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Primary intrinsic defects and their charge transition levels in 8-Ga,0;
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A steady-state photocapacitance (SSPC) setup directly connected to the beamline of a MeV ion implanter is
utilized to study primary intrinsic defects in S-Ga,O; generated by He implantation at cryogenic temperatures
(120 K). At low temperatures, the migration of defects is suppressed, and hence the generation of primary
intrinsic defects is expected to prevail. SSPC measurements reveal defect-related optical transitions in halide
vapor-phase epitaxy (HVPE) -grown 8-Ga,0; thin films with onset energies at 1.3 (T), 1.7 (1), 1.9 (T3), 2.6
(Ty), 3.7 (T5), and 4.2 eV (Ty). T>, Ty, Ts, and Tg were observed in as-received HVPE-grown §-Ga, 05 thin films,
whereby 75 is only sporadically observed. The introduction rates for 73, 74, as well as Ty indicate an origin related
to primary intrinsic defects. Notably, 77 and 75 are only observed after He implantation at cryogenic temperatures.
Hybrid-functional calculations were performed to estimate the optical absorption cross-section spectra for the
gallium (Ga;) and oxygen (O;) interstitials as well as the corresponding vacancies (Vg, and Vo, respectively), and
compared with the measured onsets for optical absorption found by SSPC measurements. Indeed, we propose
T to be associated with Gai(+/ +2 and/or VG(;f/ =2 while T, is suggested to be related to Vé(,)(”) (K =1, 11, IIT)
and/or VG(;S/ -2, Additionally, several further charge-state transition levels associated with Vi, and Vg, may
contribute to 7y and Ts. We further studied the kinetics of the defects created with He implantation by exposing
the sample to room temperature. The kinetics observed for 73 and 7, further support the proposed assignments

of the corresponding defect signatures.

DOL: 10.1103/PhysRevMaterials.4.074605

I. INTRODUCTION

Beta gallium oxide (Ga,03) is a wide-band-gap semi-
conductor exhibiting exceptionally high breakdown electrical
fields [1], and hence it has attracted considerable attention
in recent years as a potential candidate for applications in
UV sensors and power electronics [1-4]. Intrinsic as well
as extrinsic defects have a profound influence on the optical
and electrical properties of the material. For example, defects
can act as recombination centers limiting the efficiency of
UV sensors, or as traps for charge carriers and affect the
performance of devices for power electronics [4-7]. Thus,
understanding prominent defects in Ga, O3 is of the utmost
importance in enabling the material to live up to its potential.

First-principles defect calculations predict several elec-
tronic states within the band gap of Ga,Oj3 associated with
the primary intrinsic defects [8§—19]. Gallium vacancies (Vg,)
are expected to be deep acceptors, the gallium interstitial
(Ga;) is associated with donor states, the oxygen vacancies
(Vo) give rise to deep donor states, and the oxygen interstitial
(O;) can be either a donor or an acceptor depending on its
configuration [15-17,19]. Notably, Vo and Vg, can occur in
different configurations [15-17,19].

Experimentally, a multitude of electronic states within the
band gap of Ga,O3 have so far been unveiled using deep-level
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transient spectroscopy (DLTS) [15,20-26], deep-level optical
spectroscopy (DLOS) [26-28], steady-state photocapacitance
(SSPC) measurements [22,23,25-30], as well as a variety of
other methods [23-25,29,31-35]. For example, SSPC studies
performed by Farzana et al. as well as Zhang et al. on Ga;03
reveal electronic states inside the Ga,O3 band gap at around
2.2, 3.2, and 4.4 eV below the conduction-band edge (E¢)
[26-28], while at least six defect levels have been identified
in the upper part of the band gap by DLTS [15,20,21,24-26].
Identifying the microscopic origin of the observed defect sig-
natures, however, remains challenging, and hence only a few
assignments have been made so far. One notable exception is
the case of Feg,, which was shown to introduce an electronic
state at around 0.78 eV below E¢ and identified by DLTS [21].
The electronic levels associated with intrinsic defects and
their complexes, however, have so far escaped experimental
identification.

One approach to studying intrinsic defects in semiconduc-
tors is by intentionally introducing such defects via irradiation
or implantation using neutrons, protons, @-particles, electrons,
or heavier ions [15,23,28,36,37]. Ga; and O; are, however,
expected to be very mobile at, or even below, room tem-
perature [14,15,38]. Furthermore, one can expect impurities,
like hydrogen, to have a low migration barrier, and hence
they are likely to passivate or form complexes with (intrinsic)
defects. Notably, it has been implied by simulations as well as
experimental studies that, for example, hydrogen and Vg, can
form complexes [19,39].

©2020 American Physical Society
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FIG. 1. Overview of the setup used for on-line SSPC measurements. The optical excitation at variable wavelength is provided by a white
light source (LS) dispersed by a monochromator (MC) utilizing a grating (RG). The near-monochromatic light is steered toward the sample
(SH) using parabolic mirrors (M1 and M2). Long-pass filters (FW) are used to suppress artifacts due to second-order diffraction. The sample
(SH) is placed inside a cryostat that is directly connected to the beam line of a MeV ion implanter (I), and hence SSPC measurements can
be performed on-line. The inset shows the contact layout: Semitransparent contacts are electrically connected by wire-bonding to minimize

shadowing for light as well as for ions.

At sufficiently low temperatures, however, primary intrin-
sic defects as well as impurities are immobile, and hence the
formation of primary intrinsic defects should prevail during
low-temperature irradiation or implantation. This can be uti-
lized by combining low-temperature irradiation or implan-
tation with characterization at the beamline of an accelera-
tor (on-line), i.e., irradiation at cryogenic temperatures and
subsequent characterization without heating up the sample
[40,41]. Moreover, subsequent exposure of the sample to
higher temperatures can shed light on the defect kinetics in the
corresponding temperature range, potentially revealing defect
complex formation or passivation of defects.

