measurements. The Ek are ordered in
ascending order, and hence Ek > Ek−1 is valid. For accumulative SSPC measurements, one obtains the
following expression for equation (1) when solving equation (5):

Sacc

(
Ek, tillum

)
= S

(
Ek−1, tillum

)
+

[
Nss

tr,eff − S
(
Ek−1, tillum

)] [
1 − exp

(
−σo

n

(
Ek

)
Φ

(
Ek

)
tillum

)]
, (6)
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Table 1. Summary of parameters describing the CC diagrams for Fe0/−
GaI , Fe0/−

GaII and Ti+/0
GaII [8, 23].

Defect EZPL (eV) dFC
g/e (eV) ΔQ (amu1/2/Å) Ωg/e (meV)

Fe0/−
GaI 0.62 1.10/1.02 1.63 59/57

Fe0/−
GaII 0.72 1.04/0.93 1.22 76/72

Ti+/0
GaII 1.13 1.01/1.14 1.35 68/72

if one specific trap is assumed to be present in the space-charge region. Notably, k starts at 1, and
S
(
E0, tillum

)
is set to zero.

For non-accumulative SSPC measurements, the corresponding expression is:

Snon−acc

(
Ek, tillum

)
= Nss

tr,eff

[
1 − exp

(
−σo

n

(
Ek

)
Φ

(
Ek

)
tillum

)]
, (7)

if one specific trap is assumed to be present in the space-charge region. To solve equations (6) and (7), one
needs to know σo

n

(
Ek

)
and Φ

(
Ek

)
. σo

n

(
Ek

)
can be defined as:

σo
n

(
Ek

)
= Σo

nσ
o
n,norm

(
Ek

)
. (8)

σo
n,norm can be obtained from first-principles calculations for a specific defect. The absolute value Σo

n,
however, is challenging to extract from first-principles calculations, and is considered a free parameter of
the simulation. Φ

(
Ek

)
was measured for the optical excitation of the setup used for SSPC measurements

(see figure 1). If several traps i are present, Sacc

(
Ek, tillum

)
and Snon−acc

(
Ek, tillum

)
are superpositions of

contributions Sacc,i

(
Ek, tillum

)
and Snon−acc,i

(
Ek, tillum

)
from the individual traps i, assuming no

interaction between traps, which is a viable assumption in the dilute regime.
The main difference between accumulative and non-accumulative SSPC measurements is the starting

point for SSPC measurements performed at subsequent Ek. Accumulative SSPC measurements will exhibit a
steeper rise of Sacc

(
Ek, tillum

)
in the vicinity of defect-related optical absorption. Thus, accumulative

SSPC measurements are more suitable for reaching steady-state conditions for a given trap. In the appendix
A, a detailed derivation of equations (6) and (7) as well as comparisons between the theoretical expressions
of Sacc

(
Ek, tillum

)
(see equation (6)) and Snon−acc

(
Ek, tillum

)
(see equation (7)) are shown.

4. Results and discussion

The CC diagrams for the charge state transitions Fe0/−
GaI , Fe0/−

GaII and Ti+/0
GaII were calculated using

hybrid-functionals, and the parameters describing Fe0/−
GaI , Fe0/−

GaII and Ti+/0
GaII are summarized in table 1 [8, 23].

The computed values are in accordance with other recent studies regarding Fe0/−
GaI and Fe0/−

GaII [48] as well as

Ti+/0
GaII [49]. Figure 2 displays results for σo

n,norm and σo
p,norm related to Fe0/−

GaI , Fe0/−
GaII and Ti+/0

GaII in β-Ga2O3. A

temperature of 120 K was assumed for the computations. For σo
n,norm, calculated absorption cross-section

spectra are shown with and without taking vibrational broadening into account, whereas only results
including vibrational broadening are shown for σo

p,norm. Calculated absorption cross-section spectra without
vibrational broadening exhibit sharp onsets of absorption, and particularly, exhibit no absorption below the
classical absorption energy Eabs [22], in contrast to what is expected in experiments. Hence, absorption
cross-sections with vibrational broadening are used in the following. The calculated σo

n,norm and σo
p,norm are

broad which is in accordance with previous computational results for σo
n,norm related to primary intrinsic

defects in β-Ga2O3 [28]. Note that the σo
n,norm related to Fe0/−

GaI and Fe0/−
GaII show a significant overlap, while

σo
n,norm related to Ti+/0

GaII occurs at higher photon energies. Our computational results for σo
n,norm of Fe0/−

