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ARTICLE INFO ABSTRACT

Keywords: B-GagOs is a promising ultrawide bandgap semiconductor, but achieving reliable p-type conductivity remains a
#-Gaz03 o challenge, especially due to the scarcity of high-quality homoepitaxial p-type $-GazOs3 layers. In this study, we
I; Zyniﬁe;?:ail;cmlty investigate f-Gay0j3 thin films homoepitaxially grown on (201) Fe doped $-GayO3 substrates via metal organic

chemical vapor deposition under different oxygen-to-gallium (O/Ga) ratios. We examine the effect of oxygen
content on the structural, electrical, and optical properties of thin films. The layer grown under oxygen-rich
conditions (O/Ga = 6400) exhibited an enhanced crystallinity of the dominant (201) orientation as indicated
by a low full-width at half maximum (FWHM) of 72 arcsec in the X-ray diffraction rocking curve, a suppressed
oxygen vacancy signal in X-ray photoelectron spectroscopy, and a two order of magnitude increase in hole
concentration (p = 4.5 x 10'°> cm ™3 vs. 4.6 x 10'2 em ™2 at 570 K), associated with a shallow acceptor level with
an activation energy of 0.21 eV, likely due to Vg, - Vo™ complex-like defect. In addition, both films exhibit hole
mobility gy > 30 cm?/V-s over the measurement temperature range. These findings suggest that oxygen-rich
growth conditions enhance both the crystallinity and native hole conductivity of $-GapOs, offering a prom-
ising route toward achieving controlled p-type behavior in this material.

Oxygen content

1. Introduction

Gallium oxide (Gag0s3) has garnered significant attention due to its
exceptional properties, such as an ultrawide bandgap of 4.6-4.9 eV and
a high breakdown electric field larger than 8 MV/cm [1,2]. These
outstanding characteristics make GapO3 promising material for various
applications, including UV optoelectronics [3] and power electronic
devices [4-8]. GapOs crystallizes in several polymorphic forms,
including a, f, 7, 8, and «, with the monoclinic $-Ga03 phase identified
as the thermodynamically stable structure [9].

To date, GayOs-based devices have primarily been developed as
unipolar devices relying on n-type doping. However, realizing the re-
quirements of Ga;O3 for more advanced applications requires bipolar
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doping, necessitating the capability for both n-type and p-type doping.
Realizing p-type doping in ultrawide bandgap semiconductors oxides,
particularly Ga;Os, remains a challenge due to the large acceptor ioni-
zation energy by theoretical prediction [10]. Efforts to achieve effective
p-type conductivity have focused on doping with elements such as Zn [1,
11-13], Mg [14], N [15], H [16] and P [17-19], as well as co-doping
strategies [20,21].

Metal organic chemical vapor deposition (MOCVD) is widely regar-
ded as one of the most effective techniques for growing high-quality
p-Gay03 thin films [22-24]. Growth conditions in MOCVD signifi-
cantly affect the conductivity and properties of f-Ga;Os thin films by
influencing the formation and interaction of intrinsic defects [25,26].
The choice of substrate - native (homoepitaxy) or foreign
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(heteroepitaxy) — also significantly influences the crystalline quality of
the layers. While significant advancements have been made in the
growth of high quality n-type homoepitaxial $-GazOs thin-films on
different crystallographic orientations by several growth methods
including MOCVD [27-30], there are relatively few demonstration of
homo p-n junction [31]. To address efficiently the need of p-n homo-
junction realization, the first necessary condition is to grow p-type
p-GagOs layers.

In this work, we study two homoepitaxial f-GagOj3 thin films grown
on (201)-oriented #-Gay03 substrates grown by MOCVD. We systemat-
ically investigate the influence of oxygen content on the crystalline
structure, electrical, and optical properties of two f-GaOs3 films. Our
results show that oxygen-rich growth enhances crystalline quality, re-
duces oxygen vacancy concentration, and enables improved hole con-
ductivity at elevated temperatures with remarkably high hole
mobilities. These findings contribute to a better understanding of the
impact of oxygen stoichiometry on hole transport in $-Ga3O3 and sup-
port further exploration of controlled p-type doping strategies in
homoepitaxial films.