In this work, we present results from on-line SSPC mea-
surements on Ga;0Oj3 thin films grown by halide vapor-phase
epitaxy implanted with He at 120 K. Our measurements
reveal several new defect signatures that we propose to
be associated with primary intrinsic defects. In particular,
Ga; and/or Vi, formed on a tetrahedral Ga site (Vga) are
potential candidates for a level with an onset for optical
absorption at around 1.9 eV. We further propose that Vp-
and other Vg,-related defects show optical absorption in the
region of 2.5-3.7 eV. These results are further corroborated
by hybrid-functional calculations estimating the optical ab-
sorption expected for Ga; and Vg, and Vp. Additionally, our
results indicate that passivation and/or migration of such
defects indeed occurs already at temperatures below room
temperature.

II. METHODOLOGY

A. Experimental details

The Ga,0; thin films studied here were grown by halide
vapor-phase epitaxy (HVPE) on conductive Ga; O3 substrates
and obtained from Novel Crystal Technology, Inc. [4]. The
thin films are unintentionally doped with Si and exhibit nomi-
nal charge-carrier concentrations in the range of 5 x 10193 x
10'7 cm™3. The thickness of the thin films is around 10 pm,
while their surface corresponds to the (001) plane. Using
a laser cutter, the as-obtained wafers were cut into pieces
measuring approximately 5 x 5 mm?. The sample pieces were
subsequently cleaned with acetone, isopropanol, and deion-
ized water for 5 min each inside an ultrasonic bath. Afterward,
Ohmic backside contacts consisting of Ti (thickness = 10 nm)
and Al (thickness = 150 nm) were deposited by e-beam evap-
oration. After a subsequent cleaning step, semitransparent Ni
(thickness = 20 nm) Schottky contacts were deposited by
e-beam evaporation using a shadow mask with contact diam-
eters of 300, 600, and 900 pm. To ensure mechanical stability
of the Ni contacts for wire-bonding, a second deposition of
Ni (thickness = 150 nm) was performed using a shadow
mask (with only circular openings displaying a diameter of
300 pm), which aligned with the semitransparent Ni contacts.
The contact layout is shown in the inset of Fig. 1. All results
shown here were obtained on semitransparent contacts with
a diameter of 600 um. Wire-bonding on the thick part of the
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Ni contact was used for connecting the sample to electrical
measurement instruments.

He ions were implanted at 120 K with an energy
of 180 keV and fluences & ranging from 1.25 x 10'!
to 5 x 10" cm~2. Negligible heating of the sample dur-
ing He implantation is expected due to the utilization of
low ion currents as well as low ion fluences. The de-
fect generation was simulated utilizing Monte Carlo sim-
ulations implemented within the The Stopping and Range
of Ions in Matter (SRIM) package [42] using displace-
ment energies for Ga and O of 25 and 28 eV, respec-
tively. Simulations were run for Ni thicknesses of 20 nm
(semitransparent region) and 170 nm (thick Ni region used
for wire-bonding), resulting in projected ranges R, of 400 nm
for a Ni thickness of 170 nm, and 610 nm for a Ni thickness of
20 nm, respectively. Notably, during He implantation primary
intrinsic defects are generated regardless of their formation
energy in thermal equilibrium [42]. After generation, these
primary intrinsic defects may form energetically more favor-
able configurations if they are mobile enough at the sample
temperature to relax into the corresponding configurations.

Current-voltage (IV) and capacitance-voltage (CV) mea-
surements were carried out under dark conditions at room
temperature as well as at 120 K using a Keithley 6487
picoammeter/voltage source and a Boonton 7200 capacitance
meter, respectively. CV measurements were performed at a
probing frequency fprobe Of 1 MHz. A relative static dielectric
constant g, of 10.2 was assumed for Ga,O3 [43]. CV and IV
measurements were performed inside a closed-cycle He cryo-
stat connected to the beamline of an MeV ion implanter. From
the forward bias region of IV curves, we extracted the ideality
factor of the investigated Schottky junctions in order to verify
the suitability of the junctions for SSPC measurements [44].

SSPC measurements were conducted utilizing the same
closed-cycle He cryostat connected to the beamline of an MeV
ion implanter (on-line) as was used for IV and CV measure-
ments. Figure 1 shows the layout of the experimental setup
used for on-line SSPC measurements. For studying defect
kinetics, subsequent heat treatments up to room temperature
were performed inside the same cryostat without transferring
the sample. During SSPC measurements, the capacitance of
the junction is recorded after illuminating the junction at a cer-
tain wavelength X or photon energy E for a given time. A con-
stant angle of incidence was used for illumination. Here, the
photocapacitance was recorded after 5 min using a Boonton
7200 capacitance meter (fprobe = 1 MHz) while the junction
was kept at a fixed external bias (typically between —8 and
—1 V). A laser-driven light source (EQ-77 from Energetiq)
was used as a white light source, covering the spectral range
from 190 to 2500 nm. The unpolarized light was dispersed
with a grating-based monochromator (Shamrock 500i from
ANDOR). Utilizing a grating with 1200 lines/mm (blaze at
400 nm) as well as fully opened exit and entrance slits at
2.5 mm, a typical spectral resolution of ~20 meV was ob-
tained. Long-pass filters were used to ensure that no light from
second-order diffraction reaches the sample. Typical photon
fluxes of 1 x 107 m™2s~! in the UV and 1 x 10" m2s~!
in the visible part of the spectrum were estimated using a
calibrated thermal power meter placed at the sample position
inside the cryostat. The near-monochromatic light was deliv-

ered to the sample using parabolic mirrors. The sample was
illuminated starting at the long-wavelength end (usually at
around 1600 nm), proceeding to shorter wavelengths in steps
of 20 or 40 meV. In contrast to other studies, no filling pulse or
above-band-gap illumination was utilized during SSPC mea-
surements (see, for example, Refs. [28,44]). Samples were,
however, preilluminated for 30 min at the longest wavelength
used for a specific measurement range. This ensures that at
the beginning of the measurement, traps responding to longer
wavelengths than the ones used for the SSPC measurement are
being ionized, and hence the sample is in or close to a steady
state for illumination at such wavelengths. For some samples,
the preillumination is not sufficient to reach comparable con-
ditions as were encountered for measurement ranges involving
longer wavelengths. For these samples, small discontinuities
are seen close to the spectral positions where long-pass filter
changes occurred. These discontinuities can be regarded as
experimental artifacts.