GaII and

Fe0/−
GaI are in accordance with experimental photo-electron paramagnetic resonance studies performed by

Bhandari et al [48, 50]. For Fe0/−
GaI , Fe0/−

GaII and Ti+/0
GaII , optically-induced hole emission is only seen for photon

energies close to Eg, i.e., optically-induced hole emission does not occur in the photon energy range where
the onset of optically-induced electron emission is observed for these charge-state transitions. Thus,

optically-induced hole emission related to Fe0/−
GaI , Fe0/−

GaII and Ti+/0
GaII can be neglected when modeling SSPC

spectra for photon energies lower than 4.0 eV.
Figure 3 shows DLTS spectra recorded on a EFG-grown β-Ga2O3 crystal. Three defect signatures labeled

as E2a (EA = 0.66 eV, σna = 4 × 10−16 cm2), E2b (EA = 0.79 eV, σna = 3 × 10−15 cm2) and E3 (EA = 1.03 eV,
σna = 1 × 10−13 cm2) are found to be present, in accordance with previous studies on EFG-grown
β-Ga2O3 crystals [8, 23]. No other defect levels with smaller activation energies than 1.2 eV were present in
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Figure 2. Absorption cross-sections σo
n,norm and σo

p,norm related to Fe0/−
GaI , Fe0/−

GaII and Ti+/0
GaII . For σo

n,norm, results are shown with and
without taking vibrational broadening into account, while for σo

p,norm results are only shown with vibrational broadening. A
temperature of 120 K was assumed.

Figure 3. DLTS spectra recorded on a EFG-grown β-Ga2O3 crystal. The DLTS spectra were constructed with a GS4 filter and
compared to simulations (solid lines). Three defect signatures Fe0/−

GaI (E2a), Fe0/−
GaII (E2b) and Ti+/0

GaII (E3) are observed and labeled.

concentrations exceeding 1 × 1015 cm−3 in this sample. E2a and E2b have been assigned to Fe0/−
GaI and Fe0/−

GaII,

respectively [8, 23, 51], while E3 is proposed to be related to Ti+/0
GaII [23]. This identification is consistent with

a recent DLTS study that associated E2a/E2b with a deep acceptor and E3 with a deep donor [52]. Taking the
λ-correction [1, 32] into account, the concentrations of the corresponding traps were determined to be 2.54
× 1015 cm−3 (E2a or FeGaI), 2.32 × 1016 cm−3 (E2b or FeGaII) and 5.45 × 1015 cm−3 (E3 or TiGaII),
respectively (see table 2). Thus, using DLTS measurements, we are able to establish the presence and
concentration of FeGaI, FeGaII and TiGaII in the sample.

Accumulative SSPC measurements were performed on the same EFG-grown β-Ga2O3 sample for which
DLTS spectra are shown in figure 3. Figure 4(a) displays the recorded SSPC spectrum represented as
conventional SSPC spectrum (Sacc (E)) and as derivative SSPC spectrum (dSacc (E) /dE). Optically-induced
emission of electrons is observed with onsets at 2.2–2.3 eV (TEFG

1 ), 2.8–2.9 eV (TEFG
2 ), 3.7–3.8 eV (TEFG

3 ),
3.8–4.0 eV (TEFG

4 ), 4.0–4.2 eV (TEFG
5 ) and 4.2–4.3 eV (TEFG

6 ). Furthermore, a signature originating from the
band gap (Eg) of β-Ga2O3 can be seen. The features TEFG

1 and TEFG
2 are broad and partially overlap, and

hence it is difficult to establish the respective onset position accurately. Interestingly, TEFG
1 and TEFG

2 can be
properly distinguished in dSacc (E) /dE (see upper panel in figure 4(a)) which demonstrates the applicability
of derivative SSPC spectra [28].
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Table 2. Summary of the paramters used for the model displayed in figure 5. The values for N ss
tr,eff were deter-

mined from modeling accumulative SSPC spectra (see figure 5), while the values for Ntr were obtained from DLTS
measurements (see figure 3).

