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Comparative Study of the Optical Properties of a-, -, and

K-Gazo3

Lewis T. Penman,* Zak M. Johnston, Paul R. Edwards, Yuichi Oshima,
Clifford McAleese, Piero Mazzolini, Matteo Bosi, Luca Seravalli, Roberto Fornari,

Robert W. Martin, and Fabien C.-P. Massabuau

A systematic investigation of the optical properties of f3-, a-, and k-phase gallium
oxide (Ga,03) polymorphs is conducted by UV-vis spectrophotometry through
the Swanepoel method and temperature-dependent photoluminescence. Using
the same approach and apparatus allows similarities and differences between
these three phases to be directly established. Differences between polymorphs are
observed, including refractive indices of 1.89 (), 2.00 (c), and 1.85 (k) and optical
bandgaps of 4.99 eV (), 5.32 eV (), and 4.87 eV (k). In the luminescence studies,
four emission peaks in each polymorph are revealed, located at different energies
in the UV (3.1-3.9 eV), blue (2.7-3.0 eV), and green (2.2-2.6 eV) regions, with
causes attributed to self-trapped holes, donor-acceptor pair transitions involving
Ga and O vacancies (Vga, Vo), Ga—O divacancies (Vg, + Vo), O interstitials (O;),
and H impurities (Vg,—nH, H;, H,). In this systematic study, unique optical
properties of the different Ga,O3 polymorphs are highlighted and it is warned that

1. Introduction

Gallium oxide (Ga,03) is one of the leading
wide bandgap semiconductor candidates
for applications in high-power electronics
and UV optoelectronics.™ Ga,0j is a highly
polymorphic compound, with the main
phases labeled f-Ga,O; (monoclinic),
a-Ga,03; (thombohedral), and k-Ga,03
(orthorhombic) which is also known as
orthorhombic e-Ga,05*? as illustrated in
Figure 1. The f-phase has attracted most
of the research effort as it is the thermody-
namically stable phase.! Meanwhile, the
metastable a- and k-phases have recently
sparked renewed interest due to the wider

the commonly practiced analogy to $-Ga,O; can lead to misinterpretations.
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bandgap of 5.3eV for the a-phasel® and
the intrinsic polarization of the k-phase,®”)
which open new perspectives for high
power devices such as high electron
mobility transistors (HEMT).®?! Additionally, a-Ga,0; can be
used for wide-bandgap engineering with other rhombohedral
sequioxides (e.g., AlL,O;, In,O; Fe,0;, Ti03), which is
desirable due to the low lattice mismatch and wide range of
achievable bandgaps.*” However, little is known about the opti-
cal properties of the a- and k-phases, which are often assumed by
analogy to be similar to those of p-Ga,03. A consistent compara-
tive study of the optical properties of a-, B-, and x-Ga,Os is
needed, as each phase’s unique structure implies distinct prop-
erties. Accurate knowledge of these properties would be an
essential aid in the design and fabrication of Ga,0;-based
optoelectronic devices for applications such as solar-blind
photodetectors.!' %

2. Background
2.1. ﬁ-Gazog

B-Ga,03 has a monoclinic structure, which contains two Ga and
three O nonequivalent sites forming one tetrahedral and one
octahedral structure around the Ga sites.'®) When deposited on
c-plane sapphire, B-Ga,O; grows with the (—201) orientation.”!
The structure exhibits six in-plane rotational domains, rotated by
60° around the [—201] direction, caused by twofold symmetry in
B-Ga,03 on top of the threefold symmetry substrate.!’’~""!
Current literature suggests that p-Ga, 05 has a bandgap of around
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Figure 1. Unit cells of a) -Ga,03, b) 0-Ga,03, and c) k-Ga,0s represented using VESTA3!"* with structural information taken from refs. [3,14,15].