The resulting photocapacitance signal is accumulative and
represents the persistent charge created within the depletion
region of the Schottky diode upon illumination at a certain
photon energy. SSPC spectra recorded using different mea-
surement ranges usually displayed slight offsets compared
to each other. Offsets caused by switching between different
measurement ranges were corrected assuming them to be
independent of photon energy and using the measurement
range for the lowest photon energies as reference.

SSPC spectra S(E) are usually presented as

Cittumination (E) — Cdark AGijumination (E )

S(E)=2 Np =2 Np.
Cdark P Cdark P
(1)

Here, E is the photon energy and Cjjymination (E) denotes the
(photo)capacitance due to illumination at a certain photon
energy E. Cyux represents the capacitance measured at a fixed
reverse bias prior to illumination, and hence ACijymination(E)
denotes the change in capacitance due to illumination. Np
represents the donor concentration. Each electronic state in-
side the band gap will give rise to a steplike feature in SSPC
spectra, and hence SSPC spectra can be represented by the
following empirically motivated model:

ACillumination,i 1

, 2
l—l—exp(—%) @

Cdark

S(E) = 2Np Z

where the individual contributions i are described by sig-
moidal functions. ACijumination,i/Caark represents the relative
change in capacitance due to illumination for an individual
contribution and is independent of E. For a specific contribu-
tion #, E; describes the position of the onset of the SSPC signal
and y represents the steepness of the corresponding step. Fea-
tures with ACijjumination.i/Caark > 0 (optically induced electron
emission) as well as ACijymination.i/Caark < 0 (optically in-
duced hole emission) can occur [26-28,44,45]. SSPC spectra
can also be represented as derivatives with respect to photon
energy [45,46], where steplike features are transformed into
peaklike features. Such a representation can greatly improve
the interpretation of the technique, and aid deconvolution
[46,47].

The height 2Np ACijumination.i/Caark Of €ach step is related
to the effective trap concentration Nfiff and serves as a lower
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bound for the actual concentration N, ; [45]. For small total
trap concentrations Ny or ACijumination/Cdark << 0.5, a linear
relationship holds between ACiiymination,i/Cadark and fof

2
ACillumination,i w

Neft =2 N ) 3
b Caark DW2 - x% )

Here, W is the depletion layer width. x; denotes the depth
where the electronic state of the trap level associated with
contribution i crosses the Fermi level Er. For determining
X1, one needs to know the thermodynamic charge transition
level for a specific defect. This level can be estimated from
E; [see Eq. (2)] by assuming a value for the Franck-Condon
shift drc [48,49]. The term Wz/(W2 —x%) is often called
A-correction [44].

For larger total trap concentrations N, or
ACiiumination/Cdark = 0.5, Eq. (3) does not hold and the
trap concentrations can be estimated from ACiumination,i/Cdark
by numerically solving the steady-state capacitance under
illumination for N¢!. More information about how to extract
Nfiff in the case of low and large total trap concentrations can
be found in the Supplemental Material [50].

Notably, all defects inside the space-charge region with a
thermodynamic charge-state transition level below the Fermi
level will contribute to the measured SSPC signal S(E).
Moreover, the value determined for N&f' will depend on
the competition between optically induced hole and electron
emission for the trap i [44,45] as well as the mobility of
electrons and holes (see the Supplemental Material [50]).

B. Computational details

First-principles calculations were performed using the
projector augmented wave method (PAW) [51,52] and the
Heyd-Scuseria-Ernzerhof screened hybrid functional (HSE)
[53], as implemented in the VASP code [54]. The fraction of
screened Hartree-Fock exchange was adjusted to o = 0.32,
which accurately describes both the experimental band gap
(E; = 4.9 eV) and structural parameters as reported elsewhere
[21,55,56]. The experimentally determined band-gap value
can be expected to exhibit an uncertainty of around 0.1 eV
[55]. The Ga 3d and Ti 3p, 3d, as well as 4s electrons were in-
cluded as valence states. For defect calculations, we used 160-
atom supercells, a plane-wave energy cutoff of 400 eV, and
a single special k-point at (1/4, 1/4, 1/4). Defect formation
energies and thermodynamic charge-state transition levels
were calculated by following the well-established formalism
[57]. For charged defects, we adopted the anisotropic [58]
Freysoldt, Neugebauer, and Van de Walle scheme to correct
formation energies [59], and the method recently proposed by
Gake et al. to correct vertical transition energies [60]. Opti-
cal absorption energies of defects were estimated by using
the effective one-dimensional configuration coordinate (CC)
model with parameters obtained from the HSE calculations
[49,59]. However, the absorption onset will be lower than the
classical absorption energy E,ps obtained from CC diagrams
due to vibrational broadening. Absorption cross sections that
include vibrational broadening can be simulated based on CC
diagrams by following the scheme outlined in Refs. [49,61].

Following Refs. [49,61], defect-related optical absorption
is modeled as an electronic transition between a ground state