Defect level Σo
n (10−18 cm2) N ss

tr,eff (1015 cm−3) Ntr (1015 cm−3)

Fe0/−
GaI 0.3 1.5 2.6

Fe0/−
GaII 0.3 9.5 23.2

Ti+/0
GaII 9.6 1.1 5.5

Figure 4. (a) SSPC spectrum recorded accumulatively on an EFG-grown β-Ga2O3 crystal (tillum = 300 s). The results are
displayed as conventional SSPC spectrum (upper panel) and derivative SSPC spectrum (lower panel). Several defect-related
signatures are present and their onset positions are marked with arrows. Eg marks a signature related to the band gap of
β-Ga2O3. (b) Comparison between derivative SSPC spectra recorded on an EFG-grown β-Ga2O3 crystal accumulatively and
non-accumulatively using two different tillum. Only the photon energy range where TEFG

1 and TEFG
2 occur is shown.

Figure 4(b) displays a comparison between derivative SSPC spectra recorded accumulatively as well as
non-accumulatively on the same EFG-grown β-Ga2O3 crystal. The spectra were recorded using two
different tillum. Data are only shown for the photon energy range where TEFG

1 and TEFG
2 can be seen. Features

in dSacc (E) /dE are narrower than the corresponding features seen in dSnon−acc (E) /dE. Indeed, it is
not possible to distinguish TEFG

1 and TEFG
2 in dSnon−acc (E) /dE. With increasing tillum, the signatures

associated with TEFG
1 and TEFG

2 become significantly more narrow and shift to lower photon energies in
dSacc (E) /dE, while only minor changes are seen in dSnon−acc (E) /dE. Thus, using accumulative SSPC
measurements with long tillum, the spectral resolution can be significantly improved. The spectral shape seen
for TEFG

1 and TEFG
2 in dSacc (E) /dE recorded with tillum = 1200 s clearly suggests the presence of several

overlapping defect signatures.

As mentioned before, DLTS measurements confirm the presence of Fe0/−
GaI , Fe0/−

GaII and Ti+/0
GaII in this

EFG-grown β-Ga2O3 sample, and are thus expected to appear in SSPC spectra as well. It is possible to
estimate the onset of defect-related optical absorption by adding the Franck–Condon shift for a specific
charge-state transition of a defect to the corresponding activation energy determined by DLTS [21, 22].
Assuming typical Franck–Condon shifts of 0.4–1.2 eV as reported in β-Ga2O3 previously

[11, 12, 28], one expects the optical absorption related to Fe0/−
GaI , Fe0/−

GaII and Ti+/0
GaII to occur at

around 1.1–2.2 eV. Thus, Fe0/−
GaI , Fe0/−

GaII and Ti+/0
GaII are all plausible candidates for TEFG

1 . Further, the
amplitude of TEFG

1 suggests an associated trap concentration in the range of 1 × 1016 cm−3,
corroborating the relation to FeGaI, FeGaII and TiGaII. Notably, we observed no other defect signatures in
DLTS measurements with concentrations above 1 × 1015 cm−3 that are likely candidates for contributing to
TEFG

1 .

In order to assign TEFG
1 to Fe0/−

GaI , Fe0/−
GaII and Ti+/0

GaII , however, it is necessary to compare the calculated
results for σo

n,norm (see figure 2) to the recorded SSPC spectra. Particularly, it is necessary to take
experimental parameters such as tillum into account (see figure 4(b)). One approach is the method presented
above, by comparing the experimental data with SSPC spectra simulated by utilizing the absorption cross
sections obtained from first-principles calculations. In figure 5, SSPC spectra recorded accumulatively on
the same EFG-grown β-Ga2O3 crystal for which results are shown in figure 3 are compared to simulations
based on equation (6). Importantly, the overall trap concentration is found to be lower than 20% of ND.

