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Room-temperature single-photon emission
from β-Ga2O3

Yiming Shi1,2,4, ZhengchangXia2,3,4, JunhuaMeng 1 , Libin Zeng2,3, Ji Jiang 2,
Zhouxin Li2,3, Aoxing Wang2,3, Huabo Yang2,3, Zhigang Yin2,3 &
Xingwang Zhang 2,3

Single photon emitters (SPEs) hosted by the wide bandgap semiconductors
have the great potential to enable quantum applications at room temperature.
Recently, many defect-based SPEs have been discovered in various wide
bandgapmaterials, such as diamond, AlN, SiC, h-BN, GaN and ZnO. Beta-phase
gallium oxide (β-Ga2O3) is an emerging ultrawide bandgap semiconductor
with promising electronic and optoelectronic properties, however, there has
been no report on single-photon emission from β-Ga2O3 to date. Herein, we
present the demonstration of room-temperature photostable single-photon
emission from β-Ga2O3. We find that the SPEs can be found in a variety of β-
Ga2O3 including homoepitaxial and heteroepitaxial β-Ga2O3 films and com-
mercially available β-Ga2O3 wafers. The observed emitters have excellent
photophysical characteristics including highpurity, highbrightness, and linear
polarization. First-principles calculations predict that a localized neutral
divacancy defect, generated by plasma treatment and activated by annealing,
is responsible for the SPEs in β-Ga2O3. The high-performance room-tempera-
ture SPEs embedded in a technologicallymature semiconductor are promising
for on-chip scalable integrated devices and quantum technologies.

Single photon sources are key elements for various scalable quantum
information technologies, including quantum communication, quan-
tum computing, quantum sensing and measurement1–3. So far, single
photon emission has been observed from various quantum emitters
such as single molecules4, atoms5, ions6, quantum dots7, and point
defects in semiconductors8,9. Among them, color centers in wide
bandgap semiconductors are considered to be one of the most pro-
mising single photon emitters (SPEs) due to their unique properties of
stable emission at room temperature or even at high temperature, as
well as a wide range of single-photon emission wavelengths9. Fur-
thermore, the SPEs based on wide bandgap semiconductors are
compatible with mature semiconductor technologies, which is bene-
ficial for the integration of optoelectronic devices. In recent years,
defect-based SPEs have been discovered in various wide bandgap

materials, such as diamond10–12, silicon carbide (SiC)13–15, silicon nitride
(SiN)16, zinc oxide (ZnO)17,18, galliumnitride (GaN)19,20, aluminumnitride
(AlN)21,22, and hexagonal boron nitride (h-BN)23–26.

Beta-phase gallium oxide (β-Ga2O3) has emerged as a potentially
disruptive ultra-wide bandgap semiconductor for next-generation
electronic and optoelectronic applications27–30, as it has a wide band-
gap of ~4.9 eV, high breakdown electric field of 8MVcm−1, excellent
chemical and thermal stability, and large Baliga’s figure of merit of
3444. To date, β-Ga2O3 has well-established growth and device engi-
neering protocols, and β-Ga2O3 wafers up to 8-inch are now com-
mercially available. Unlike traditional semiconductors, β-Ga2O3

possess a low-symmetry monoclinic crystal structure (C2/m space
group), characterized by two crystallographically nonequivalent Ga3+

and three nonequivalent O2- ions in the unit cell. The abundance of
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possible natural defectsmakes β-Ga2O3 a flexible and scalablematerial
platform for defect-based SPEs. Recently, Stehr et al. reported a
transition-metal color center in β-Ga2O3 that emits in the telecom
range and has an electronic structure suitable for quantum informa-
tion applications31. However, there are no reports on single-photon
emission from β-Ga2O3 yet.

In this work, we demonstrate the single-photon emission from β-
Ga2O3 at room temperature. The samplesweused arehomoepitaxialβ-
Ga2O3 films, heteroepitaxial β-Ga2O3 films on sapphire substrates, and
bulk β-Ga2O3 wafers, which were irradiated with plasma then annealed
at high temperatures to generate SPEs. Second-order correlation
measurements reveal strong photon antibunching, which unambigu-
ously establishes the single-photon nature of the emission. The SPEs in
β-Ga2O3 exhibit high purity and brightness, excellent stability, as well
as spatially uniformdistribution. The prevalence of SPEs in different β-
Ga2O3 samples indicates that the intrinsic defects are responsible for
the observed quantum emissions. We performed first-principles cal-
culations to identify the possible origin of the observed SPEs. This
work provides a reliable and scalable platform for further technolo-
gical development, which may open promising avenues for photonic
quantum devices based on β-Ga2O3.