(defect in charge state g and charge carrier localized at or
close to the defect) and an excited state (defect in charge
state ¢ £ 1 and delocalized charge carrier in the conduc-
tion or valence band) triggered by a photon. Despite the
complex optical selection rules in Ga;O3 due to the crystal
symmetry and orbital character of the conduction and valence
bands [55,56,62,63], the corresponding optical transitions
are assumed to be allowed. Notably, defect-related optical
transitions can be expected to be allowed if the transition is
accompanied by strong lattice relaxation [64], which has been
reported for various defects in Ga,O3 [19]. Moreover, the
defect potential is assumed to be represented by a §-function,
in accordance with what is typically assumed for deep-level
defects [61,65]. The excited state is a continuum of states
in the conduction or valence band, whereby the bands are
assumed to be parabolic. We note that we focus on transitions
to the conduction band around E¢, which is a highly dispersive
state that is predominantly parabolic and exhibits a simpler
orbital character than the upper valence bands [55,56,62,63].
For the determination of the onset of defect-related optical
absorption, the parabolic approximation is not believed to
introduce a large error. Furthermore, the transition matrix
element relevant for the electronic transition is assumed to be
constant, i.e., to be independent of energy or momentum. The
model proposed by Alkauskas ef al. [49] and Kopylov et al.
[61] takes phonon contributions into account: (i) phonons
are emitted during the absorption process, and (ii) ground
and excited states possess vibrational substates that will be
occupied at higher temperatures and contribute to the optical
absorption. It is assumed that the phonon contributions can
be modeled by using an effective frequency for the phonons
relevant for the ground and excited state, respectively. No-
tably, both (i) and (ii) will contribute to a broadening of the
defect-related optical absorption cross-section spectra and a
corresponding shift of the absorption onset. Phonon emission
(i) will contribute to the broadening already at 0 K, whereas
the contribution of additional vibrational substates (ii) will
become more pronounced with increasing temperature. The
calculations presented in this work were performed at 0 K. For
a selection of defects, optical absorption cross-section spectra
were also calculated assuming 120 K, and we found only mi-
nor differences. More information regarding the model used
for calculating defect-related optical absorption cross-section
spectra and their temperature dependence can be found in the
Supplemental Material [50].

Migration barriers were evaluated using the climbing
nudged elastic band method (cNEB) [66], using at least five
images and requiring the resulting force to be <0.03 eV A=,
Due to their large computational cost, barriers were evaluated
using the same supercell geometries and the PBEsol func-
tional [67] and PAW potentials that treated the Ga 3d electrons
in the core. The lowest barriers were evaluated with HSE
using the same approach to assess the differences.

III. RESULTS

A. Computational results

Hybrid-functional calculations were performed to predict
optical signatures originating from various primary intrinsic
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FIG. 2. (a) CC diagram for the (4+/42) charge-state transition of Ga;. The vertical transition energy connected to optical absorption is
marked as E,,, while the thermodynamic transition level is marked as Ezp; . The minima of the parabola signify the (meta)stable configurations
of Ga;" and Ga;", respectively. The corresponding difference in the configuration coordinate AQ is also marked in the plot. The values for
E.bs, EzpL, and AQ for Gai(+/ *2 as well as various other primary intrinsic defects and some defect complexes involving intrinsic defects are
summarized in Table 1. (b) Absorption cross-section spectra calculated for charge-state transitions of various primary intrinsic defects. The
bars represent the interval defined by E,s [as defined in (a)] and E (o, /1000) for the corresponding transition. The position of E (cmayx/100)
is also indicated. E(amax/1000) marks the photon energy at which the absorption cross section decreased by three orders of magnitude as
compared to o/p,x, Whereas E (e, /100) marks the photon energy at which the absorption cross section decreased by two orders of magnitude

as compared t0 Upax.-

defects in Ga,0O;. Specifically, we computed CC diagrams
to obtain optical absorption spectra related to charge-state
transitions associated with the primary intrinsic defects. For
each defect, we focused on the charge-state transition with the
energetically lowest transition energy associated with optical
absorption. However, it can be expected that some primary
intrinsic defects will exhibit more than one charge-state tran-
sition level inside the band gap of Ga,Os [15]. Moreover, we
only considered charge-state transitions involving the defects
and the conduction band (optically induced electron emis-
sion). Due to the likely formation of self-trapped holes in
Ga, 03 [68,69], we assume transitions between the defects
and the valence band to not significantly contribute to the
measured SSPC spectra (see the Supplemental Material [50]).
Calculations were performed for Ga;, O;, Vox (K = 1, 11, III),
and Vgoy (J =1, 1. Vg (J = 1, II) was shown previously
to prefer significantly relaxed configurations labeled as Vi
(M = a, c, b) [15]. The energy barrier for Vg,y (J =1, II) to
transform into VG“Z’ (M = a, c, b) is predicted to be around
0.5-0.7 eV [15,19]. Optical signatures related to absorption
were also calculated for Vé’:f M =a,c,b). Vox (K=1,11, III),
Vo (J = LII), and Vé’;” (M = a, c, b) are defined according
to Refs. [15,16]. Vor and Vo have a threefold symmetry,
while Vo exhibits a fourfold symmetry. Vg, is a gallium
vacancy on a tetrahedral gallium site, while Vg, denotes a
gallium vacancy on an octahedral site. VG‘};” (M =a, b, c) are
relaxed configurations, essentially consisting of a Ga atom
moving into the gallium vacancy. VI¥ can be viewed as a
Ga interstitial with two neighboring Ga half-vacancies [19].
Graphical representations of the calculated structures can be
found in the Supplemental Material [50]. Additionally, optical
signatures related to absorption were also computed for a
selection of favorable defect complexes consisting of Vg and

VGa (divacancy complexes) [15]. A thorough study of defect
complexes is, however, beyond the scope of this work.

Figure 2(a) shows a CC diagram computed for the charge-
state transition from + to +2 for Ga;. From the CC diagrams,
E.vs, Ezpr, and AQ can be determined. E,, is the classical
absorption energy, while Ezp is the energy of the zero-
phonon line, which describes the thermodynamic charge tran-
sition level. AQ is the difference in configuration coordinate
between the different charge states of the defect. The parame-
ters E,pns, EzpL, and AQ are summarized in Table I for various
primary intrinsic defects and some divacancy complexes.
Typically, the difference between E,,s and Ezp, and hence the
Franck-Condon shift dgc, is in the range of 0.8—1.7 eV. This
suggests that the charge-state transitions involve a large lattice
relaxation. In contrast, significantly lower Franck-Condon
shifts were estimated so far experimentally for defects in
Ga; 03 [26-28]. More computational results regarding optical
absorption spectra related to primary intrinsic defects can be
found in the Supplemental Material [50].

Computed normalized absorption cross-section spectra (o)
are shown in Fig. 2(b) for various primary intrinsic defects. An
interval was extracted from these spectra covering all photon
energies from Ey, [as defined in Fig. 2(a)] to E (amax/1000),
while the position of E (am.x/100) is also indicated. Hereby,
max denotes the maximum value of the absorption cross-
section spectra. E (omax/1000) is defined as the photon energy
where o decreased by three orders of magnitude as compared
to amax, Whereas E (max /100) is defined as the photon energy
where o decreased by two orders of magnitude as compared
to amax. These intervals are used for comparison between
computational results and measured SSPC spectra.