2. Results and discussion

Two undoped p-Gay03 epilayers were grown by MOCVD on Fe-doped
(201) p-Gap03 substrates at 825 °C. The flows of TMGa and Oy were set
at 36 pmol/min and 1500 sccm, and 12 pmol/min and 1200 sccm,
respectively. The ratios of O/Ga were determined to be 2700 and 6400,
respectively, therefore we will refer to the samples as O/Ga (2700) and
0O/Ga (6400). The growth details can be found in experimental methods
section.

2.1. Structural and compositional analysis

Fig. 1(a) shows the XRD 6/26 scans for samples O/Ga (2700) and O/
Ga (6400). Both samples exhibit (201) preferred growth orientation,
with the 201, 402, 603 and 804 reflections. However, additional tiny
peaks other than {201} family are observed in the 6/26 scan of sample
0O/Ga (6400), especially in sample O/Ga (6400), with intensities nearly
five orders of magnitude lower than the main reflections. The corre-
sponding rocking curves show a mixture of sharp or broad peaks with
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varying orientations to the normal (Aw = 0), further indicating that
these tiny peaks are not attributed to polycrystalline rings, but linked to
particular crystallites oriented in a defined way. This observation may
be attributed to excessive oxygen supply during growth, which enhances
the pre-reactions, leading to the formation of randomly oriented grains
[25]. Similar observations have also been reported in MOCVD and other
growth systems [23,25,32]. The structural quality of the films was
further investigated by w-scans (Fig. 1(b)). Sample O/Ga (2700) shows
full width at half maximum (FWHM) of 0.04° (~144 arcsec), while
Sample O/Ga (6400) exhibits a lower FWHM of 0.02° (~72 arcsec),
suggesting that the increased oxygen content promotes higher crystal-
linity. These tiny FWHM values indicate the great crystallinity of the
homoepitaxially grown layers, smaller than that of the substrate (1080
arcsec) before the growth.

Fig. 1(c) shows the Raman spectroscopy results recorded in the range
of 130-800 cm ! using 514.5 nm excitation for (—201) -Ga;O3 single
crystal and homoepitaxial layers. Both samples exhibit the well-known
Raman active phonon modes of p-GayOs without any signature
belonging to other GapOs polymorphs, confirming the absence of sec-
ondary phase. [33,34]. These modes can be grouped into three parts: (a)
low frequency modes (100-200 cm™!) originate from liberations and
translations of the GajO4 tetrahedral and GajOg octahedral chains; (b)
mid frequency modes (~310-480 cm™!) correspond to deformation of
GayOe octahedra; (c) high frequency modes (~500-770 em™Y) arise
from stretching and bending of GajO4 tetrahedral chains [35,36].
Notably, a pronounced difference in peak intensities of high frequency
modes (Ag (7) — Ag (10) and Bg (5)) is observed between samples,
without significant peak shift across the whole range. This suggests that
the variation in oxygen content during MOCVD growth led to local
lattice perturbations instead of polyhedral framework, particularly
affecting the GajO4 tetrahedral chains.

Chemical composition analysis of the $-GayOs thin films was ob-
tained by XPS, with data shown in Fig. 2. It should be noted that such
quantitative surface analyses require important considerations to obtain
reliable, and useful information. When conducted on rough or non-
conductive samples, shadowing and charging effects can distort XPS
signals [37]. In our case, considering the sample’s conductivity, flood
gun was used for charge compensation.

The Ga3d spectral region was deconvoluted into three components
(Fig. 2(a)). Two main peaks at 19.0 and 20.0 eV were assigned to Ga™
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Fig. 1. (a) XRD out of plane 6/26 scans, (b) w-scan rocking curves of 402 reflection (¢) Raman spectra of $-Ga,0O5 thin films with bare substrate before epitaxy.
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Fig. 2. XPS spectra core level of f-Ga,03 thin films: (a) Ga3d and (b) O1s spectral regions.

and Ga>" states, respectively [38]. A weak additional peak at 23.0 eV
was attributed to the overlapping O2s peak [39]. As the O/Ga ratio
during growth increased from 2700 to 6400, the area ratio of
Ga'/(Gat+Ga®") decreased from 17 % to 11 %. The Ga' indicates a
lattice oxygen deficiency and thus indicates the presence of oxygen
vacancies (Vo) [40,41]. The reduction in the Ga™ component in sample
0O/Ga (6400) suggests that additional oxygen was incorporated, owing
to the higher O/Ga ratio, thereby reducing Vo density and promoting
conversion of Ga * to Ga®*.