Results
Characterization of epitaxial β-Ga2O3 thin films
The homoepitaxial and heteroepitaxial β-Ga2O3 thin films were grown
by lowpressure chemical vapor deposition (LPCVD) on single crystalβ-
Ga2O3 (−201) and sapphire substrates, respectively. The atomic force
microscopy (AFM) image (Fig. 1a) demonstrates that the surface of the
polished β-Ga2O3 substrates is rather smooth and uniform with a root
mean square (RMS) roughness of 0.48 ±0.04 nm (Supplementary
Fig. 1a). The homoepitaxial β-Ga2O3 film exhibits a clear step-flow
growth mode (Fig. 1b) with an RMS roughness of 2.5 ± 0.31 nm

(Supplementary Fig. 1b), which is in good agreement with the pre-
viously reported β-Ga2O3 homoepitaxial films32,33. In contrast, the
heteroepitaxial β-Ga2O3 film grownon a sapphire substrate follows the
island-growth model and displays coral-like morphology (Fig. 1c) with
a relatively large RMS roughness of 3.1 ± 0.22 nm (Supplementary
Fig. 1c). Both Raman spectra of the homoepitaxial and heteroepitaxial
β-Ga2O3 films show a set of characteristic Raman peaks at 113.2, 143.8,
168.9, 199.3, 319.7, 345.6, 416.0, 657.5 and 765.3 cm−1 (Fig. 1d), which
arewell consistent with the previously reported data32,34. Furthermore,
X-ray photoelectron spectroscopy (XPS) measurements confirm that
the homoepitaxial β-Ga2O3 films have high chemical purity and their
chemical composition is close to the ideal stoichiometry (Supple-
mentary Fig. 2). The thickness of epitaxial β-Ga2O3 film is about
200nm, as revealed by the low magnification cross-sectional trans-
mission electron microscopy (TEM) image (Supplementary Fig. 3).

We conducted high-resolution TEM (HRTEM) measurements to
investigate the interfacial microstructure and crystalline quality of the
homoepitaxial β-Ga2O3 films, taken along the zone axis <102> of β-
Ga2O3 (Fig. 1e). The atomically sharp interface between the epitaxial
layer/substrate almost cannot be distinguished (the interface indi-
cated by the dashed line is determined from the global large-scale TEM
image in Supplementary Fig. 4), revealing the high-quality homo-
epitaxy of the β-Ga2O3 film. As shown in the magnified interfacial
region (Fig. 1f), thed-spacingof lattice structure is 4.68Å,matching the
(−201) planes of β-Ga2O3, while the lateral lattice distance of β-Ga2O3 is
about 1.52 Å, corresponding to the lattice spacing of β-Ga2O3 (020)
planes. These results are aligning with the observed sharp and bright
diffraction spots of the selected area electron diffraction (SAED) pat-
tern taken from the interface (the inset of Fig. 1e). In addition, the
interface structure of the heteroepitaxial β-Ga2O3 film was also inves-
tigated (Supplementary Fig. 5), and the epitaxial relationship between
the β-Ga2O3 epilayer and the sapphire substrate is determined as
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Fig. 1 | Characterizations of the epitaxial β-Ga2O3 thin film. Atomic force
microscopy (AFM) images of the single crystal β-Ga2O3 wafer (a), the homoepitaxial
β-Ga2O3 (b) and heteroepitaxial β-Ga2O3 (c) films grown on sapphire substrate.
dRaman spectra of the homoepitaxial and heteroepitaxialβ-Ga2O3films. The asterisks