To gauge the kinetics of primary intrinsic defects, migra-
tion barriers E, were calculated for Ga;, while results for
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TABLE I. Summary of parameters for various primary intrin-
sic defects and some divacancy complexes obtained from hybrid-
functional calculations. Calculations were performed for the charge-
state transition associated with the energetically lowest transition
energy associated with optical absorption. Hereby, only charge-state
transitions involving the defects and the conduction band were
considered. The parameters Ezpr, Eqbs, and AQ are obtained from
CC diagrams and defined in Fig. 2(a). E(omax/1000) is defined as
the photon energy at which the absorption cross section decreased by
three orders of magnitude as compared to «,x, Whereas E (o, /100)
denotes the photon energy at which the absorption cross section
decreased by two orders of magnitude as compared to o/x.

Charge

state AQ ) Ezp. Eas E(E) E(Ts
Defect transition (y/amu A) (eV) (eV) (eV) V)
Ga; (+/+2) 2.22 0.89 243 2.04 1.90
O; (=2/-) 4.33 145 3.16 2.55 2.34
Vor ©/+) 3.85 1.68 320 2.79 2.63
Vou ©/+) 3.26 246 3.82 3.38 3.20
Vo ©/+) 3.30 1.67 3.00 2.60 245
VGar (-3/-2) 2.38 1.80 2.63 1.96 1.73
VGar (-3/-2) 3.12 235 321 2.62 2.40
Via (=3/-2) 2.24 2.16 3.06 242 2.19
174 (-3/-2) 2.35 2.02 299 233 2.10
Ve (-3/-2) 2.37 2.65 348 282 2.59
VEVom  (—1/0) 2.40 3.04 416 3.62 342
VE® Vo (=1/0) 2.32 241 3.61 3.06 2.85
Voar-Vou (=3/-2) 3.10 1.60 2.55 1.93 1.71

E., are already available for O;, Vo, and Vg, in the literature
[14,15,38]. For O;j, a value of 0.12 eV was calculated for E,,
[15]. For Vo, values from 1.2 to 4 eV were found, while for Vg,
barriers between 0.5 and 2.3 eV were computed [14]. Notably,
the migration of Vi,y (J =1, II) is associated with the forma-
tion of the configurations Vé’a” (M = a, c, b) [19]. However,
the barrier for the V¥ (M = a, c, b) configurations to migrate
or transform back into Vg,y (J =1, II) are significantly higher
[19]. For Ga;, we find that the lower bound for Ey, is strongly
dependent on the charge state of Ga;. We find an E},, of 0.65 eV
for Ga;", and we compute a barrier of 0.48 eV for Ga’*. It
is found that Gai2+ is metastable and will transform immedi-
ately into Gai3+, meaning Ga; exhibits so-called negative-U
behavior [48]. Larger migration barriers were obtained when
performing the calculations using the HSE functional, and
hence the migration barriers stated above can be seen as lower
bounds. More information regarding these calculations can be
found in the Supplemental Material [50].

Following the approach of Kyrtsos et al., a lower tem-
perature can be estimated at which migration of defects will
occur [14]. For Vg, Kyrtsos et al. estimate that such defects
will not be mobile at or below room temperature, while for
VGa some migration might occur already just below room
temperature [14]. Notably, this migration is connected to the
transformation of Vg, (J =1, II) into Vé’:f M =a,c,b)[19].
However, the V¥ (M = a, c, b) configurations are less mobile
than Vgay (J = I, II) and are not expected to migrate at or
below room temperature [19]. For Ga;, we can estimate that

Ga’" will be mobile at around 190 K, while Ga;" will be
mobile at around 250 K. O; is expected to be mobile already
at around 50 K given its low migration barrier of 0.12 eV
[15]. Note also that electrical fields as they are present within
a space-charge region may enhance the diffusion of charged
defect species [14,70].

B. Experimental results

Figure 3(a) shows IV curves recorded on a
Ni/Ga;03/Ti/Al junction comprising a HVPE-grown
Ga, 05 thin film. The junction displays a high rectification of
around eight orders of magnitude. The investigated junctions
generally display rectifications ranging from three to nine
orders of magnitude. The series resistances range from several
2 to a few hundred Q2 depending on the specific junction. The
ideality factor at room temperature is typically around 1-1.5,
but increases to values of around 3-4 for measurements at
120 K. After He implantation, all diodes exhibit an increase
in series resistance, while usually no significant change in the
reverse bias region is observed.

In Fig. 3(b), the results of typical CV measurements are
displayed for one particular junction [same junction as de-
picted in Fig. 3(a)]. The donor concentration Np, for all diodes
investigated is in the range of 2 x 10'%-2 x 10'7 cm~3,
whereby the donor profiles generally show a slight decrease
in donor concentration toward the surface. We estimate the
uncertainty for Np to be around 10% due to uncertainties
in the contact area and the value of & [43,71]. The typical
probing depth is in the range of 300-700 nm, i.e., the main
part of the region where implantation-induced defects are to
be expected is within the probing volume. The conductance
does not exceed 20 mS. After He implantation, Np decreases,
resulting in a probing depth of approximately 450-700 nm.

In the following, we will describe the results obtained from
SSPC measurements performed at 120 K. Figure 4 displays
a SSPC spectrum recorded on an as-received HVPE-grown
Ga,0; thin film. Steps in the SSPC spectrum can be seen
with onset energies at 1.7, 2.6, 3.7, 4.2, and 4.8 eV. The
corresponding defect signatures are labeled as 7, (1.7 eV), Ty
(2.6 eV), Ts (3.7 eV), and Ty (4.2 eV), while the signature
at 4.8 eV is associated with the band gap and is labeled as
E, in Fig. 4. Ts is also associated with a decreasing SSPC
signal starting at a photon energy of around 3.9 eV. The
trap concentrations fof are estimated to be in the range of
1 x 10" em™3-1 x 10" cm~ using Eq. (3). The low defect
concentrations confirm that all defect-related photoexcitation
processes can be regarded as independent of each other. The
detection limit for the sample shown in Fig. 4 is estimated
to be around 1 x 10'3 cm~3. Notably, SSPC spectra recorded
on various other as-received HVPE-grown Ga,0j3 thin films
exhibit the same features with the exception of 75, which is
only sporadically observed.