The simulations were performed assuming only the presence of Fe0/−
GaI , Fe0/−

GaII and Ti+/0
GaII . The simulation has

two free parameters for each defect signature: one pair of Σo
n and Nss

tr,eff for Fe0/−
GaI , Fe0/−

GaII and Ti+/0
GaII ,

respectively. Increasing Σo
n will lead to a narrowing of the simulated defect signature and shift it to lower

7
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Figure 5. Accumulative SSPC spectra recorded on a EFG-grown β-Ga2O3 crystal using different tillum. The spectra were modeled
with equation (6), and the models are shown in solid lines. The model parameters are shown in table 2. A feature related to the
spectral shape of Φ is marked in gray (see figure 1).

photon energies (see appendix A). Changing Nss
tr,eff will scale the simulated defect signature (see appendix

A). The parameters which give the model curve shown in figure 4(a) are shown in table 2. The model
parameters yield an excellent fit to the recorded data even when modeling different tillum simultaneously,
corroborating the validity of employing equation (6). Notably, it was not possible to model TEFG

2 using the

absorption cross-sections calculated for Fe0/−
GaI , Fe0/−

GaII and Ti+/0
GaII (not shown). Thus, we tentatively assign

TEFG
1 to Fe0/−

GaI , Fe0/−
GaII and Ti+/0

GaII . However, it is possible that other defects contribute to TEFG
1 to a minor

extent, i.e., from DLTS measurements, it cannot be ruled out that defects with a concentration below
1 × 1015 cm−3 are present in addition to FeGaI, FeGaII and TiGaII that might contribute to TEFG

1 .
The simulation takes the spectral shape of the optical excitation represented by Φ (E) explicitly into

account. In the recorded as well as simulated spectra shown in figure 5, an artifact can be seen at around 1.5
eV which is related to a structure in Φ (E) (see figure 1). The corresponding structure can be identified
as an artifact in the data as well as the simulation because it does not shift to lower photon energies with
increasing tillum as can be expected from features related to optical absorption associated with traps. The fact
that modeling based on the measured Φ (E) accurately reproduces the artifact as seen in the data further
corroborates the validity of the model described in equation (6).

Table 2 shows the comparison of values determined for Nss
tr,eff and Ntr of FeGaI, FeGaII and TiGaII from

SSPC and DLTS measurements, respectively. Notably, all values obtained for Nss
tr,eff are lower than the values

determined for Ntr by a factor of 2–5. Applying a probing volume correction to Nss
tr,eff (see equation (3)) will

bring the values determined from SSPC measurements closer to the ones obtained from DLTS
measurements. Interestingly, a larger deviation between Nss

tr,eff and Ntr is seen for TiGaII, as expected for
defects more likely to capture electrons. Indeed, TiGaII is a donor, and hence more prone to capture
electrons compared to the acceptor defects FeGaI and FeGaII [34, 37]. In accordance, using DLTS,

comparatively large apparent cross-sections for electron capture are determined for Ti+/0
GaII in contrast to

Fe0/−
GaI and Fe0/−

GaII [8, 9, 23].

5. Summary and conclusion

In summary, we presented a new method to combine SSPC measurements with first-principles calculations
which can be used to reveal the identity of optical charge-state transition levels related to defects in wide
band gap semiconductors. A method to simulate SSPC spectra using defect-related optical absorption
spectra obtained from first-principles calculations based on hybrid-functionals was proposed. The
simulations take the experimental conditions for the accumulative SSPC measurements explicitly into

account. The thermodynamic charge-state transition levels of Fe0/−
GaI , Fe0/−

GaII and Ti+/0
GaII in β-Ga2O3 were

recently identified [8, 9, 23], and thus served as a test case for the method we developed. Accumulative
SSPC measurements were performed on EFG-grown β-Ga2O3 crystals and several defect signatures labeled
TEFG

1 –TEFG
6 with onsets for optical absorption between 1.5 eV and 4.3 eV were unveiled. Indeed, we

demonstrated how the simulation of accumulatively-recorded derivative SSPC spectra can be used to

8
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Table A1. Overview over standard parameters used for the simulation of SSPC spectra presented here.