denote the Raman peaks of sapphire substrate. e High-resolution transmission elec-
tron microscopy (HRTEM) image of the homoepitaxial β-Ga2O3 interface taken along
the β-Ga2O3 [102] direction. fAmagnified view of the orange boxed area in (e) and the
corresponding atomic intensity profile along the vertical dash lines.
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follows:β-Ga2O3 (−201)[010]//sapphire (0001)[1–100]. The orientation
relationship of β-Ga2O3 film is also confirmed by the corresponding
X-ray diffraction (XRD) patterns (Supplementary Fig. 6a). The XRD
rocking curve of (−201) peak displays a full width at half maximum
(FWHM) of 0.007° (25 arcsec) and 1.21° for the homoepitaxial and
heteroepitaxial β-Ga2O3 layers (Supplementary Fig. 6b), respectively,
suggesting that the crystalline quality of homoepitaxial β-Ga2O3 layer
is much higher than that of the heteroepitaxial counterpart.

Photophysical properties of SPEs in β-Ga2O3

The spectroscopy measurements on all β-Ga2O3 samples were con-
ducted using a homemade confocalmicroscopy systemequippedwith
an objective lens with high numerical aperture (NA =0.9) and a 532nm
continuous-wave laser at room temperature. Several plasma-treatment
combined with annealing processes have been attempted to generate
isolatedpoint-defects inβ-Ga2O3. Similar to the as-grownβ-Ga2O3films
without any treatment, both plasma treatment alone and plasma
treatment with air-annealing don’t cause PL emission, and only two
Raman peaks of β-Ga2O3 are observed (Supplementary Fig. 7a). By
applying plasma treatment followedby vacuumannealing, theβ-Ga2O3

film exhibits PL defect-emission with strong fluorescence background
(Supplementary Fig. 7b). When these β-Ga2O3 films were further
annealed in air at 850 °C for 30min, the fluorescence background is
substantially reduced (Supplementary Fig. 7c). Thus, we introduced
isolated point-defects in β-Ga2O3 films through plasma treatment and
activated them using vacuum annealing, and followed by air annealing
to eliminate the fluorescence background. Unless otherwise specified,
this treatment procedure was employed in all subsequent experi-
ments. The normalized confocal photoluminescence (PL) intensity
maps for the homoepitaxial and heteroepitaxial β-Ga2O3 films are
shown inFig. 2a,b, respectively, where the local bright spotsmarkedby
redboxes are isolated emissionpoints. As revealed by an analysis using
Ripley’s K function (Supplementary Fig. 8), these emission points are
uniformly and randomly distributed in both samples. The density of

SPEs is estimated to be 0.02 counts μm−2, which is comparable with
previously reported quantum emitters in SiN16, GaN19 and AlN22. The PL
spectra of two representative SPEs in the homoepitaxial and hetero-
epitaxial films are shown in Fig. 2c. Both PL spectra exhibit an asym-
metric zero-phonon line (ZPL), possibly due to interactions with
phonons23. As revealed by the fitting results, the spectra are composed
of a prominent ZPL centered at ~565 nm (~2.19 eV) and a lower-intensity
phonon sideband (PSB) red-shifted by ~34meV, as well as a weak peak
at ~610 nm due to multi-phonon scattering and/or anharmonic
process35. The sharp peaks at ∼530/550 nm (marked by hash symbols)
and 690nm (marked by asterisk) in the PL spectra originate from the
Raman mode of β-Ga2O3 and sapphire substrate, respectively. The
Debye–Waller (DW) factors (i.e., the probability of coherently emitting
into the ZPL) are calculated to be 77% (homoepitaxial) and 70% (het-
eroepitaxial), which are higher than the values of several commonly
SPEs, such as G-center in Si (∼15%@10K)36, AlN (∼29%@10K)37, and
negatively charged nitrogen vacancy (NV−) center in diamond (2.55%
@room temperature)38. The emitters with a higher DW factor could be
directly enhanced via coupling to an optical cavity, achieving better
single-photon emission characteristics.