4.8-5.0 eVP?°22 and a refractive index of 1.89.2*%* Compared
to the other polymorphs, p-Ga,Os currently possesses the most
comprehensive literature on luminescence properties. The mate-
rial exhibits broad luminescence over the UV and visible
range, with components in the UV (3.2-3.6eV),”>?”) blue
(2.7-3.0 eV),2>262831 green (2.3-2.5eV),*” and red (1.7-1.9 €V)
regions.>' =% It is currently thought that the UV components
result from the recombination of free electrons with self-trapped
holes (STHs) located at O sites.*?”**l Luminescence in the blue
region is generally attributed to shallow donor-acceptor pair
(DAP) transitions with associated defects being Ga vacancies
(Vga), Ga—O divacancies (Vg,+ Vo), or interstitial Ga
(Gay).>>*5*% Deep DAP transitions are the currently accepted
cause of green luminescence, where Ga and O vacancies (Vo,
Vc.) and interstitial O (O;) have all been proposed as the defects
involved.?” Lastly, red luminescence has been attributed to levels
resulting from N, Fe, and Cr impurities.’**! Additionally,
Onuma et al® and Cho et al*® conducted temperature-
dependent luminescence studies of undoped p-Ga,0; and found
that the UV and blue emission peaks follow the conventional
relation between emission and temperature first outlined by
Varshni.®*! Also, Onuma et al. reported how the addition of
dopants (Si, Mg) modify the luminesce of p-Ga,O; creating
transitions that cause a visible reduction in overall luminesce
as temperature decreases compared to undoped samples, as well
as having an impact on crystal orientation.””!

2.2. a-G 3203

a-Ga,03 is a metastable phase of Ga,0; which has gained
interest for its wider bandgap and isomorphism with other
sesquioxides.”*! It has a rhombohedral (corundum) structure
containing one Ga and one O nonequivalent site creating a struc-
ture comprising of only octahedral sites.!"**! When deposited
on c-plane sapphire, a-Ga,O; exhibits (0001) orientation.*”
This phase exhibits the widest bandgap among all polymorphs,
around 5.1-5.6eV,>?1?23840 and a3 refractive index of
1.74-1.95.24*841 Compared with p-Ga,O3, less research effort
has focused on a-Ga,0s, but points for comparison do exist.
Similar to p-Ga,0;, a-Ga,0; features a broad luminescence
spectrum covering a similar region, with peaks in the UV
(3.2-3.8eV),2*8 blue (2.7-3.0eV),2**> 547 and green
(2.5-2.6eV) regions.’®**? A higher energy UV emission at

Phys. Status Solidi B 2025, 2400615 2400615 (2 of 8)

3.8 eV has been assigned to DAP caused by H impurities combin-
ing with Vg, to form hydrogenated gallium vacancies (Vg,—nH
where n is the number of H atoms occupying the Vg,).[*?
The lower energy UV emission has been attributed to
STH.[***>*748 Shallow DAP transitions caused by Vg, and
Va4 Vo have been attributed to the blue luminescence.[*24849)
There has been tentative assignment of green emission to deep
DAP transitions from Vg, and Vg centers.*? However, through-
out all the literature reviewed, it is very common to note that these
assignments were drawn by analogy to B-Ga,0O3 luminescence,
which could lead to misinterpretation. Literature reports varying
degrees of temperature dependence of the luminescence spec-
trum. Cho et al. reported strong temperature dependence
in the lower UV peak at 3.47 eV with a reduction in intensity
by a factor of 10 in addition to a redshift of =0.09eV.*®
Meanwhile, Moriya et al. reported a varying peak intensity with
Sn dopant concentration, with higher concentrations causing an
increase in blue emission of 2.9 eV and a reduction in UV emis-
sion ~3.6eV.*”) The UV peak exhibited a temperature depen-
dence in the form of a reduction of intensity from 100 to
300K of a factor of 3, while the blue peak seems to exhibit no
change with temperature.*”) Nicol et al. reported that the
3.8eV luminescence line became dominant at temperatures
<100 K, while the other lines remained unchanged.*” Janzen
conducted a temperature and orientation-dependent study using
p-polarized light from a dual monochromated Xe lamp source, on
trigonal a-Ga,O; deposited on m-plane sapphire.**! Janzen iden-
tified two luminescence peaks, the higher energy 3.6 eV peak
decreased in intensity as temperature increased. At 300K, the
peak was only 30% as intense compared to the peak at 5 K along
the a-direction; additionally, it only became predominant at
temperatures <40 K during excitation. When excited along the
c-direction, the temperature dependence was more pronounced,
with the UV peak disappearing entirely at temperatures >100 K.
Furthermore, Janzen identified a blue peak at ~2.78 eV, which
showed an intensity increase from 5 to 100K, followed by a
decrease from 100 to 300 K. These properties were observed in
both excitation orientations.!**!

