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ABSTRACT

Optical and electrical properties of Hf- and Zn-doped β-Ga2O3 samples, which are n-type and insulating, respectively, were altered via high-
energy electron irradiation at 2.5 or 0.5 MeV. The β-Ga2O3:Hf samples irradiated with 2.5 MeV electrons experienced a color change from
blue to yellow and a large drop in conductivity, attributed to the creation of gallium vacancies, which compensate donors. This irradiation
resulted in the absence of free carrier absorption and the presence of Cr3+ photoluminescence (PL). PL mapping prior to irradiation revealed
optically active ZnO precipitates that formed during the growth of β-Ga2O3:Zn. These precipitates have a 384 nm (3.23 eV) stacking fault
emission in the core; in the outer shell of the precipitate, the PL blue-shifts to 377 nm (3.29 eV) and a broad defect band is observed. After
0.5 MeV electron irradiation, the defect band broadened and increased in intensity. The blue PL band (435 nm) of β-Ga2O3 was enhanced
for both Hf- and Zn-doped samples irradiated with 0.5 MeV. This enhancement is correlated with an increase in oxygen vacancies.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0196824

I. INTRODUCTION

The beta phase of gallium oxide has been studied as a promis-
ing ultrawide bandgap semiconductor, with a bandgap of about
4.8 eV.1 Monoclinic β-Ga2O3 has been studied for applications in
high-power electronics,2–4 solar-blind photodetectors,5 radiation
detectors/scintillators,6–12 and thermal actuators.13 Understanding
defects in this material could lead to improvements in device
properties.

In this work, the samples were exposed to high-energy elec-
tron irradiation. This method has been used to investigate native
defects, primarily VGa and VO, in β-Ga2O3.

14–16 Irradiation by elec-
trons with energies in the MeV range produces well-defined, stable
Frenkel vacancy–interstitial pairs because the small electron mass
allows for minimal transfer of energy to the heavier nuclei, with
just enough energy to eject an atom from its lattice site.14,17 This is
in contrast to protons or heavier particles,18,19 where a larger

amount of energy is transferred. In those cases, a similar first colli-
sion damage process can also generate a cascade of secondary
events, leading to more complex and extended defects.14,20–22

Electron irradiations of 2.5 and 0.5 MeV were performed. At
these energies, electrons penetrate through the bulk of the sample
(2.5 MeV) or ∼1 mm into the sample (0.5 MeV).16,23 Prior work
has estimated the energy displacement parameters for oxygen and
gallium to be ∼25 eV.16,24 Simulations indicate that the cross
section for oxygen vacancy creation by 0.5 MeV electrons is much
higher than that for gallium due to the higher maximum energy
transfer to the lighter oxygen atom.14,16 From those studies, it
follows that primarily oxygen vacancies should be formed with
0.5 eV energy irradiation. The higher energy 2.5 MeV irradiation,
in contrast, is expected to displace both oxygen and gallium.15,16

Hf- and Zn-doped samples were studied. These were selected
because they are n-type and insulating materials, respectively.
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Photoluminescence (PL) was studied before and after electron irra-
diation. Specifically, we examined the UV/blue band, which may
relate to VO as well as Cr3+ emissions. Cr3+ serves as a probe for
the Fermi level and defect behavior in the material.25,26 Peres
et al.22 reported that Cr3+ PL could be enhanced due to Fermi level
pinning caused by proton radiation effects. The intensity of Cr3+

PL in β-Ga2O3 depends on the conductivity of the samples and,
therefore, is affected by the defects present in the material.

Cr is a common unintentional dopant in β-Ga2O3 and is typi-
cally in the Cr3+ state.27,28 Cr3+ preferentially occupies the octahe-
dral Ga(II) site and has d3 electronic configuration.29,30 Crystal
field splitting results in multiple energy levels, which give rise to

FIG. 1. (a) Image showing color change of Hf-doped β-Ga2O3 as-grown, 0.5 MeV, and 2.5 MeV irradiated samples. (b) UV-Vis transmission spectra of the samples.

