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p-Ga, 05 is an ultrawide band gap semiconductor with emerging applications in power electronics. The
introduction of acceptor dopants yields semi-insulating substrates necessary for thin-film devices. In the
present work, exposure of Cu-doped $-Ga, 05 to UV light >4 eV is shown to cause large, persistent photo-
induced darkening at room temperature. Electron paramagnetic resonance spectroscopy indicates that light
exposure converts Cu?* to Cu?", a rare oxidation state that is responsible for the optical absorption. The
photodarkening is accompanied by the appearance of O—H vibrational modes in the infrared spectrum.
Hybrid function calculations show that Cu acceptors can favorably complex with hydrogen donors
incorporated as interstitial (H;) or substitutional (Hp) defects. When Cug,-Hp complexes absorb light,
hydrogen is released, contributing to the observed Cu®* species and O—H modes.
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Monoclinic f-Ga,O; has an ultrawide band gap of
4.8 eV and predicted breakdown field of 8§ MV/cm,
making it a potentially important material for high voltage,
high power devices [1-7]. Insulating }-Ga,O5 substrates,
required for devices such as field effect transistors, can be
achieved by doping with acceptors such as Fe, Mg, and Zn
[8-12]. Attempts at obtaining single crystal $-Ga,O5; with
another possible acceptor, Cu, has been reported for
Czochralski (CZ) growth at 0.2 mol.% Cu, but these trials
yielded no successful incorporation due to high Cu vapor
pressure [8]. Hydrogen is an omnipresent contaminant in
bulk p-Ga,0O5 crystals that can compensate or passivate
acceptor dopants [13,14], gallium vacancies [15], and
divacancies [16,17].

In this Letter, we report persistent room temperature
photodarkening in Cu-doped $-Ga,O5. Such a color change
caused by light exposure, or photochromism, is rare in
semiconductors. It has been observed in SrTiO; at low
temperatures and attributed to changes in the charge state of
transition-metal impurities [18]. In that work, the effect was
not persistent at room temperature because electrons have
sufficient thermal energy to surmount kinetic barriers and
return to the ground state. More recently, persistent photo-
conductivity (PPC) was observed in annealed SrTiO; at
room temperature [19-21]. The PPC effect is accompanied
by optical absorption from Fe impurities [22,23].

Cu-doped f-Ga,0O; single crystals (nominally doped at
0.25 at.% Cu on the metal site) were grown from the melt
by similar methods to those previously published [24-26].
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High purity (SN = 99.999%) Ga,0; powder (ABSCO
Limited, Haverhill, Suffolk, UK) was used as source
material. Cu,O powder (2N purity, Alfa Aesar) was added
to achieve cation doping. Crystals were grown in a
70 mm height x 70 mm outer diameter iridium crucible
heated by a 25 kHz radio frequency inductive heating coil.
A mixed Ar + O, gas was used during the melting and
growth with varying O, partial pressure [27]. During the
growth of $-Ga,05:Cu crystal, the gas overpressure was
20-34 kPa and the O, concentration was 10%—11%.
Crystals were grown both by the CZ method with a
2-5 mm/hr pull rate and 2 rpm rotation of the crucible,
and by vertical gradient freeze (VGF) with no rotation
while cooling at 1-2°C min~'. (100)-orientation samples
were obtained from the VGF and CZ portions of the growth
for the optical and magnetic resonance studies respectively.
Glow discharge mass spectrometry (GDMS), performed at
EAG Laboratory (California, USA), indicated a Cu density
of ~10'” cm™3, along with Fe and Si impurities each at
~10'" cm™3. Details of the growth, secondary phases, and
luminescence of the VGF samples are given in Ref. [26].