Next, we investigated the single photon purity of the emitters by
second-order autocorrelation g2(τ) measurements with a Hanbury
Brown-Twiss (HBT) interferometer. The normalized second-order
correlation function g2(τ) of SPEs in the homoepitaxial and hetero-
epitaxial β-Ga2O3 films is shown in Fig. 2d,e, respectively. The experi-
mental g2(τ) data were fitted (red lines) using a three-level model
without background correction25,39: g2(τ) = 1-(1 + a)e−|τ|/τ1+be−|τ|/τ2, where
a and b are fitting parameters, τ1 and τ2 are the lifetimes of the excited
and metastable states, respectively. From the fitting, we obtained the
g2(τ) value of 0.24 ±0.08 and 0.32 ±0.08 at zero delay time for the
homoepitaxial and heteroepitaxial β-Ga2O3, respectively, which is well
below the threshold of 0.5, unambiguouslyproving its nature of single-
photon emission. The real quantum emission purity could be higher
than the g2(0) values shown in Fig. 2d, e since they were obtained
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Fig. 2 | Characterization of room-temperature SPEs in β-Ga2O3. Normalized
confocal photoluminescence (PL) intensity maps of the homoepitaxial β-Ga2O3 (a)
and heteroepitaxial β-Ga2O3 (b) films. Red boxes mark isolated emission points.
c PL spectrafitted to Lorentzian functions for obtaining the individual weightage of
zero-phonon line (ZPL) and phonon sideband (PSB) for both homoepitaxial and
heteroepitaxial β-Ga2O3 films. The peaks marked by square grids and asterisks

originate from the Raman mode of β-Ga2O3 and sapphire substrate, respectively.
Second-order correlation functions g2(τ) of the single photon emitters (SPEs) from
the homoepitaxial β-Ga2O3 (d) and the heteroepitaxial β-Ga2O3 (e) films measured
under 5mWcontinuouswave laser excitation. f Saturation behavior of the emission
intensity of SPEs along with a theoretical fit for the homoepitaxial/heteroepitaxial
β-Ga2O3 films.
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without any background correction. In addition, because the g2(τ)
measurements were performed at a high excitation power of ∼5mW,
bunching behavior was also observed with a τ2 of a couple of tens ns.

The emission intensity of SPEs from both β-Ga2O3 films as a
function of excitation power is presented in Fig. 2f. The satura-
tion data were fitted with the power model: I(P) = I∞ × P/(P + Psat),
where I∞ and Psat are fitting parameters corresponding to the
maximum emission counts and saturation power, respectively16,19.
The fitted saturation curve yields a saturation count rate of
I∞= 1.6 × 104 counts s−1 and a saturation power of Psat = 3.3 mW for
the homoepitaxial β-Ga2O3. Similarly, we obtain a I∞ of 6.9 × 103

counts s−1 and a Psat of 2.4 mW for the heteroepitaxial β-Ga2O3

film. These results show that both the emission rate and the
purity of single photons emitted from the homoepitaxial β-Ga2O3

are higher compared to the heteroepitaxial β-Ga2O3, indicating
the superiority of high crystallinity of β-Ga2O3 as a host of SPEs. It
should be noted that the PL spectra were recorded using the
charge-coupled device detector of the spectrometer in this work,
which leads to a decrease in fluorescence intensity by approxi-
mately 50-fold. After correction for the reduced PL intensity, the
saturation brightness of β-Ga2O3-based SPEs can reach around 105

counts s−1, which is comparable to the other solid-state SPEs40,41.
Photostability of the quantum emitters was investigated by

recording PL spectra under continuous wave excitation and an inte-
gration time of 1 s. As shown in Fig. 3a, there is almost no change in the
PL intensity and position for more than 300 s of continuous acquisi-
tion, demonstrating the long-term stability of the SPEs in the homo-
epitaxial β-Ga2O3. To further examine the blinking and
photobleaching, the time-dependent PL intensity of the emitter with a
sampling time bin size of 200ms is displayed in Fig. 3b. The emitter
exhibits stable emission without obvious blinking or bleaching over a
measurement period of 180 s even under near-saturation excitation
power (5mW), revealing the emitter’s absolute photostability at room
temperature. The photostability of the quantum emitters hosted by

heteroepitaxial β-Ga2O3 is similar to that of its homoepitaxial coun-
terpart with occasional blinking (Supplementary Fig. 9).