2.3. K-Gazo3

k-Ga,03 is also a metastable phase of Ga,03 which has gained
interest for its spontaneous polarization, which may be exploited

© 2025 The Author(s). physica status solidi (b) basic solid state physics
published by Wiley-VCH GmbH

85U017 SUOWIWOD dA1TeR.D (ol (dde 8Ly Aq peusenob ae sajoiLie YO ‘8sn Jo Sa|nJ Joj Aiq18UlUO 48] 1M UO (SUONIPUOI-pUe-SWB) W0 A3 1M ARl 1[eul|Uo//SAny) SUONIPUOD pue SWi | 8y} 89S ' [5202/20/2T] Uo ARiqiaulluo A1 ‘spAjoyiens JO AisieAlun Aq STO00KZ0Z 0ssd/z00T 0T/I0pALI0o A3 Azelq 1 pul|uoy/:sdny wolj papeojumod ‘0 ‘TS6ETZST


http://www.advancedsciencenews.com
http://www.pss-b.com

ADVANCED
SCIENCE NEWS

SIC

h

pisis:

www.advancedsciencenews.com

for preparing heterostructures with a 2D electron gas at their
interface.*”) It has an orthorhombic structure with four Ga
and six O nonequivalent sites, the planes of O atoms have a
purely hexagonal symmetry while the Ga planes in between
are made of either only (two) Ga octahedral sites or Ga octahedral
and Ga tetrahedral sites so that a 4H stacking forms along the
(001) direction when deposited on c-sapphire.**! To maintain
the correct Ga:O stoichiometry of 2:3, one-third of the Ga sites
are empty in both planes. The filled octahedra and tetrahedra
sites are not randomly distributed in their planes but arranged in
regular ribbons, which in the case of heteroepitaxy on c-plane
sapphire leads to formation of 120° rotational domains separated
by (110) twin planes, which ultimately give rise to a pseudo-
hexagonal structure consisting of three separate crystal
orientations.!”? Current literature suggests a bandgap of around
4.7-5.0 eV 2173 with refractive index of 1.96,> as estimated
from ellipsometry measurements of orthorhombic e-Ga, 05 epi-
layers. Like the other polymorphs, k-Ga,0; exhibits a broad lumi-
nescence spectrum, exhibiting UV (3.1-3.5 €V),***%7) blue
(2.6-3.0 eV),[*>*5°6% green (2.3-2.4 eV),****>% and red lumi-
nescence (1.6-1.8eV).°) STH have been assigned to be the
cause of UV emission.>*® v, shallow DAP transitions and
Vo deep DAP transitions are presumed to be responsible for blue
and green emission, > respectively, but work by Janzen
indicates that STH can cause blue emission.**) Montedoro
et al. identified peaks at 2.4, 2.75, 3.0, and 3.15eV, and found
that the 3.0 and 3.15 eV peaks showed a steady decrease in inten-
sity when temperature was increased, both approximately halv-
ing in intensity from 80 to 280 K.°® The 2.75 eV peak sees a
much stronger temperature dependence, with an intensity
decrease over the same temperature range of a factor of 4.
Finally, the 2.4 eV peak shows a slightly weaker temperature
dependence, with intensity decreasing by a factor of 3 over
the 80-280 K range. Janzen’s investigation identified a polariza-
tion dependence for a single domain k-Ga,0O3 deposited on an
g-GaFeO; substrate,®! using the same apparatus as in the
a-Ga, 05 investigation. Excitation along the a-direction produced
peaks at 2.41, 2.70, 2.99, and 3.16eV. Peaks at 2.70 and
2.99 eV were emitted during excitation along the b-direction.*’!
During excitation along the g-axis, the temperature dependence
of intensity was comparable to Montedoro et al. with one
notable exception: a sharp increase at 250 K followed by a sharp
decrease at 300 K, combined with a redshift throughout. In con-
trast, the b-axis study showed minimal dependence, with a slight
increase at 250 K, an abrupt redshift at 300 K, and an increase in
intensity.[*?)

www.pss-b.com

3. Experimental Section

3.1. Samples

Five unintentionally doped Ga,0; films were investigated in this
study: one sample in the B-phase, two samples in the a-phase,
and two samples in the k-phase. The sample names, phases,
and key features are summarized in Table 1.