Optical transmission measurements in the ultraviolet (UV)
through near infrared were performed with a Cary 5 UV-Vis-
NIR spectrometer at room temperature for wavelengths
200-3000 nm on cleaved and as-grown samples of
p-Ga, 05 : Cu with thicknesses 0.5-1 mm. Low-temperature
(10.6 K, achieved using a Janis closed-cycle cryostat) infrared
(IR) absorption spectra with 0.5 cm™' resolution were
obtained with a Bomem DAS8 vacuum FTIR spectrometer

© 2022 American Physical Society
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(a) Transmission spectra of as-grown and photodarkened -Ga, 03, then remeasured 14 days later. Inset shows a sample as

grown and after photodarkening. (b) As-grown sample photodarkened and then annealed at 400 °C, showing an almost complete return
to as-grown transmission after a 5 min anneal. Note that the spectrometer detector showed some drift that affected the value of the

transmittance, especially for the 2 min anneal.

with an InSb detector and KBr beam splitter. A Bruker EMX
spectrometer was operated near 9.38 GHz to collect electron
paramagnetic resonance (EPR) spectra. Data were collected at
room temperature and at 40 K using an Oxford Instruments
ESR-900 cryostat with helium as the cooling gas. Samples
were photodarkened by exposing to a 275 nm light emitting
diode (LED, Inolux C39CTKUIl) operating at ~5.45V
and ~0.1 A.

To study the decay of photodarkening, samples were
placed in an open silica tube exposed to air and annealed in
a tube furnace at 400°C for various durations. Samples
were quenched immediately in air after annealing. These
samples were studied against a reference, which was
photodarkened and then left at room temperature for several
days in ambient light. Resistivity was measured as a
function of time after photodarkening, utilizing a hotplate
at 400°C in air for erasing. For resistivity measurements,
ohmic contacts were placed in a two-point configuration
using 50-50 wt.% Ga-In. These samples were then
annealed at 950°C for 15 min and a small amount of
Ga-In was placed on top of the contact again [24].

Cu-related defect formation energies (E/), thermody-
namic and vertical transition levels, and migration barriers
were calculated using the Heyd-Scuseria-Ernzhof screened
hybrid functional (HSE06) and projector-augmented
wave (PAW) approach as implemented in the VASP code
[28-31]. All calculations were performed using supercells
with 160-atoms (a 3 x 4 x 1 repetition of the 20-atom unit
cell) with the same computational approach and finite size
corrections for the formation energies and thermal and
vertical transition energies and as detailed in previous
publications [32—35]. We additionally account for the effects
of limiting phases in the calculated chemical potential of Cu
dopants as a function of conditions, finding CuO (calculated
AH[CuO] = —1.64 eV/formula unit) and Ga,Cu (calcu-
lated AH[Ga,Cu] = —0.31 eV/formula unit) to be the

solubility-limiting phases in the O-rich and Ga-rich limits,
respectively. Migration barriers were calculated using the
climbing image nudged elastic band approach [36] using
five images and a force tolerance of 0.03 eV/ A.

Figure 1(a) shows a UV/visible transmission spectrum of
a sample exposed to 275 nm light. Upon light exposure,
strong absorption bands at 379 and 476 nm (3.27 and
2.61 eV) are observed. The absorption resulted in a dark red
appearance of the sample. Photodarkening was persistent at
room temperature, decaying by roughly half over 14 days.
The electrical resistance was reduced by ~50% when
darkened. Annealing in air at 400 °C for 5 min [Fig. 1(b)]
returns the sample to its as-grown color and the resistance
recovered its initial value of 10'! ) (estimated resistivity
10'° Q2 cm). Resistance recovery occurred within 30 s at
400°C with minimal further recovery after annealing for
another 5 min [26].