Figure 4 also displays a comparison between SSPC spectra
recorded at 120 K before and after He implantation performed
at 120 K with a fluence ® of 1.25 x 10'' cm™2. Two new
signatures with onset energies at around 1.3 and 1.9 eV
appear after He implantation. The corresponding signatures
were labeled 77 and T3, respectively. 77 does not appear in
all samples subjected to He implantation, while 73 is detected
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FIG. 3. (a) Results of IV measurements performed on a Ni/Ga,0s3/Ti/Al junction comprising a HVPE-grown Ga,0O; thin film.
Measurements were conducted at 120 K and at room temperature for the as-prepared junction. After He implantation at 120 K as well as after
a subsequent heat treatment at room temperature, additional IV measurements were performed. Both these measurements were conducted
at 120 K. The junction displays a high rectification of around eight orders of magnitude. The ideality factor is in the range of 1.5-4. No
pronounced changes besides an increase in series resistance can be seen in the IV characteristics after He implantation. (b) Results of CV
measurements performed on the same junction and for the same experimental conditions as stated in (a). Donor concentration profiles derived
from the CV measurements are displayed. The inset shows 1/C? vs V plots for the same measurements. The donor concentration is in the order
of 4 x 10' cm™3. After He implantation, a decrease in donor concentration can be seen, especially toward the surface of the Ga,0; thin film.
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FIG. 4. SSPC spectra recorded on a HVPE-grown Ga,0; thin
film before and after implantation with He ions at 120 K. The
He ions were implanted with a fluence of 1.25 x 10'' cm™2. The
photon energy positions of the low-pass filters are indicated with
black vertical lines. Several defect signatures are observed before
He implantation and marked with black vertical arrows as well as
labeled 7>, T, Ts, and Tg. Ts displays an increasing as well as
decreasing signal. Furthermore, a signal that can be attributed to
the band gap E, is detected. After He implantation, new features
marked with vertical red arrows and labeled 7| and T; are observed.
The defect signatures 7; and Ty change in amplitude and exhibit a
shift of onset position (marked with a horizontal red arrow). The
inset shows a logarithmic representation of the same data for lower
photon energies. In this representation, the features 7;—73 can be seen
more clearly. The estimated detection limit for SSPC measurements
is shown as a grey area in the inset and equals a trap concentration of
around 1 x 10" cm™ [estimated using Eq. (3)].

in all samples after He implantation conducted at 120 K.
The features labeled 7, and Ty exhibit an apparent shift
of their onset position after He implantation (marked with
horizontal red arrows in Fig. 4). Furthermore, 7; shows an
increase in amplitude, while the apparent amplitude of Tg
decreases. There seems to be no significant impact of the He
implantation on 7s. Finally, the influence of He implantation
on the signature labeled 7 is challenging to determine due to
its low concentration and sporadic presence.

In Fig. 5(a), SSPC spectra are shown that were recorded
on a HVPE-grown Ga,0; thin film. SSPC spectra are dis-
played for the as-received thin film as well as for the thin
film after implantation with He ions with different fluences
at 120 K. The sample was subjected to two subsequent He
implantations, and hence two different accumulated fluences
®,. Derivative SSPC spectra are displayed for comparison
in the top panel of Fig. 5(a). The derivative SSPC spectra
suggest the presence of several overlapping defect signatures
contributing to 7; and Tg, which is supported by modeling
the spectra (see the Supplemental Material [50]). Notably, the
comparison of the derivative SSPC spectra recorded before
and after He implantation at 120 K indicates that the subfea-
tures being part of 7; and Tg respond slightly differently to He
implantation.

Vertical bars are displayed in Fig. 5(a) to indicate the
energetic positions of the optical absorption associated with
various primary intrinsic defects as predicted by computa-
tions based on hybrid functionals [see Fig. 2(b)]. Indeed, the
prediction for the optical absorption related to Ga"*? and

i
VG(;/ —2 overlaps with T3, while the optical absorption related

to O v (K =1, I, 11I), and V;/ ™ overlaps with
T;. Note, however, that the onset of optical absorption will
depend on the absolute value of the absorption cross section,
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FIG. 5. (a) Results of SSPC measurements recorded on a HVPE-grown Ga,0j; thin film before and after subsequent implantations with
He ions at 120 K. The results are displayed as derivative SSPC spectra (upper panel) and as conventional SSPC spectra (lower panel). The
legend states the accumulated implantation fluence &, for the corresponding data set. The onset positions observed in the SSPC spectra are
marked with black vertical arrows. The defect signature labeled 75 (see Fig. 4) was not detected in this sample. From the width and shape of
the derivative SSPC spectra, it can be inferred that, especially, 7y and T consist of several overlapping features. Upon He implantation, 73
is created, while 7 as well as Ty change in concentration. The vertical bars indicate where computations based on hybrid functionals predict
the optical absorption of the primary intrinsic defects to occur (see Fig. 2). I, II, and III denote the different configurations found for V;; and
Via in Ga,05. (b) Plot of the effective trap concentration N} eff derived for the features labeled 73, 7, and Ty in dependence of the accumulated
He fluence ®,,. Neff was calculated for the case of AC,uummdmn /Caark < 0.5 [see Eq. (3)] and ACimination/Caark = 0.5 (see the Supplemental
Material [50]). For ACmummauon /Caarx < 0.5, the corresponding data points cover values computed for the case of neglecting the A-correction as
well as for assuming a Franck-Condon shift drc of 1 eV (see the Supplemental Material [50]). The effective trap concentrations fo* associated
with Tg, 7y, and T display a linear dependence with accumulated He fluence ®,.. The introduction rates IR were derived from a linear fit and

are displayed in the plot.

the light intensity, as well as the competition between electron
and hole processes [45,72].