FIG. 2. (a) Low-temperature IR absorbance spectra of Hf-doped β-Ga2O3 samples post-electron irradiation with 0.5 and 2.5 MeV energy. The absorbance was calculated
using a blank spectrum (no sample) as the baseline. (b) Spectrum of the 2.5 MeV irradiated sample showing an O–H vibrational peak. (c) Spectrum of the 2.5 MeV irradi-
ated sample showing Ir4+ electronic transitions.
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red luminescence.31,32 Cr3+ in β-Ga2O3 has defect absorption
bands at 430 nm (2.88 eV) and 600 nm (2.07 eV), corresponding
to 4A2→

4T1 and 4A2→
4T2 transitions, respectively.25,31,33–36 The

Cr3+ emission spectrum in β-Ga2O3 consists of two sharp peaks,
the R-lines, at 689 nm (1.80 eV) and 696 nm (1.78 eV) with a broad
red peak around 715 nm (∼1.7 eV). The 2E→ 4A2 and 4T2→

4A2

internal Cr3+ transitions are responsible for the sharp and broad
peaks, respectively.25,33–38

II. EXPERIMENTAL

Monoclinic single crystals used in this work were grown at the
Washington State University Institute of Materials Research via the
Czochralski (CZ) technique.26,39–46 Hf-doped β-Ga2O3 single crys-
tals with 0.25 at. % Hf were grown via CZ, as reported by Saleh
et al.40 Zn-doped β-Ga2O3 single crystals with 0.25 at. % Zn were
grown via CZ, as reported by Jesenovec et al.41 The samples

FIG. 3. PL spectra at 405 nm excitation of Hf-doped β-Ga2O3 pre- and post- (a) 0.5 and (b) 2.5 MeV irradiation. Corresponding PLE spectra at 690 nm emission are
shown in (c) and (d). CPS = counts per second.
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selected from the Hf-doped growth were from the vertical gradient
freeze (VGF) boule, which is the portion of the crystal that remains
in the crucible after the CZ growth process. The samples from the
Zn-doped growth were from the pulled CZ boule. Sample thick-
nesses were 0.34–1.6 mm.

2.5 and 0.5 MeV electron irradiation was performed at the
SIRIUS electron accelerator facility at LSI (Laboratoire des Solides
Irradiés), Palaiseau, France. Two different dose and energy condi-
tions were performed. The first irradiation was 0.5 MeV,
1.00 × 1018 e−/cm2 at 23 °C with 2.28 × 1013 e−/(cm2s), and

FIG. 4. (a) PL spectra at 350 nm excitation of Hf-doped β-Ga2O3 pre- and post-0.5 and -2.5 MeV irradiation. (b) PLE spectra at 435 nm emission.

FIG. 5. Low-temperature IR spectra of Zn-doped β-Ga2O3 sample post-electron irradiation with 0.5 MeV energy. The absorbance was calculated using a blank spectrum
as the baseline. (a) IR absorption spectrum of the ZnH complex. (b) IR absorption spectra of Ir4+ electronic transitions.
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penetrating ∼1 mm into a sample. The second irradiation was
2.5 MeV, 1.007 × 1019 e−/cm2 at 29 °C with 2.85 × 1013 e−/(cm2s),
and penetrating throughout the bulk of the sample. Measurements
on samples were performed on the same face that was incident to
the electron beam.

The as-grown and 0.5 MeV irradiated Ga2O3:Zn samples
had thicknesses of 1.61 and 1.07 mm, respectively. Because the
sample thickness of 1.07 mm is close to the penetration depth of
∼1 mm for 0.5 MeV electrons, it is possible that the bulk mea-
surements were affected by a high concentration of defects at
the stopping range. However, for the Hf-doped samples, the
thicknesses of the 0.5 MeV electron-irradiated, 2.5 MeV
electron-irradiated, and the as-grown comparison samples were
0.49, 0.34, and 0.94 mm, respectively. Hence, the Hf-doped
samples are less likely to have been affected by the stopping
range of electrons.