Σo
n (m2) Φ (m−2 s−1) tillum (s) ΔE (meV) N ss

tr,eff (cm−3)

2 × 10−20 1018 10/300 20 1016

identify the optical charge-state transition levels related to Fe0/−
GaI , Fe0/−

GaII and Ti+/0
GaII in β-Ga2O3. Thus, we

were able to assign the signature labeled TEFG
1 to Fe0/−

GaI , Fe0/−
GaII as well as Ti+/0

GaII . Future applications of this
approach, as well as its extension to account for optically-induced hole emission processes,
may help elucidate the origins of other deep level signatures in β-Ga2O3 and other wide-band-gap
semiconductors.
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Appendix A. Simulation of deep-level transient and steady-state photo-capacitance
spectra

A.1. Simulation of deep-level transient spectra
In deep-level transient spectroscopy (DLTS) [1, 7], a rectifying junction is kept a reverse-bias voltage
(Vrev < 0 V) and subjected to a voltage pulse (Vpulse > 0 V) at a time t0 which lasts for a duration tpulse. In
the following, it is assumed that DLTS measurements are performed on a Schottky junction comprising an
n-type semiconductor. Moreover, we assume that a trap exhibiting a concentration of Ntr and a
single thermodynamic charge-state transition level (Et) is present in the semiconductor. Prior to applying
the voltage pulse, the trap will be empty of electrons in-between the surface of the semiconductor and a
depth x1. x1 is the depth where the Fermi level (EF) crosses Et, and its value will depend on Vrev. During the
voltage pulse, an additional amount of traps will be filled with electrons, i.e., traps in-between x1 and a
depth x2 will also be filled with electrons. x2 is the depth where EF crosses Et when the applied bias
voltage is equal to Vrev + Vpulse. After the end of the voltage pulse at t0 + tpulse, the charge-state transition
level of traps in-between x2 and x1 will be above EF, and thus electron emission will occur until all traps
in-between x2 and x1 are void of electrons.

The corresponding electron emission is a thermally-activated process, and its rate eth
n can be expressed

by [1, 7]:

eth
n = βσnaT2 exp

(
− EA

kBT

)
. (A.1)

Here, T is the sample temperature, EA is the activation energy for thermally-induced electron emission from
the trap, σna is the apparent capture cross section, kB is Boltzmann’s constant and β is a material-specific
constant. EA is the sum of Et and the corresponding energetic barrier for electron capture (Eb) [1, 21].
Assuming parabolic bands, β can be computed by [1]:

β = 2
√

3

(
2π

h2

) 3
2

k2
Bmn,eff. (A.2)

Here, h is Planck’s constant and mn,eff is the effective mass of electrons in the conduction band. For
β-Ga2O3, a value of 0.28 me was used for mn,eff [53, 54], whereby me is the electron mass.

In DLTS, the thermally-induced electron emission is probed by recording the capacitance of the
rectifying junction. Particularly, the capacitance transient (C (t)) is recorded after the end of the voltage
pulse, and is described by [1]

C (t) = C0

[
1 − Ntr,probe

2ND
exp

(
−eth

n t
)]

, (A.3)

9
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Figure A1. Graphical representation of equations (A.19) and (A.20). Results are shown in dependence of (a) t and (b), (c) Ek. In
(b) conventional SSPC spectra are shown, while in (c) derivative SSPC spectra are displayed. Here, the σo

n,norm calculated for Ti+/0
GaII

was used. The simulations were performed using different tillum of 1200 s, 300 s and 30 s. Moreover, the following parameters
were used: ΔE = 0.2 eV, Σo

n = 2 × 10−20 m2, Φ= 1 × 1018 m−2 s and N ss
tr,eff = 1 × 1016 cm−3.

assuming Ntr � ND to be valid. Here, C0 is the capacitance of the rectifying junction measured prior to the
voltage pulse, i.e., the capacitance of the rectifying junction when Vrev is applied. ND is the donor
concentration and Ntr,probe is the effective trap concentration in the probing volume, i.e., the effective
concentration of traps in-between x2 and x1. Following the approach outlined by Lang, the DLTS spectra
Sj (T) can be constructed, and Sj (T) is defined as [1, 7, 31]:

Sj (T) =
1

tj

∫ tdelay+tj

tdelay

C (t)w (t) dt. (A.4)

Here, tdelay is the time at which the recording of C (t) starts after the end of the voltage pulse, whereas tj is
the duration for which C (t) is recorded/analyzed. w (t) is the weighting function, e.g., a lock-in function
[1] or a GS4 filter function [31]. To analyze DLTS measurements, one needs to use more than one specific
tj. Often, C (t) is recorded for a duration ttransient , and different parts of the transient, represented by tj, are
analyzed in order to obtain different Sj (T). Different Sj (T) essentially correspond to analyzing the recorded
C (t) for different values of eth

n (see figure 3 in the manuscript). The recorded Sj (T) can be compared to
simulations when combining equation (A.4) with equations (A.1) and (A.3). The free parameters of the
simulation are the quantities Ntr,probe, EA and σna which describe the concentration and properties of the
trap. Often, one represents DLTS spectra as 2NDΔC/C0, whereby ΔC = C0 − C (t = 0 s) can be calculated
from Sj (T) as outlined in [1, 55].

10
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Figure A2. Graphical representation of equations (A.14) and (A.18) for different photon fluxes Φ. Results are shown for (a)
conventional and (b) derivative SSPC spectra. Here, the σo

n,norm calculated for Ti+/0
GaII was used. Moreover, the following

parameters were used: ΔE = 20 meV, Σo
n = 2 × 10−20 m2, tillum = 10 s and N ss

tr,eff = 1 × 1016 cm−3.

As mentioned above, Ntr,probe represents the effective trap concentration in-between x2 and x1. The
actual trap concentration Ntr can be determined by using [1]:

Ntr =
W2

x2
1 − x2

2

Ntr,probe. (A.5)

Here, W is the width of the space-charge region when applying Vrev. The correction performed in
equation (A.5) is often referred to as λ-correction [1, 32].

A.2. Simulation of steady-state photo-capacitance spectra from first-principles calculations
Steady-state photo-capacitance (SSPC) measurements are performed by measuring the photo-capacitance
of a rectifying junction after illumination at the photon energy Ek for a duration tillum. In the following,
it is assumed that SSPC measurements are performed on a Schottky junction comprising an n-type
semiconductor. Moreover, we assume that a trap exhibiting a concentration of Ntr and a single
thermodynamic charge-state transition level (Et) is present in the semiconductor.

SSPC spectra (S
(
Ek, tillum

)
) are constructed by recording the photo-capacitance (Cillum

(
Ek, tillum

)
) of the

junction at subsequent Ek. S
(
Ek, tillum

)
is usually expressed as [1, 10]:

S
(
Ek, tillum

)
= 2

Cillum

(
Ek, tillum

)
− Cdark

Cdark
ND = 2

ΔCillum

(
Ek, tillum

)
Cdark

ND = N∗
tr,eff

(
Ek, tillum

)
. (A.6)

Here, ΔCillum

(
Ek, tillum

)
denotes the change in (photo-)capacitance during illumination for tillum at Ek, and

Cdark represents the capacitance of the junction measured in the dark. N∗
tr,eff

(
Ek, tillum

)
is the change in the

concentration of ionized traps inside the probing volume due to illumination. Notably, the probing volume
will usually not be equal to the volume of the space-charge region [1, 28]. Moreover, equation (A.6)
assumes ND � Ntr to be valid.