The O1s spectra were fitted with three components: The Oy peak at
530.0-531.0 eV [42], attributed to Ga-O bonding, the Oy peak at
531.0-532.0 eV [43] related to the surface species: oxygen vacancies

(Vo), and the Oy peak at 532.0-533.0 eV [44] related to hydroxyl (-OH)
or carbonate species in films, as well as physisorbed species (Fig. 2(b)).
To compare the relative Vo concentrations in $-GapO3 thin films, the
area ratio of Oy/(Oy + Oyy) was calculated. Sample O/Ga (2700) showed
an Oy/(O; + Oy) ratio of 28 %, while the sample O/Ga (6400) sample
exhibited a reduced ratio of 13 %, suggesting a lower Vg density near the
surface of sample O/Ga (6400). These results are consistent with the
trends observed in the Ga3d spectra (Fig. 2(a)).

2.2. Electrical transport properties

The effect of different O/Ga ratios on the electrical properties of the
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Fig. 3. (a) I-V characteristics at 500 K. (b) Temperature dependent resistivity in the range of 450-850 K. (c) Hall coefficients vs. temperature (d) Temperature-
dependent Hall hole concentrations. The inset shows the Arrhenius plot (In(p) versus 1000/T) used to determine the carrier activation energies. (e) Hall hole

mobilities versus temperature.
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samples was investigated. Ohmic contacts were formed by silver paste at
the four corners of the square-shaped sample in a Van der Pauw
configuration. Linear I-V characteristics at 500 K indicated the Ohmic
behavior (Fig. 3 (a)). In the temperature range of 450-850 K, the re-
sistivities decreased from p = 1.8 x 10° Qecm to 10.7 Q cm in sample O/
Ga (2700), and from p = 1.3 X 10% Qecm to 3.5 Q cm in sample O/Ga
(6400) (Fig. 3 (b)).

Measurement down to room temperature was limited due to the high
resistivity at such temperatures. Electrical transport measurements
showed that the higher oxygen contents in the O/Ga (6400) sample
leads to improved electrical conductivity. The p-type conduction is
evidenced by consistently positive Hall coefficients over measurement
temperature range between 570 and 850 K as shown in Fig. 3 (c). The
temperature dependence of the Hall hole concentration is shown in
Fig. 3 (d). The Hall hole concentration at T = 570 K for sample O/Ga
(2700) and sample O/Ga (6400) wasp = 4.6 x 108 em—3 andp =4.5 x
10'> cm™3, respectively. This trend agrees with previous reports
showing that oxygen annealing reduces Vo-related compensation and
enhances hole concentration in undoped $-GasO3 thin films [45]. The
mobility was determined to be in the range of 35-55 cm?2/V-s for O/Ga
(2700) and 31-36 cm?/V-s for 0/Ga (6400) across the entire tempera-
ture range (Fig. 3 (e)).

The carrier activation energies were determined from a linear region
of Arrhenius plot (In(p) versus 1000/T) shown in the inset of Fig. 3 (d). A
single slope with an activation energy of E, = 0.87 + 0.01 eV was found
for sample O/Ga (2700), probably related with gallium vacancy (Vga).
Two slopes with two different activation energies, Eq; = 0.52 + 0.02 eV
at high temperature and E,2 = 0.21 &+ 0.02 eV at low temperature, were
distinguished for sample O/Ga (6400). Eg; lies close to the reported Vg,-
related deep acceptor center activation energy in the low compensation
regime, and E,» might be related with another shallower acceptor
Ve -Vo'* complexes defect’s electrical activation as was already re-
ported [45]. The creation of this defect is favorable in oxygen rich
conditions (less Vo) promoting the recharging of V/; into V§* leading the
pairing with Vg,~ defect [46]. Evidently, the probability of defects
pairing strongly depends on the concentration of native defects (Vo; Vgq)
and the vicinity of their positions. These favorable conditions can be
determined by the growth parameters (temperature, pressure) and the
crystal structure. Similar temperature dependent resistivity have been
previously reported for -Gay03/AlyO3 thin films [45,47,48]. But it is
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worth noting that the homoepitaxial layers exhibit hole mobility of
around 3 times higher compared to the f-Gay03/Al203 layer (u ~ 10
cm?/(V-s) at 850 K) [45], which can be attributed to its significantly
improved structural properties. This provides additional evidence that
holes can move more freely in f-GayO3. These enhanced mobilities are
reproducible and repeatable, a detailed study on the electrical properties
of additional samples will be presented in a separate article currently
under review.