Two-point resistance measurements were performed on the
Hf-doped samples with pressed indium contacts. A Keithley 2400
Digital Multimeter was used for an as-grown sample and 0.5 MeV
irradiated sample, while the highly resistive 2.5 MeV irradiated
sample was measured with a Keithley Instruments 6487
Picoammeter. The as-grown, 0.5 MeV, and 2.5 MeV irradiated
samples had measured resistance values of approximately 10Ω,
60 kΩ, and 500 GΩ, respectively.

Infrared transmission measurements were performed with a
Bomem DA8 vacuum Fourier transform infrared (FTIR) spectrom-
eter using a SiC source, KBr beam splitter, and InSb detector.
Spectra were collected at 10 K with a resolution of 0.5 cm−1.
Ultraviolet-Visible (UV-Vis) transmission measurements were per-
formed under ambient conditions using a Perkin Elmer Lambda
900 Series UV-Vis spectrometer.

Photoluminescence (PL) and photoluminescence excitation
(PLE) spectra were measured by a Horiba Jobin-Yvon FluoroLog-3
spectrometer with double-grating monochromators and a photo-
multiplier tube. The excitation source is a broadband 450W xenon
continuous-wave gas discharge lamp. Excitation wavelengths from
240 to 600 nm were selected by passing light through a monochro-
mator. While PL spectra show emission for specific excitation, the
PLE measurement collects light emitted at a specified wavelength
and plots the intensity of this emission vs excitation wavelength.
For FTIR and UV-Vis measurements, light was incident perpendic-
ular to the (100) surface. For PL and PLE, the light was incident at
an ∼30° angle to the (100) plane of the crystal. These PL and PLE
spectra were acquired for a pristine sample pre-irradiation and then
on the same sample post-irradiation. (For the other measurements,
an as-grown sample from the same growth run was used as the
reference.)

PL mapping was carried out on the (100) face using a Klar
Mini Pro microscope with 355 nm laser excitation. An Ocean
Optics spectrometer was selected to cover the spectral region of
interest. High-resolution maps were collected using a spatial step
size of 0.7 μm, while large-scale maps of the sample used a step size
of 3 μm. Spectral fitting was performed using Graphics Processing
Unit (GPU) accelerated fitting. A custom model consisting of
Gaussian and bi-Gaussian functions was used to match the
observed spectral features of the sample. Maps of the fitted spectral
parameters were then plotted as false-color images.

FIG. 6. (a) PL spectra (355 nm excitation) of an as-grown β-Ga2O3:Zn sample
showing different locations on a ZnO precipitate. (b) False color map of the UV
PL emission intensity, with three locations labeled. (c) False color map showing
PL energy.
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III. RESULTS AND DISCUSSION

A. Hf-doped β-Ga2O3 color and conductivity change

The electron-irradiated Hf-doped sample that received the
highest energy irradiation (2.5 MeV) experienced a drastic color
change from blue to yellow [Fig. 1(a)]. Irradiation with electrons of
2.5 MeV has been reported to create mostly acceptor-like gallium
vacancies and/or vacancy complexes.14,27 This claim is supported
by the fact that the yellowed sample became electrically insulating,
consistent with the formation of VGa acceptors. These point defects
absorb in the blue part of the visible spectrum [Fig. 1(b)], giving
rise to the yellow color.1,47,48

The sample that received 0.5 MeV irradiation showed a
minimal color change compared to the as-grown sample. As dis-
cussed previously, simulations indicate that electron irradiation
with a lower energy (0.5 MeV) primarily creates oxygen vacan-
cies.14 The as-grown (not shown) and 0.5 MeV [Fig. 2(a)] samples
demonstrated free carrier absorption, consistent with the creation
of oxygen vacancies, which act as deep donors and, therefore,
should not affect the n-type conductivity,1,14,47,49,50 Gallium vacan-
cies, which can compensate donors, were apparently not formed at a
high enough concentration at 0.5MeV to suppress free-carrier
absorption. The 2.5MeV sample, in contrast, showed no free carrier
absorption. This large reduction in free carrier concentration is likely
due to the compensation of electrically active Hf donors.