Wemeasured the excitation polarization of emitters by rotating a
half-wave plate after the polarizer in the excitation path of the confocal
set-up while fixing the emission polarization measurements. Figure 3c
illustrates the normalized polarization-dependent contour map of PL
spectra for the emitter in the homoepitaxial β-Ga2O3, and the corre-
sponding waterfall plot of PL spectra is shown in Supplementary
Fig. 10. These PL spectra exhibit an obvious periodic variationwith the
change of polarization angle. Figure 3d shows the corresponding polar
coordinate plot of the PL intensity and the polarization angle θ, where
the experimental data is perfectly fitted by the function
I(θ) = Imin + Imaxcos

2(θ + θ0), exhibiting a two-lobed shape. The excita-
tion polarization visibilities H = (Imax – Imin)/(Imax + Imin) is calculated to
be 54%, indicating that the quantum emitters in the homoepitaxial β-
Ga2O3 have a single linearly polarized dipole transition. Similarly, the
linear polarization feature is also observed in the heteroepitaxial β-
Ga2O3 film (Supplementary Fig. 11).

The above results indicate that the quantum emitters can be
generated in both homoepitaxial and heteroepitaxial β-Ga2O3 films
through the plasma treatment and annealing. To examine whether
SPEs are prevalent in various types of β-Ga2O3, single-crystal β-Ga2O3

wafers were also plasma treated and subsequently annealed for fur-
ther characterization. As shown in Supplementary Fig. 12a, the bright
spots marked by red boxes in the PL map are attributed to single-
defect centers hosted by the single-crystal β-Ga2O3 wafer. The
representative PL spectrum consists of a sharp ZPL and a weak and
broad PSB (Supplementary Fig. 12b), and a clear antibunching is
demonstrated with a very lowmultiphoton probability of g2(0) = 0.18
(Supplementary Fig. 12c). The SPEs in the single-crystal β-Ga2O3 also
show high stability (Supplementary Fig. 12d) and linearly polarized
characteristics (Supplementary Fig. 12e). The fitted saturation curve
yields a saturation emission rate of I∞ = 5.7 × 103 counts s−1 at a
saturation power of 4.5mW (Supplementary Fig. 12f). Apparently, the
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emitters in single-crystal β-Ga2O3 wafers and epitaxial films show
similar luminescence characteristics.

To further investigate the statistics of the optical properties of
these SPEs, we collected a large number of PL spectra in three series:
101/88 emitters in a homoepitaxial/heteroepitaxialβ-Ga2O3 film and 95
emitters in a single-crystal β-Ga2O3 wafer, and extracted the ZPL
positions and linewidths by fitting the spectra with two Lorentzian
functions. The histograms in Fig. 4a show the ZPL wavelength

distribution for the emitters in different types of β-Ga2O3. These his-
tograms show that the SPE wavelengths vary over a wide range of
550–650nm, with most of the emitters exhibiting a ZPL around
560–590nm. Nevertheless, there are some differences between dif-
ferent types of β-Ga2O3. For the single-crystal β-Ga2O3 wafer and
homoepitaxial β-Ga2O3 film, about 72% of the emitters have ZPL
wavelengths within the range of 575 ± 15 nm, indicating a relatively
narrow spectral distribution. By contrast, only 60% of the investigated
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emitters are located in the spectral range from 560 to 590 nm for the
heteroepitaxial β-Ga2O3. Figure 4b summarizes the distribution of the
ZPL linewidth of the quantum emitters in three types of β-Ga2O3. The
majority of SPEs have a ZPL FWHM less than 15 nm with an average
FWHM of 9.7 nm, suggesting the excellent monochromaticity of
emitters hosted by β-Ga2O3. Figure 4c shows the distribution of ZPL-
PSB energies of the quantum emitters, where the ZPL-PSB energies of
the majority SPEs are distributed in the range of 20–60meV with a
mean value of 37meV. This energy separation is in good agreement
with the energies of phonon modes of β-Ga2O3 (20–90meV) reported
in the literatures42 andour calculations on the phonondensity of states
(Supplementary Fig. 13). The statistics of Huang–Rhys (S) factor (the
number of phonons emitted during vibrational relaxation) are dis-
played in Supplementary Fig. 14. These S factors are all less than 0.90
with an average value of ~0.50, signifying that pure electronic transi-
tions dominate in β-Ga2O3. The similarity of luminescence character-
istic of the SPEs in different β-Ga2O3 samples demonstrates that these
defects have similar crystallographic structure.