Concomitant with photodarkening, O—H peaks appeared
in the IR spectrum. The as-grown sample only showed a
small ZnH peak (3487.6 cm™!) due to residual Zn and H
impurities, with GDMS indicating ~10'® Zn atoms/cm?
[14]. After exposure to 275 nm light, a series of IR
absorption peaks corresponding to O—H bond stretching
vibrational modes is observed. Two IR peaks appear at
3416.1 and 3438.9 cm™! [Fig. 2(a)] each with a full width
at half maximum (FWHM) of 2.5 cm™!'. Two sharper
peaks, with FWHMs near the instrumental resolution of
1 cm™!, are observed at 3466.6 and 3484.6 cm~!. All four
peaks disappear after annealing at 400 °C. Following the
anneal, photodarkening a second time restores the IR peaks
to their original strengths. A calculated frequency of
3465 cm™! for the favorable Cug,y-H configuration, analo-
gous to those observed in Mg-doped samples [13] with the
same anharmonic and experimental corrections, suggests
these peaks are due to CuH complexes.
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FIG. 2. Low-temperature (11 K) IR absorption spectra of -Ga, 5 : Cu (thickness 0.49 mm). (a) O—H absorption peaks, attributed to
CuH complexes, appeared after photodarkening with 275 nm LED. Annealing in air eliminated the peaks as well as the photodarkening.
Photodarkening a second time brought the peaks back. (b) Corresponding changes in the Ir** absorption peak. Spectra are offset

vertically for clarity. Sample thickness = 0.49 mm.

The IR spectra also contain a peak at 5147.6 cm™!,

which is due to an electronic transition of isolated Ir**
[13,37]. The appearance of hydrogen peaks is accompanied
by the decrease in the Ir** peak [Fig. 2(b)]. This reduction
in peak intensity is due to Ir** capturing an electron,
turning it into IR-inactive Ir3*. Annealing the sample at
400°C restores the Ir** to its original state.

EPR spectra taken with the magnetic field along a for
Cu?* and Cu’* are shown in Fig. 3. Cu>* (3d°) is the
dominant spectrum observed in an as-grown crystal at 40 K
and is characterized by a four-line hyperfine pattern caused
by interaction with the copper nuclei. Following exposure
to a 275 nm LED, the Cu?* signal is reduced by about a
factor of 4, and the Cu** spectrum appears. Cu** (3d®) is a
spin § = 1 system that gives two lines split by a large zero-
field splitting that are additionally split into four hyperfine
lines by the copper nuclei. Heating the crystal to 400 °C and
holding for 2 min is sufficient to return the EPR to the

as-grown crystal state, consistent with the IR and UV/visible
results. A second, smaller Cu** EPR spectrum is present in
the as-grown crystal and observed at room temperature. It
appears under the second Cu?* line in Fig. 3(a).

The Cu’* oxidation state is rare compared to the much
more common Cu®, Cut, and Cu?*. Cu®* has been
observed in Al,O; and has a similar EPR spectrum to
what we observe, as well as absorption bands at 590, 470,
and 330 nm due to internal electronic transitions from the
3A, ground state to excited states [38]. All the Cu dopants in
the as-grown Al,O5:Cu crystals were in the Cu’* state,
with no Cu?* observed. In the present case of Ga,Os,
however, Cu3t is only observed after illumination. Its
persistence in the Cu* state is attributed to the photo-
excited electron becoming trapped by Ir** and possibly
other defects.

The results discussed so far were obtained with 275 nm
(4.51 eV) light, which is just below the band gap.
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FIG. 3.

Magnetic Field (mT)

EPR spectra for (a) Cu®t at 40 K and (b) Cu* at room temperature. Both were taken with the magnetic field along the a

direction. The Cu’* spectrum appears following UV exposure and is eliminated by heating the crystal to 400 °C. (The line near 800 mT

is due to Fe3t).
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FIG. 4. Absorbance spectra of $-Ga, 05 :Cu samples that were
exposed to LEDs of different wavelengths. Significant photo-
darkening is observed for the 300 and 275 nm LEDs. Sample
thicknesses were 0.67 mm (same sample for 375 and 275 nm
exposures), 0.49 mm (340 nm exposure, same sample as Fig. 2),
and 0.45 mm (300 nm exposure).

To determine the optical threshold for photodarkening, a set
of samples was exposed to LEDs of different wavelengths.
The photodarkening spectrum was calculated as

Absorbance = log((Ty/T)

where T is the transmission before exposure to light (the
reference) and 7" was the transmission after exposure. As
shown in Fig. 4, the optical threshold is ~300 nm (4.1 eV),
which is clearly below the band gap.