The creation of VGa defects is further supported by the pres-
ence of the VGa2H peak (3437.9 cm−1),51 which was observed after
irradiation without deliberate hydrogenation. The dominant Ir4+

peak at 5148.0 cm−1 [Fig. 2(c)] has been assigned to an internal
electronic transition of an isolated Ir4+ atom on an octahedral
Ga(II) site.52–56 The presence of the +4 oxidation state is consistent

with the Ir donor compensating deep VGa acceptors or VGa com-
plexes. We tentatively attribute the small sideband peak at
5151.4 cm−1 to an Ir4+-VGa pair.

The PL emission spectrum post-2.5MeV showed peaks due to
Cr3+ impurities in β-Ga2O3. The R2 line at 689 nm (1.80 eV) is
visible; however, the R1 line at 696 nm (1.78 eV) is difficult to observe
due to its low intensity [Fig. 3(a)].33–35 Correspondingly, PLE showed
defect absorption bands at 430 nm (2.9 eV) and 600 nm (2.0 eV)
[Fig. 3(b)]. These are assigned to Cr3+ absorption in β-Ga2O3.

31 In
comparison, the 0.5MeV sample showed no Cr3+ emission features
or absorption bands. This confirms that Cr3+ can be an indicator of
the Fermi level.22,25,26 In this case, as-grown Hf-doped β-Ga2O3 has a
Fermi level near the conduction band minimum, so the Cr2+ charge
state may be more prevalent, but for more insulating β-Ga2O3, there
is stronger Cr3+ absorption. The increased Cr3+ population can be
explained by the shifting of the Fermi level toward the middle of the
bandgap due to the creation of VGa acceptors during irradiation.

14

A blue emission band was also seen for all materials with
350 nm excitation [Fig. 4(a)]. Blue emissions, common for β-Ga2O3,
have been attributed to donor–acceptor pairs where the donors are
oxygen vacancies.57–60 The broad blue emission (435 nm) was much
stronger for the sample irradiated with 0.5MeV electrons, which
supports the model that oxygen vacancy donors are involved. There
is a PLE absorption band around 370 nm [Fig. 4(b)] that is associ-
ated with the blue emission. For photon energies near and above the
bandgap (>4.5 eV), the emission intensity increases further.

B. Zn-doped β-Ga2O3

There were no significant differences between the IR absorp-
tion spectra observed for the 0.5 MeV irradiated sample compared

FIG. 7. (a) PL spectra at 350 nm excitation of Zn-doped β-Ga2O3 pre- and post-0.5 MeV irradiation. (b) PLE spectra at 435 nm emission.
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to the as-grown Zn-doped sample.52 The crystals were yellow in
color before and after the irradiation process due to absorption by
Ir4+ impurities.54

The 3487 cm−1 peak is due to an 16O–H mode of the ZnH
complex.52 There is no VGa2H peak (3437.9 cm−1).51 The dominant
Ir4+ peak at 5147.6 cm−1 is attributed to an internal electronic tran-
sition, while sideband peaks at 4991.0, 5072.5, 5241.2, and
5245.0 cm−1 [numbered 1–4 in Fig. 5(b)] were attributed to Ir4+

paired with Zn on a Ga(I) site.52 A smaller peak at 5406.3 cm−1

[Fig. 5(b)] has been assigned to an isolated Ir4+ atom on a tetrahe-
dral Ga(I) site.52

Room-temperature PL maps of an as-grown Zn-doped
β-Ga2O3 sample (Fig. 6) showed precipitates with a strong ZnO
band-edge peak at 384 nm (3.23 eV) and a broad defect emission
feature centered around 460 nm (2.7 eV).61 Similar spectra have
been observed in ZnO powder,62 and the PL peak near 384 nm has
been attributed to stacking faults.63,64 Figures 6(b) and 6(c) illus-
trate the intensity and energy maps of one of these precipitates.
Figure S4 in the supplementary material shows a PL map across a
larger sample surface area.