N∗
tr,eff = S

(
Ek, tillum

)
is described by the following differential equation [10]:

dN∗
tr,eff

dt
= σo

nΦNtr,eff, (A.7)

when assuming that the photo-ionization process only involves the defect and the conduction band
(optically-induced electron emission), i.e., optically-induced hole emission (photo-ionization processes

11
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Figure A3. Graphical representation of equations (A.14) and (A.18) for various tillum. Results are shown for (a) conventional and
(b) derivative SSPC spectra. Here, the σo

n,norm calculated for Ti+/0
GaII was used. Moreover, the following parameters were used: ΔE =

20 meV, Σo
n = 2 × 10−20 m2, Φ= 1 × 1018 m−2 s and N ss

tr,eff = 1 × 1016 cm−3.

involving the defect and the valence band) can be neglected. Optically-induced hole emission can be
neglected if (i) holes are not sufficiently mobile to leave the space-charge region, or (ii) optically-induced
hole emission does not occur in the spectral region of interest [10, 28]. In equation (A.7), σo

n

represents the absorption cross-section related to the optically-induced electron emission from the defect,
whereas Φ denotes the spectral photon flux used for illumination. σo

n and Φ will be functions of Ek. Ntr,eff is
the concentration of defects inside the probing volume which are not ionized, and hence Ntr,eff is equal to
Nss

tr,eff − N∗
tr,eff. Nss

tr,eff is the effective concentration of the defect inside the probing volume. Using this,
equation (A.7) becomes:

dN∗
tr,eff

dt
= σo

nΦNss
tr,eff − σo

nΦN∗
tr,eff. (A.8)

Equation (A.8) describes a first-order, non-homogeneous differential equation. The associated
homogeneous differential equation is:

dN∗
tr,eff

dt
= −σo

nΦN∗
tr,eff. (A.9)

This differential equation is solved by:

N∗
tr,eff = A exp

(
−σo

nΦt
)
. (A.10)

Here, A is a constant which needs to be chosen according to the boundary condition. A particular solution
for equation (A.8) is

N∗
tr,eff = Nss

tr,eff. (A.11)

The overall solution to equation (A.8) is obtained by adding equations (A.10) and (A.11) together, and
hence:

N∗
tr,eff = Nss

tr,eff + A exp
(
−σo

nΦt
)
. (A.12)

As mentioned above, A needs to be determined from the boundary condition which will depend on the way
SSPC measurements are performed. In non-accumulative SSPC measurements, the defect is re-filled with
electrons prior to illumination at Ek, and hence the concentration of (photo-)ionized defects prior to
illumination at Ek inside the probing volume

(
N∗

tr,eff

(
Ek, t = 0 s

))
will be expressed by:

N∗
tr,eff

(
Ek, t = 0 s

)
= 0. (A.13)
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Figure A4. Graphical representation of equations (A.14) and (A.18) for various ΔE. Results are shown for (a) conventional and
(b) derivative SSPC spectra. Here, the σo

n,norm calculated for Ti+/0
GaII was used. Moreover, the following parameters were used: tillum

= 300 s, Σo
n = 2 × 10−20 m2, Φ = 1 × 1018 m−2 s and N ss

tr,eff = 1 × 1016 cm−3.

Thus, A will be equal to −Ntr,eff , and hence:

Snon−acc

(
Ek, tillum

)
=Nss

tr,eff − Nss
tr,eff exp

(
−σo

nΦt
)

=Nss
tr,eff

[
1 − exp

(
−σo

nΦtillum

)]
. (A.14)

Notably, for tillum approaching ∞ s, Snon−acc

(
Ek, tillum

)
approaches Nss

tr,eff. tillum →∞s is equivalent to
reaching steady-state conditions, and hence the superscript ss was used for denoting Nss

tr,eff.
In accumulative SSPC measurements, the rectifying junction under illumination is kept at a fixed

reverse-bias voltage while illuminating the junction at different Ek. Importantly, measurements are
performed in ascending order of Ek, i.e., Ek < Ek+1 is valid. For the first measurement performed at E0, the
boundary condition stated in equation (A.13) holds, and thus

Sacc

(
E0, tillum

)
= Nss

tr,eff

[
1 − exp

(
−σo

nΦtillum

)]
. (A.15)

For illumination at subsequent Ek, the following boundary condition holds:

N∗
tr,eff

(
Ek, t = 0 s

)
=N∗

tr,eff

(
Ek−1, tillum

)
= Sacc

(
Ek−1, tillum

)
(A.16)

reflecting that when illumination starts, a certain concentration of defects is already photo-ionized due to
illumination at Ek−1. Thus A is equal to Sacc