2.3. Optical properties

Fig. 4(a)—(b) show the temperature-dependent PL spectra for both
samples, with the decomposition of the 25 K spectrum shown in Fig. 4
(c)—(d). The PL spectra of both samples conform to existing literature,
exhibiting broad luminescence spanning ca. 2-4 eV and a Gaussian
decomposition into ca. 3.5 eV, 3.0-3.1 eV, and 2.4 eV lines [49-53]. The
3.5 eV peak refers to the recombination between free electrons and
localized holes at low temperatures [54]. The 3.0-3.1 eV peak corre-
sponds to donor-acceptor pair (DAP) transitions involving Vg and Vg,
[51,55], while the 2.4 eV line is associated with DAP transitions
involving O; [51,52,56].

As shown in Fig. 4(a)—(b), the PL intensity of both samples decreases
as the temperature increased from 25 to 300 K. Notably, sample O/Ga
(2700) exhibits significantly stronger thermal quenching compared to
sample O/Ga (6400). The integrated PL intensity of sample O/Ga (2700)
decays by a factor of 130, while that of sample O/Ga (6400) decays by
only a factor of 15.

Additionally, a difference in peak wavelength shift with temperature
was observed between the samples. Sample O/Ga (6400) exhibits a
gradual redshift of ca. 320 meV as temperature increases, whereas
sample O/Ga (2700) initially shows a slight redshift of ca. 40 meV at low
temperatures, followed by a blueshift of ca. 30 meV as the temperature
rises further. For sample O/Ga (6400), the redshift seems to come from a
more pronounced decrease in the 3.5 eV line, with negligible change
(and even, slight increase) in DAP transitions (2.4 eV and 3.1 eV lines).
This behavior is consistent with electrical measurements, where holes
can be more easily delocalized in that sample. The redshift commonly
observed in samples with multiple luminescence centers, can be attrib-
uted to the migration or relaxation of localized carriers from shallower
to deeper centers. In contrast, for sample O/Ga (2700), a more uniform
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Fig. 4. (a) (b) Temperature-dependent PL from 25 to 300 K. (c¢) (d) Deconvolution of 25 K PL spectra.
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decrease in intensity across all luminescence lines is observed, which
could suggest that thermally excited carriers are not re-trapped to
recombine radiatively but instead recombine non-radiatively, which is
consistent with the greater thermal quenching and lower crystalline
quality we observed by XRD on this sample.

3. Conclusion

In summary, $-GapOj3 thin films were grown on Fe-doped (201)
f-Gay03 substrates by MOCVD under two different O/Ga ratios of 2700
and 6400. A systematic investigation reveals that, while minor off-
oriented domains are observed in oxygen-rich sample, higher oxygen
supply (O/Ga = 6400) enhances crystalline coherence and reduces
mosaicity, decreases surface oxygen vacancies, and significantly im-
proves hole conductivity. This is supported by a narrower FWHM in XRD
and a suppressed Vo signal in XPS, confirming the structural and
chemical improvement. Raman analysis confirms the absence of other
Gay03 polymorphs in both samples. Temperature-dependent Hall effect
measurements show enhanced electrical transport properties in sample
0/Ga (6400), with a hole concentration of p = 4.5 x 10'° em ™3 570 K,
(while p = 4.6 x 10% ecm~3 in sample O/Ga (2700)). Additionally, the
presence of two distinct activation energies suggests contributions from
both deep (0.52 eV) and shallow (0.21 eV) acceptor states, with the
latter one likely related to the Vg, — V4" complex defects, which are
more favored under oxygen-rich conditions. PL spectra show three
emission peaks at (3.5 eV, 3.0-3.1 eV, and 2.4 eV) in both samples.
Notably, the O/Ga (2700) sample exhibited pronounced thermal
quenching, indicating a greater non-radiative recombination rate. In
addition, both thin films exhibit hole mobilities of 4 > 30 cm?/(V-s)
across the measurement temperature range, supporting the presence of
mobile hole transport at elevated temperatures. These findings highlight
the influence of oxygen stoichiometry on the structural quality and high-
temperature transport behavior of -GaOs.
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Experimental methods