From the data shown in Fig. 5(a), a plot can be con-
structed displaying the effective trap concentration N&if of the
individual defect levels and their dependence on <I>t0t The
corresponding results are shown in Fig. 5(b). A linear rela-
tionship between @, and NE; eff is seen for the signatures T3,
Ty, and Ty. However, for Ty, a lmear relationship is only seen
if one assumes ACijumination/Cdark =~ 0.5. This is generally a
better assumption than assuming ACijumination/Caark << 0.5 for
the junctions studied here. 7} was not present in this sample.
The fact that optically induced emission of electrons as well
as holes is relevant for 75 makes the determination of N&if
ambiguous, and hence the corresponding results are not shown
here.

The introduction rates IR were derived from a linear
fit to fof versus ;. The following introduction rates
were determined for ACiumination/Caark << 0.5 (average for
the cases of neglecting the A-correction as well as assum-
ing a Franck-Condon shift of up to 1 eV): 6.3 x 10*cm™!
(Tz), 1.2 x10°cm™" (7y), and 1.5 x 10°cm™! (7). For
ACiumination/Cdark =~ 0.5 the following introduction rates IR
were computed: 3.3 x 10*cm™! (T3), 7.5 x 10*cm™! (Ty),
and 1.3 x 10° cm™! (Tg). Notably, the derived IR do not differ

significantly whether we assume ACjjumination/Cdark << 0.5 or
ACiiumination/Cdark = 0.5. It should be noted that these intro-
duction rates represent a lower bound for the actual introduc-
tion rates due to the fact that N&I' is always a lower bound
for the actual trap concentration’ Nn [44,45]. The so-called
survival rate can be computed when comparing experimental
IR to the expected IR for Vg, and Vi, which was estimated to
be 1 x 10°cm™! using SRIM. Using this value, we obtain the
following survival rates: 0.03-0.06 (73), 0.08-0.12 (7}), and
0.13-0.15 (7s) defects per vacancy created.

Figure 6 shows SSPC spectra as well as derivative SSPC
spectra recorded on a HVPE-grown Ga,0; thin film before
and after implantation with He ions at 120 K. Additionally,
results are shown for the sample after He implantation and
subsequent exposure to 300 K. The same signatures as seen
in Fig. 4 were present in the corresponding Ga,O; thin film
before He implantation, with the exception of 7,. After He
implantation, 753 and 7; are detected, 7; clearly increases in
concentration, while 7g apparently decreases in concentration.
After exposing the sample to 300 K, a significant decrease in
the concentration of 75 and 7; can be seen, while Ty seems
to increase. The signature labeled 7; is not affected by the
exposure to 300 K. Note that these trends were seen in var-
ious samples exposed to similar implantation and annealing
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FIG. 6. SSPC spectra recorded on a HVPE-grown Ga,0O; thin
film before and after He implantation at 120 K with a fluence of
1.25 x 10" cm™? as well as after a subsequent annealing at 300 K for
~5 min. The results are displayed as derivative SSPC spectra (upper
panel) and as conventional SSPC spectra (lower panel). The same
signatures as seen in Fig. 4 were present in the corresponding Ga, 05
thin film before He implantation, with the exception of 7;. After He
implantation, new features labeled 77 and T; are observed, while the
signatures 7 and Tg change in amplitude. Upon annealing, 75 and
T, decrease in amplitude, while Ty increases in signal. 77 seems not
to be affected by the heat treatment. A panel is also shown with
bars representing the computational prediction of optical signatures
related to the absorption associated with various primary intrinsic
defects as well as divacancy complexes. Results are also shown for
the relaxed configurations of Vg,.

conditions (not shown). Figure 6 also shows bars representing
the expected position of optical signatures related to the
absorption associated with primary intrinsic defects as well
as some divacancy complexes. Here, results are also shown
for the relaxed configurations of Vi,.

IV. DISCUSSION

On-line SSPC measurements combined with He implanta-
tion at cryogenic temperatures (120 K) offer a unique possibil-
ity to study the electronic states associated with optically and
electrically active primary intrinsic defects, since the diffusion
of defects is suppressed. In addition, the migration and/or
passivation of defect species mobile at or below room temper-
ature can be studied by subsequent heat treatments, potentially
revealing further information about the observed defects.
Moreover, we explicitly calculated optical absorption spectra
related to the primary intrinsic defects in order to relate
signatures seen in SSPC spectra to specific intrinsic defects.

SSPC spectra display several features in as-received
HVPE-grown Ga,0; thin films as well as features that are
only visible after He implantation at 120 K. The features

labeled Ti, T», T3, T4, and Tg are steplike, and hence indicate
optically induced emission of electrons from trap levels inside
the band gap to the conduction band. The feature labeled Ts,
on the other hand, is peaklike, and hence clearly displays
characteristics of processes related to the optical emission of
electrons and holes from a trap level to the conduction band
and valence band, respectively [44,45]. However, the electron
and hole emission related to 75 does not have to originate from
the same trap. Our results are in accordance with previously
reported results, where defect signatures with an onset for
optical absorption at around 2.2, 3.2, and 4.4 eV have been
measured by SSPC or related techniques [23,24,26,26,27].

Starting with Tj, it is only generated in relatively low
concentrations upon He implantation compared to the intro-
duction of the other levels responding to He implantation.
In addition, not all samples in the present study display
the introduction of T [see Fig. 5(a)]. Interestingly, Farzana
et al. also observed the introduction of a new defect signature
with an onset at around 1.3 eV in SSPC measurements after
neutron irradiation [28]. Furthermore, Polyakov et al. revealed
a level with approximately the same onset energy as 7; that
responded to proton irradiation using CV measurements under
illumination [23,24]. The onsets for optical absorption esti-
mated from hybrid-functional calculations corroborate that no
primary intrinsic defect exhibits an onset for optical absorp-
tion as low as the one observed for 77. Hence, we propose
that 77 does not arise from a primary intrinsic defect, but
rather from a defect complex or an impurity. Further, 77 is
not affected by exposure of the sample to 300 K after He
implantation at 120 K, suggesting that 7] is related to a defect
that is not mobile at or below room temperature.