(
Ek−1, tillum

)
− Nss

tr,eff, and hence:

Sacc

(
Ek, tillum

)
= Nss

tr,eff +
[
Sacc

(
Ek−1, tillum

)
− Nss

tr,eff

]
exp

(
−σo

nΦtillum

)
(A.17)

is valid for Ek �= E0. Adding 0 = Sacc

(
Ek−1, tillum

)
− Sacc

(
Ek−1, tillum

)
on the right hand side, equation (A.17)

can be re-written as:
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Figure A5. Graphical representation of equations (A.14) and (A.18) for various N ss
tr,eff. Results are shown for (a) conventional

and (b) derivative SSPC spectra. Here, the σo
n,norm calculated for Ti+/0

GaII was used. Moreover, the following parameters were used:
tillum = 300 s, Σo

n = 2 × 10−20 m2, Φ = 1 × 1018 m−2 s and ΔE = 20 meV.

Sacc

(
Ek, tillum

)
= Sacc

(
Ek−1, tillum

)
− Sacc

(
Ek−1, tillum

)
+ Nss

tr,eff +
[
Sacc

(
Ek−1, tillum

)
− Nss

tr,eff

]
exp

(
−σo

nΦtillum

)
= Sacc

(
Ek−1, tillum

)
+

[
Nss

tr,eff − Sacc

(
Ek−1, tillum

)] [
1 − exp

(
−σo

nΦtillum

)]
. (A.18)

This equation is valid for all Ek if Sacc

(
E0, tillum

)
is set to 0.

Equations (A.14) and (A.18) can be expressed more general in the form Sacc

(
Ek, tillum, t

)
and

Snon−acc

(
Ek, tillum, t

)
. Sacc

(
Ek, tillum, t

)
and Snon−acc

(
Ek, tillum, t

)
describe the recorded SSPC spectrum after

illumination for a time t at Ek while the junction was illuminated for a duration tillum at all photon energies
Ej for which j < k is valid. Sacc

(
Ek, tillum, t

)
can be expressed as:

Sacc

(
Ek, tillum, t

)
= S

(
Ek−1, tillum, tillum

)
+

[
Nss

tr,eff − S
(
Ek−1, tillum, tillum

)] [
1 − exp

(
−σo

nΦt
)]

, (A.19)
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while Snon−acc

(
Ek, tillum, t

)
can be calculated by:

Snon−acc

(
Ek, tillum, t

)
= Nss

tr,eff

[
1 − exp

(
−σo

nΦt
)]

. (A.20)

σo
n is defined by:

σo
n = Σo

nσ
o
n,norm. (A.21)

Here, σo
n,norm can be obtained from first-principles calculations for a specific trap, while Σo

n is a free
parameter of the simulation.

In the following, graphical representations of equations (A.14), (A.18–A.20) will be shown. Hereby, the

calculated σo
n,norm of Ti+/0

GaII was used. In table A1, the standard values for the simulation parameters are
stated. Φ is assumed to be constant for all photon energies, and ΔE is the energy step between two
subsequent Ek, i.e., ΔE = Ek+1 − Ek is valid.

Figure A1 displays graphical representations of equations (A.19) and (A.20). Figure A1(a) shows the
dependence on t, while figures A1(b) and (c) show the corresponding dependence on Ek. Notably, for the
same experimental conditions, non-accumulative SSPC measurements will reach steady-state
conditions for longer tillum compared to accumulative SSPC measurements. Generally, longer tillum are
associated with steps in SSPC spectra shifting to lower photon energies and becoming
steeper.

In figures A2–A5, the influence of a particular parameter on equations (A.14) and (A.18) is shown. For
longer tillum and higher Φ, steps in Sacc as well as Snon−acc will shift to lower photon energies and
become steeper. The corresponding changes are more notable for accumulative SSPC spectra under the
same experimental conditions. Only Sacc exhibits a change depending on ΔE. For Sacc as well as Snon−acc,
Nss

tr,eff is a scaling factor.
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