Thin film growth: Two undoped $-Ga303 epilayers 1 pm thick were
grown by MOCVD on Fe-doped (201) p-GasOs3 substrates purchased
from Novel Crystal Technology. For both samples, the growth temper-
ature was set at 825 °C, the total pressure was maintained at 33 Torr.
Trimethylgallium (TMGa) and high-purity oxygen (O2) were used as
precursors for Ga and O, respectively. The flows of TMGa and O were
set at 36 pmol/min and 1500 sccm, and 12 pmol/min and 1200 sccm,
respectively. The ratios of O/Ga for two samples were determined to be

Materials Science in Semiconductor Processing 200 (2025) 110003

2700 and 6400, respectively.

X-ray diffraction (XRD): The crystalline structure of the films was
characterized using XRD. 6/260 scans and rocking-curves (w-scans) were
performed to evaluate the crystalline quality and orientational spread of
the films. Data were collected on a 5-circle diffractometer (Rigaku
SmartLab) with Cu K,; radiation from a rotating anode and selected by a
channel-cut Ge (220) x 2 monochromator.

Raman: Raman spectra were recorded using a Renishaw Invia Reflex
micro-Raman spectrometer at room temperature. The samples were
excited using a cw Modu-Laser Stellar-REN laser emitting at 514.5 nm
with a power of 2-4 mW. Thereflecting microscope objective was 50 x
with a NA 0.75; the excitation spot diameter was 1 pm. The back-
scattered light was dispersed by a mono chromator with a spectral res-
olution of 1.4 cm™L. The light was detected by a charge coupled device.
The typical accumulation time was 30 s.

Electrical measurements: A custom-built set-up for high-
impedance measurements was used for the investigation of the elec-
trical transport measurements. Ohmic contacts were prepared using
silver paint at the four corners of the sample. Hall effect measurements
were performed in a Van der Pauw configuration, over the temperature
range of 300-850 K, with magnetic fields perpendicularly applied to the
film plane at 1.6 T. Temperature dependent measurements were carried
out under a magnetic field of 1.6 T.

X-ray photoemission spectroscopy (XPS): XPS measurements
were conducted on a Thermo Fisher Scientific Escalab 250 xi equipped
with a monochromated Al-Ka anode (1486.6 eV) and a dual flood gun
(low energy electron and ion). High energy resolution spectral windows
of interest were recorded with a 650 um spot. Photoelectron detection
was performed perpendicular to the surface in constant analyzer energy
(CAE) mode (10 eV pass energy) and in 0.1 eV energy step. -Gag0s3 films
and the substrate underneath being resistive, the use of low-energy
electron and ion flood gun was required to perform the analysis.
Quantification was done using the Thermo Fisher Scientific Avantage©
software. Chemical compositions were obtained from the C 1s, O 1s, Ga
3d peak areas after a Shirley type background subtraction and consid-
ering “AlThermol” sensitivity factor library.

Photoluminescence (PL) spectra: The luminescence properties of
the samples were acquired on a custom-built PL setup driven by a
Photon Systems 224 nm HeAg laser pulsed at a frequency of 20 Hz. The
samples were mounted on a cold stage which incorporates a liquid He
based closed-loop cryostat. The emitted light from the sample is directed
to a spectrometer which is composed of a 400 1/mm ruled diffraction
grating blazed at 325 nm, and an Andor CCD camera. A 280 nm long-
pass filter is utilized at the opening aperture of the spectrometer to fil-
ter out any laser light. During the experiment the samples were cooled to
a temperature of 25 K, then the temperature was raised by 25 K steps
until 300 K. The resulting PL spectra were corrected for system response.
The deconvolution of the low temperature spectra was performed
manually by using the FitYK software package.
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