Ts does not seem to exhibit a pronounced response to He
implantation. The same applies to the signature labeled 75,
which is not detected for all samples investigated. This lack of
response to He implantation indicates that no primary intrinsic
defects are involved, but rather there is an impurity or a defect
complex.

For T3, Ty, and Tg, an approximately linear relationship is
seen for their effective trap concentrations in dependence on
the accumulated fluence of implanted He ions. Comparing
the measured introduction rates with SRIM simulations, the
introduced trap concentrations corresponding to 73, Ty, and
Ty equal about 4%, 10%, and 14% of what is expected for
Frenkel-pair generation, respectively. Thus, the IR values for
T, Ty, and Ty are close to those expected for primary intrinsic
defects.

After implanting He ions at 120 K, one can expect that
Gaj, Vg (J =1, 1), and Vog (K = 1, 11, III) will be present,
while it is likely that O; will already have migrated out of
the implanted volume and/or formed complexes. Notably, the
transformation of Vg, (/ =L II) into V¥ (M = a, ¢, b) is also
not expected to occur at 120 K. Even if some defect migration
or transformation occurs at 120 K, one can at least expect
complex formation to be substantially suppressed.

Comparing the onset of 73 with the optical absorption
of the primary intrinsic defects obtained from the hybrid-
functionals calculations, it is evident that the expected onsets
for optical absorption computed for Gai(’L/ ) and Vc(;f/ ) are

close to the position of 73. Importantly, the optical absorption
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expected for Vga, Vox (K = 1, 1I, III), and O; is located
at higher photon energies. The optical signatures related to
Va2, VP (K =1, I, 1D, and OF 7~ are, however,
close to Ty. Thus, Ga; and Vg, are potential candidates for
Tz, whereas Vg, and Vox (K = 1, II, III) are proposed as
candidates for 7;.

However, some of the primary intrinsic defects exhibit
several optical charge-state transition levels in the band gap
of Ga;03 (see the Supplemental Material [50]). In particular,
optical transitions related to Vé;,z/ Y and Vé;,l/ g =1,
II) may also contribute to 7;. However, the concentration of
the defects associated with 7} is significantly higher than the
defect concentration related to 73, and hence some defects
contributing to 7 are not likely to contribute to 73.

The exposure of samples implanted with He at cryogenic
temperatures to room temperature can further aid the assign-
ment of defect signatures seen in SSPC measurements to
specific intrinsic defects. The observed decrease in concen-
tration for 73 and 7; upon room-temperature exposure may
be explained by annihilation reactions of Ga; and Vg, defects.
Such annihilation reactions lead to a decrease in Ga; as well
as Vg (J = 1, II), and hence to a decrease of 73 and T7;.
A transformation of Vg,; (J = I, II) into V(lﬁl M =a,c,b)
should, in contrast, lead to a decrease in the concentration
associated with 73 and an increase in the concentration associ-
ated with T4, taking into account that the transitions related to
Vé’;” (M = a, c, b) are predicted to be close to Ty. However, it
is not possible to rule out that both processes, annihilation of
Ga; with Vg, as well as transformation of V,, may contribute
to the observed changes in photocapacitance.

Finally, Ty exhibits an increase in concentration with in-
creasing fluence of He implanted at 120 K, in addition to
a distinct increase in concentration after exposure of the
samples to room temperature. As mentioned above, several
of the intrinsic defects also exhibit charge states in the lower
part of the band gap (see the Supplemental Material [50]), and
might contribute to 7. However, the increase in Tg, while T3
and Ty decrease, suggests different origins for 75 compared
to T3 as well as T;. Hence, it is tempting to propose that
Ty involves a defect complex, rather than a primary intrinsic
defect, and divacancies may also be potential candidates for
Ts, although the calculated absorption spectra do not result in
an adequate fit to the measured position of Tg. Thus, further
investigations are required to shed light on the origin of the T
level.

V. SUMMARY AND CONCLUSION

Using on-line SSPC measurements, we were able to ob-
serve optical transitions related to defects in HVPE-grown
Ga,0; thin films with onset energies at 1.3, 1.7, 1.9, 2.6,
3.7, and 4.2 eV. The levels were labeled 7175 in ascending
order of onset energy. T», Ty, T5, and Ty are observed in all
as-received HVPE-grown Ga,0j; thin films, whereby 75 is

only observed sporadically. 77 and 75 are only detected after
He implantation at 120 K. 7; and Tg also respond to He
implantation. The introduction rates for 73, Ty, as well as Ty
indicate their relation to primary intrinsic defects. We also
calculated migration barriers for Ga;, and we used reported
migration barriers for the vacancy defects [14] and O; [15].
Thus, we expect O; to be mobile at temperatures below 120 K,
and hence to not be present in our samples after He implanta-
tion at 120 K. Vox (K =1, 11, III) are not expected to be mobile
below room temperature, while Ga; should be immobile at
120 K, but be mobile at or below room temperature. Vg,;
(J = I, II) might be mobile just below room temperature,
and it is predicted to transform into relaxed configurations
that are stable at room temperature [14,19]. We performed
hybrid-functional calculations in order to predict the optical
absorption cross-section spectra for various primary intrinsic
defects. Thus, we tentatively propose 73 to be associated
with Gai(Jr/ 2 and/or Vé;ﬁ/ ~2 whereas T is suggested to be
related to V5™ (K = I, II, 11I) and/or V=, although an
overlap with other charge-state transitions, such as VG(;IZ/ -

and Vé;,l/ ” (J =1, 1), cannot be excluded.

Further insights were gained by studying the kinetics of
the defects created upon He implantation at 120 K. We found
that 73, T, and Ty change in concentration upon exposing
samples to room temperature after He implantation at 120 K.
Tz and T, decrease in concentration upon such annealing,
while Ty increases in concentration. The kinetics observed for
Tz and T, further support the proposed assignments of the
corresponding defect signatures to Ga; and Vg, due to Ga;
being mobile already at or below room temperature, and hence
annihilation of Ga; and V, to be a likely mechanism. For T,
complex formation or passivation involving other defects are
proposed to be involved.
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