The p-phase sample (B) was grown by metal-organic chemical
vapor deposition (MOCVD) on single-side polished c¢-plane sap-
phire, in an Aixtron 3 x 2” closed coupled showerhead reactor
utilizing trimethylgallium (TMG) and O, precursors and N, car-
rier gas. The growth process began with the deposition of a thin
nucleation layer at 700 °C, followed by the formation of an
~750nm thick Ga,0O; layer at 1050 °C and constant pressure
of 100 mbar. The distance between the showerhead and the sub-
strate could be adjusted dynamically during growth to minimize
the pre-reaction of precursors, here a constant 9 mm gap was
maintained throughout the growth. The thickness of the sample
was obtained by usage of a known growth rate.

The a-phase samples («; and a,) were grown on single-side pol-
ished c-plane sapphire by halide vapor-phase epitaxy (HVPE) in a
horizontal quartz reactor at 520 °C under atmospheric pressure.
0, and GaCl were used as the precursors. The GaCl was synthe-
sized by a chemical reaction of metal Ga and HCI gas upstream in
the reactor at 570 °C with N, was used as the carrier gas.m] The
thicknesses of both a-phase samples were estimated using a
growth rate obtained by analyzing sample cross sections.

The k-phase sample k; was grown by HVPE on single-side pol-
ished c-plane sapphire with a TiO, interlayer, at a temperature of
550 °C in the same HVPE reactor used for the growth of samples
oy and a,.*% Finally, sample k, was grown by MOCVD on single-
side polished c-plane sapphire in a proprietary horizontal reactor,
using TMG and ultrapure H,O, with He as carrier gas at a
temperature of 650 °C and pressure of 100 mbar.[*? This sample
features a notable thickness gradient across its surface, with esti-
mated thickness of 1100 nm in the gas inlet side and 600 nm at the
gas outlet side, spaced about 2cm. The thickness of k; was
obtained using the same method as the a-phase samples, while
the thickness of k, was obtained by optical reflectometry.

We noted that lattice strain could affect the optical proper-
ties,[®* but given that all our samples consisted of 100 s nm thick
films grown by heteroepitaxy, it could be assumed that they were
fully relaxed.

Samples o, and k, were used for the Swanepeol methods due
to their well discernable fringes in transmittance spectra, while

Table 1. Summary of the of the samples investigated here and comparison with literature.

Sample name Phase Growth method Orientation Thickness d [nm] Bandgap E; [eV] Refractive Index [n]
Target Measured Literature This work Literature This work

i i MOCVD (—201) 750 755 (3) 4.8-5.0620-22 4.99 (4) 1.89-1.97(23:24:59] 1.89 (1)

o o HVPE (0001) 350 352 (3) 5.1-5,6[:21:22.38-40] 5.32 (9) 1.74-1.95[2438:41] 2.00 (1)

o 1500 - - -

) I3 HVPE {001} 1200 - 4,7-5.012130-33] - 1.96% -

) MOCVD 600-1100 743 (5) 4.87 (4) 1.85 (1)
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a, and k; were chosen for photoluminescence (PL) due to their
higher luminescence. Sample f was suitable for both techniques.

3.2. Spectrophotometry

UV-vis spectrophotometry was conducted using a Shimadzu
UV-2600 spectrophotometer with ISR-2600Plus integrating
sphere attachment. The typical illuminated area in the system
was &2 x 5 mm, and a bespoke sample holder reducing the illu-
minated area to a circle with diameter of ~#1.8 mm was fabricated
to analyze sample k; to avoid the thickness gradient affecting the
transmittance. We estimated that the transmittance had an abso-
lute 0.5% uncertainty, and the wavelength had a 0.3 nm absolute
uncertainty. The transmittance was used to obtain the optical
bandgap E,, refractive index n, and thickness d of the films.
The films, being hundreds of nanometers thick, exhibited fringes
in the high transmittance region, which we analyzed using the
Swanepoel method.® This approach utilized the maxima and
minima of fringes to fit two lines creating an envelope with
the upper line known as Ty, and the lower as Ty, to the transmit-
tance spectra. The refractive index n was calculated as a function
of Ty, Try, and the refractive index of the substrate. Then with n
and 4, the sample thickness d could then be determined where n
and 1 were adjacent maxima or minima of the fringes; for an in-
depth example of the Swanpoel method in practice, we directed
the readers to the work of Sanchez-Gonzilez et al.*®!
The Cauchy equation, Equation (1)