Hybrid functional calculations indicate that Cu prefers to
occupy the octahedral Ga(Il) site and has a (0/—) acceptor
level 2.3 eV above the VBM. In the negative charge state,
denoted Cu* or Cug,, the energy for the Ga(Il) site is 0.3 eV
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lower than the Ga(l) site, which exhibits a 1.6 eV acceptor
level. These deep acceptor levels are consistent with the
observation of S = (1/2) Cu®* centers in the as-grown
material (formation energies for Cu and other defects are
shown in Fig. S1 of the Supplemental Material [39]). The
calculated absorption for exciting an electron from Cu’* to
the conduction-band minimum (vertical transition in a con-
figuration coordinate diagram) is 3.3 eV (376 nm) for Cug,
and 3.8 eV (328 nm) for Cug,. Both Cu%al configurations
resultin a § = 1 state (Cu*"). The Cug,; energy threshold is
lower than the ~4.1 eV onset for significant photodarken-
ing (Fig. 4).

The “simple Cu model” also does not explain the
appearance of hydrogen modes. However, the calculations
indicate that a copper acceptor (Cu’*) can pair with
substitutional hydrogen donor (Hg) on the O() site to
form a neutral complex, (Cugu-Hor)?. (HS can also be
described as an H™ ion trapped in a doubly ionized oxygen
vacancy, ng). In this complex, Hpy; would not give rise to
an O—H mode and is therefore “hidden” from IR spec-
troscopy. Hg is known to be a source of hidden hydrogen in
a number of other oxides that may be released upon
annealing [40] or photoexcitation [20,21]. We propose that
Cugan-Hoy and isolated Cug,yy are responsible for the Cu?*
EPR signatures in Fig. 3(a).

From the configuration coordinate diagram in Fig. 5(a),
the expected absorption threshold for exciting the electron
from Cug,-Hp; to the conduction band is 3.82 eV, con-
sistent with experiment (Fig. 4). This photoionization
process is given by

(Cugar-Hor)® = (Cugar-Hop) ™ + €™
As the ionized complex not stable [Fig. 5(b)], it becomes

more energetically favorable for the proton to leave the
substitutional site via the process

1754 ©® =0
® g= +1
1509 / 0.5ev
21 oeev
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(Cugan-Hol) Path (A) (Cugan- Vor-Hi)

(a) Configuration-coordinate diagram for Cug,;-Hp;. The curves are for neutral (¢ = 0) and positive (¢ = 1) charge states of

the defect relative to the host. Energies are indicated for excited-state and ground-state relaxation (€., and €2,), absorption (A, vertical
up arrow), emission (E, vertical down arrow), and zero-phonon line (ZPL, diagonal down arrow). (b) Reaction path for
(Cugan-Hor) = (Cugan-Vor-H;), shown for the neutral and positive charge states.
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(Cugan-Hor)* = (Cugan-Vo-H) ™",

where the H; moves offsite to an adjacent O(I). In the
photoionized (Cugy-Vo-H;)* defect, Cu is in the Cu®*
state (§ = 1) and therefore may contribute to the EPR
spectrum in Fig. 3(b).

The Cug,-Vo-H; complex can undergo further dissoci-
ation, resulting in Cug,-Vo and mobile H;. The liberated,
mobile H; can then form complexes with point defects
present in the lattice. We propose that the IR peaks
observed in Fig. 2(a) are due to Cug,-H; complexes, but
cannot exclude the possibility that some of the lines are due
to complexes between hydrogen and other defects with
lower concentrations than Cu.

In conclusion, optical and EPR experiments show that
photons of energy >4 eV cause a Cu’* — Cu?* transition
accompanied by persistent photodarkening. The optical
absorption is attributed to an internal electronic transition of
the Cu** ion. Hybrid functional calculations indicate that
the Cu in question may be an isolated acceptor (Cugy,) or
more likely part of an acceptor-donor pair involving
hydrogen and/or oxygen vacancies. The Cug,-Hpy defect
model, in particular, explains the appearance of O—H
vibrational modes after illumination and has a calculated
absorption threshold that agrees with experiment. Further
experimental characterization will be required to confirm
the defect processes underpinning this interesting effect.
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