The brightest 384 nm emission was found to be in the center
of the precipitate, labeled as A in Figs. 6(b) and 6(c). The intensity
of this emission decreases radially outward and blue-shifts from
384 to 377 nm (3.29 eV), indicating a drop in stacking-fault PL. At
the same time, the 460 nm emission becomes more prominent rela-
tive to the band-edge PL. This spatial variation suggests that the
outer shell, labeled as C, contains more point defects, which result
in 460 nm emission, than the interior core (A). The common
“green luminescence” in ZnO single crystals and powders65,66 was
not observed here.

To investigate the effect of electron irradiation, non-spatially
resolved PL spectra were collected (Fig. 7). These spectra comprise
an average of many precipitates and variations within each precipi-
tate. Therefore, the band-edge emission peaks at 380 nm rather
than 384 nm. 0.5 MeV irradiation leads to quenching of the
band-edge ZnO PL and a blue-shift from 380 to 377 nm. This indi-
cates an overall reduction in the stacking-fault PL, similar to the
“shell” in the as-grown precipitate.

As discussed previously, the β-Ga2O3 broad blue emission
band was enhanced for the sample irradiated with 0.5 MeV elec-
trons (Fig. 4). The increase in blue emission is likely the result of
oxygen vacancy formation in β-Ga2O3. A similar PLE absorption
band to that of the Hf-doped sample is seen around 370 nm
[Figs. 4(b) and 7(b)], along with an additional near band-edge
(280 nm) feature.

PL maps of the ZnO precipitates in the 0.5 MeV irradiated
β-Ga2O3:Zn sample correlated with what was observed with the
spatially averaged PL. Emission energy was brightest in the core,
labeled as A in Figs. 8(b) and 8(c), and was found to be closer to
379 nm. The intensity of this emission also decreases radially
outward and blue-shifts from 379 to 376 nm. The emission that
was previously centered around 460 nm is now broader and cen-
tered around 520 nm. Like the as-grown sample, this broad emis-
sion band becomes more prominent relative to the band-edge PL
going from the core to the shell. Overall, electron irradiation
appears to increase the density of point defects throughout the
precipitate.

FIG. 8. (a) PL spectra (355 nm excitation) of the 0.5 MeV irradiated β-Ga2O3:
Zn sample showing different locations on a ZnO precipitate. (b) False color map
of the UV PL intensity, with three locations labeled. (c) False color map showing
the PL energy.
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IV. CONCLUSIONS

In this work, the optical properties of n-type and insulating
β-Ga2O3 samples were altered via high-energy electron irradiation,
directly impacting photoluminescence and transmission spectra.
The 2.5 MeV irradiated β-Ga2O3:Hf sample experienced a drastic
color and conductivity change that may be due to the creation of
gallium vacancies, which compensated carriers from the Hf donors.
This resulted in the absence of free-carrier absorption seen by IR as
well as the presence of Cr3+ emissions and absorption due to the
shifted Fermi level. Blue PL was enhanced, which correlates the
increase in oxygen vacancy concentration for the 0.5 MeV irradi-
ated samples.

We also observed optically active ZnO precipitates that form
during growth of β-Ga2O3:Zn. Spatially averaged PL indicate that
the band-edge 380 nm ZnO emission was quenched with 0.5 MeV
irradiation and blue-shifted toward 377 nm. A similar band-edge,
core–shell structure was seen for the as-grown and irradiated
samples. Electron irradiation resulted in a blue shift of the
band-edge peak and a prominent blue-green emission band, sug-
gesting that 0.5 MeV irradiation increased the point defect popula-
tion in the ZnO precipitates.

SUPPLEMENTARY MATERIAL

See the supplementary material for sample information and
additional spectra.
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