n=A+ /13; (1)
was used to express a fit of refractive index n against wavelength 1
with A and B being constants. The optical bandgap was extracted
from the linear interpolation of a a” versus hv plot, as is custom-
ary for direct bandgap semiconductors.®”! We noted that Ga,0;
was not a direct bandgap semiconductor but its flat valence band
allowed it to be treated as a direct bandgap for this purpose.®
The absorption coefficient o was obtained from the transmit-
tance T only and thickness d of the film using Equation (2).

12
a—ax 1’1(?) (2)

3.3.PL

A custom-built PL setup employing a Photon Systems HeAg
224.8 nm pulsed laser at a frequency of 20 Hz with a 100 ps pulse
length was utilized for this experiment. The sample was
mounted on a cold stage which incorporated a He-based closed
loop cryostat covering a temperature range of 20-300 K. The
emitted light from the sample was directed to an Oriel 1/8 m
spectrograph with a 400 lines per mm ruled diffraction grating
blazed at 325 nm, and a cooled Andor CCD camera. A 280 nm
long-pass filter was used at the opening aperture of the spectrom-
eter to filter out reflected laser light. The spectrum was corrected
for system response using a DH3 CAL Ocean Optics radiomet-
rically calibrated UV-vis—(NIR) near-infrared light source. The
acquired spectra were decomposed into Gaussians using the
FitYK software package.'®”!
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In both UV-vis and PL, samples were subjected to incident
light and measured along the growth direction.

4, Results and Discussion

The results from the UV-vis spectrophotometry investigation of
samples ay, f, and k, are summarized in Table 1 and Figure 2.
Fringes are clearly visible for all samples in the high transmit-
tance region, i.e., for wavelengths greater than ~300 nm, with
the fringe spacing inversely related to the film thickness. The
peak transmittance is lower than expected,'**%°! this is due
to the usage of single-side polished substrates. As can be seen
in Table 1, the film thickness values obtained from the
Swanepoel analysis are in excellent agreement with the sample
specifications. In the case of sample k,, which exhibits a thick-
ness gradient, the extracted thickness fits within the range of

@) go
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Figure 2. a) Transmittance plots, b) a® versus hv plot, and c) refractive
index with Cauchy fit for the samples B, o, and «.
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expected thicknesses. These results demonstrate the strength of
using transmittance methods for providing prompt feedback to
growth.

Figure 2b shows the a” vs hv plots for each of the samples,
allowing us to obtain the optical bandgap of each of the
Ga,0; polymorphs; these values are summarized in Table 1.
For B-Ga,O; with (—201) orientation, we obtain an E, of
4.99 £ 0.04 €V, which is in agreement with the literature.>*%-2
Our data confirm that (0001) oriented a-Ga,03 exhibits the wid-
est bandgap among all three studied polymorphs,?2!2%38-40]
with a value of 5.32+0.09eV, which is in the upper region
of reported values.*” Finally, we obtain an E, value of
4.87 £0.04 eV for {001} oriented k-Ga,O3, which is within the
range of values reported in the literature.”"*°> With respect
to the literature our data does agree that a-Ga,O; possesses
the largest E, value, though we note that our study finds the
Eg of B-Ga,0s3, to be greater than x-Ga,0; which is not always
the case. The varying reports of Eg of the - and x-phase illustrate
the anisotropy of the crystal properties, thus affecting how the E,
values exists with relation to each other.[>207224350-55,63.7071]
Like the majority of papers that have been reviewed, we have
used transmission measurements to obtain the bandgaps,
although various analysis methods were employed within that
body of studies, including o versus hv, (ahv)? versus hv, or direct
reading from transmittance. Meanwhile, Gucmann et al. have
estimated the E, by observing the near-band-edge cathodolumi-
nescence, and Segura et al. used both ellipsometry and absorp-
tion with a Elliott-Toyozawa model; both methods found
agreement on the final result of 5.6 eV, the upper boundary of
reported values.>**!

The Swanepoel method also allows the refractive index disper-
sion to be extracted for all three phases, as illustrated in
Figure 2c. All the data points can be well fitted using the
Cauchy equation. For f-phase, we obtain a refractive index of
1.89 £ 0.01, which is in excellent agreement with the findings
of Rebien et al. and Zolnai et al. both using ellipsometry with
photon energies ranging from 0.74 — 1.5 eV.2**! We observe
a higher refractive index for a-Ga,0; than $-Ga,0;, as predicted

www.pss-b.com

theoretically by He et al.**! The refractive index for a-Ga,Oj is
2.00 £+ 0.01, close to the value from ellipsometry measurements
which were taken over a range of 1.46-2.88 eV.*® Finally, the
refractive index of k-phase is the lowest of all investigated phases,
with a value of 1.85 + 0.01. However, this deviates from the value
of 1.96 obtained Zolnai et al.>> with a 0.09 discrepancy at a com-
parable photon energy of 1.5 eV where n,, ~ 1.87. While the close
match of the other polymorphs with published reports gives con-
fidence in our value, the discrepancy is notable. Perhaps this dif-
ference is due to the fact that we employ a different technique
compared to Zolnai et al. who used ellipsometry, to obtain a
dielectric value € which can be converted to a refractive index
n using the relation (Re(¢)=+/n). Examining reports on
dielectric values across polymorphs, these values are contradic-
tory with reported refractive index results, in that they indicate
the refractive index of x-Ga,03 is lower than that of p-Ga,0s,
which supports our findings with dielectric values of 9.85 for
k-Ga,05 and 10.2-12.4 for p-Ga,05.7%73

The luminescence properties of samples a,, B, and k; were
then investigated by means of temperature-dependent PL over
the 23-300K range, as illustrated in Figure 3. Since we use
above-bandgap excitation (224.8 nm, i.e., 5.5 eV) and the thickest
samples (minimum thickness ~750 nm), we can rule out any
contribution from the substrate to the luminescence. To identify
the contributions to the spectrum and enable comparison with
the literature, the low-temperature spectrum of each polymorph
was decomposed into several Gaussian lines—a common prac-
tice in existing literaturel2¢-27-30424346:48,56.74__anq shown in the
bottom plot of Figure 3. We have chosen to use four peaks to
describe the fit which is consistent with literature.*>*#>¢ Both
B- and k-Ga,O5 exhibit peak shift, this has been highlighted with
a black dot in Figure 3a.e.

For (—201)-oriented B-Ga,0s3, in Figure 3a,b, we observe lumi-
nescence lines (at 23 K) centered at 2.5, 2.9, 3.3, and 3.6 eV—the
increase of intensity below 2 eV comes from second order diffrac-
tion in the spectrometer. Based on the extensive literature on the
luminescence of this polymorph, we attribute the peaks at 3.6
and 3.3 eV to STH.*”7%7% The 2.9 and 2.5 eV peaks correspond

B-Ga:203 a-Ga:0s K-Ga20s3
~ 10°4 23« (a)| 10°4 (e) 23K
]
<- 1071 -
~10-1
> 10 300K 300K
o 1072 4
T 1072 A
= ] 1073 §
- 10° 5 10° 5 (d)| 10° 5
=
<
= 1071 4 1071 5 1071 5
-"é ]
810725 1072 4 1072 5
c

Energy (eV)

Energy (eV)

3 4 2 3 4
Energy (eV)

Figure 3. Temperature-dependent PL spectra of a) $-Ga,O; (sample f), ¢) a-Ga,O3 (sample ay), and e) k-Ga, O3 (sample ;). Decompositions of the 23 K
PL spectrum of b) p-Ga,03, d) a-Ga,0s, and f) k-Ga,0O;. For visibility, the peak position of each spectrum is marked with a black dot.
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to DAP recombination between Vg acting as donors®” and Vg,
or (Vga + Vo) as acceptors.”>! We observe a steady decrease in PL
intensity by a factor of 10 as the temperature increase from 23 to
300 K. The PL spectrum intensity weakens with little change in
the spectral shape as the temperature increases and exhibits a
small peak redshift of ~0.12 eV across the 23-300 K range.

In Figure 3c,d, a-Ga,03 with (0001) orientation exhibits peaks
(at 23 K) at 2.6, 3.1, 3.6, and 3.9 eV—the PL signal below 2 eV is
an artefact coming from second-order diffraction in the spec-
trometer. We can see that as the temperature increases from
23 to 300 K, the 3.9 eV line intensity rapidly decreases by a factor
of around 100 and the 3.6 eV line decreases by a factor of 10 while
the other lines remain unchanged. This behavior is in strong con-
trast to what we observed for -Ga,0s. Similar spectra and tem-
perature dependence were observed by Nicol et al.*) and Modak
et al*! but they differ from observation from Janzen!*’
where two distinct peaks can be observed in excitation along
the a-direction and the maximum intensity being at a lower
energy in excitation along the ¢-direction—we note however that
Janzen was investigating the impact of polarization which could
explain the discrepancies. The 3.9 eV peak is likely a DAP transi-
tion line involving H; as shallow donor and Vg,—nH as acceptor,
where H impurities are brought from the growth precursors.*?
The second UV peak at 3.6 eV is likely related to STH.[?***! The
peak at 3.1eV could be assigned to shallow DAP transitions
involving Vo donors and (Vg, + Vo) acceptors and 2.6 eV to deep
DAP transitions involving Vo donors and Vg, or O; acceptors.
While these attributions are derived by analogy to the
2.9 and 2.5€V lines of p-Ga,03,2%”*! respectively, we note that
Maruzane et al. conducted cathodoluminescence mapping of
a-Ga,03 which revealed that these luminescence lines increase
in intensity in the vicinity of dislocations (as a result of point defect
segregation), thus supporting a DAP transition interpretation. ¢!

Finally, the luminescence of {001}-orientated k-Ga, O3 exhibits
peaksat2.2,2.7,3.2,and 3.7 eV (Figure 3e,f). We observe that, in
comparison to B- and a-Ga,0;, the lower energy components
exhibit a greater contribution to the luminescence, as has been
observed in the literature.’%’® The PL spectrum of k-Ga,0;
gradually weakens with temperature, the 2.7 eV peak decreases
intensity by a factor of 6 and both the 2.2 and 3.2 eV peaks only
decrease intensity by a factor of 4 while the 3.7 eV peaks exhibit
negligible change. There also appears to be a redshift of the spec-
trum of = 0.25 eV as the temperature increases from 23 to 300 K,
in agreement with literature.[****%>7¢] The 3.7 eV peak can be
tentatively attributed to H-related defects (e.g., Vg,—nH deep
acceptors which facilitate recombination with electrons from
either the conduction band or Vo—H, a hydrogenated oxygen
vacancy) as shown by Mazzolini et al.*®! Since samples a, and
k; were both grown by HVPE, i.e., employing HCI gas, it is per-
haps not surprising if both samples exhibit a H-related lumines-
cence line. The 3.2eV peak has been ascribed to STH,”®
additionally the 2.7 eV peak agrees with that seen in literature
caused by hydrogenated deep acceptors (Vg,—2H).P* In k-Ga, 03
studies both the 3.7 and 2.7 eV peaks have been assigned by
analogy to p-Ga,0;, but this attribution has been backed up
by theoretical calculations.®® Finally, the 2.2 eV peak has not
been reported in literature, but it has been observed in other
polymorphs.”*!
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5. Conclusion

The optical properties of p-, a-, and k-Ga,0; polymorphs have
been investigated. A systematic approach allowed us to highlight
phase-specific optical properties. Analysis of the transmittance
spectra revealed refractive indices of 1.89+£0.01 (p),
2.00+0.01 (o), and 1.85£0.01 (k), and optical bandgaps of
4.99+0.04€V (B), 5.32+£0.09€eV (a), and 4.87 +0.04eV (k).
Temperature-dependent PL revealed that the emission spectrum
of the polymorphs and their dependence with temperature differ
significantly from each other with peaks at 2.5, 2.9, 3.3, and
3.6eV (B-Ga,0;); 2.6, 3.1, 3.6, and 3.9eV (a-Ga,03); and 2.2,
2.7, 3.2, and 3.7eV (k-Ga,03). Our findings emphasize that
deducing the optical properties of Ga,03 polymorphs by analogy
to the well-documented -Ga, 03 could lead to misinterpretations
such as an inaccurate defect characterization being made and
then propagated in the literature and underline the necessity
for detailed phase-specific investigations.
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