Origin of SPEs in β-Ga2O3

To gain insight into the origin of the quantum emitters observed in β-
Ga2O3, we conducted systematic theoretical studies of defect struc-
tures via density functional theory (DFT). As is well-known, there are
two crystallographically inequivalent gallium sites (labelled GaI and
GaII) and three inequivalent oxygen sites (labelled OI, OII, and OIII) in
monoclinicβ-Ga2O3 (Fig. 5a).Due to its lowsymmetry,β-Ga2O3 harbors
a diverse array of defects. The pervasiveness of the SPEs in different β-
Ga2O3 samples suggests that intrinsic defects rather than extrinsic
defects are responsible for the observed quantum emissions. Ga or O
interstitials are metastable and are expected to diffuse at higher tem-
peratures. Actually, there is limited experimental evidence for Ga or O
interstitials under normal conditions43. Therefore, in this work, four
main intrinsic vacancy defects, including gallium vacancies (VGa),
oxygen vacancies (VO), Ga-O divacancies (VGa-VO), andO-Odivacancies
(VO-VO) in their neutral, negatively, and positively charged states are
considered. The formation energies for various vacancy defects with
different charge states as a function of the Fermi energy were calcu-
lated previously44. Firstly, we calculated the Kohn-Sham (KS) energy
levels, ZPL energies, and S factors only for these stable charge states of
various defects44 using the Perdew–Burke–Ernzerhof (PBE)
functional45, as listed in Supplementary Table 1. To rapidly identify
potential candidate defects for SPEs, two preliminary screening rules
are applied to exclude some defects. (i) Defects capable of emitting
single photon usually require the formation of a two-level system
between the conduction band minimum (CBM) and the valence band
maximum (VBM). These defects without a two-level system are
excluded as candidates for SPEs, and they are marked by “×” in Sup-
plementary Table 1. (ii) These defects with calculated S > 1.80 (marked
by “-” in Supplementary Table 1) are also dismissed to refine these
remaining candidates, sinceexperimentally statistically S factors are all
less than0.90with an average value of 0.50. Further, we employed the
Heyd-Scuseria-Ernzerhof (HSE) hybrid functional46 to obtain accurate
ZPL energies, which is a key predictor to evaluate the origin of the
experimentally observed quantum emitters. As summarized in Sup-
plementary Table 1, the predicted ZPL energy (2.34 eV) of neutral VGaI-
VOIII defects (Fig. 5b) align closely with the experimental values
(2.20 eV), indicating a possible SPE candidate. The KS energy levels of

the VGaI-VOIII defect in different charge states are shown in Fig. 5c and
Supplementary Fig. 15. Among them, when the defect charge state is
−3, there is no two-level system suitable for optical transitions. The +2
and −1 charge states are also discarded due to the calculated high
S factors. To further identify the candidate defects, the calculated
optical properties of the neutral VGaI-VOIII defect, including ZPL energy,
longitudinal optical (LO) phonon energy (ELO), DW and S factors,
excited-state lifetime (τ) are compared with the typical experimental
results. As seen from Table 1, the theoretically predicted optical
properties are fully consistent with the experimental data, indicating
that the neutral VGaI-VOIII defect is the most promising SPE candidate.
The calculated electron-phonon spectral density, from which the S
factor and ELO can be derived, is shown in Supplementary Fig. 16.

Furthermore, the predicted excited-state lifetime of the neutral
VGaI-VOIII is about 1.12 ns, and such short lifetime can be understood by
its wavefunctions of the highest occupied orbital and the lowest
unoccupied orbital related to optical transitions. As shown in Fig. 5d, e,
both wavefunctions show typical localization characteristics, corre-
sponding to deep-level defects. Their similar spatial distribution
implies a large transitiondipolemoment between the two levels, which
explains the short excited-state lifetime. Additionally, the calculated
emission spectrumof the neutral VGaI-VOIII is shown in Fig. 5f, whichhas
been horizontally shifted from the ZPL energy to match the experi-
mental result. The similarity between the theoretical and experimental
line shapes is remarkable, especially, the PSB accounts for the asym-
metric broadening of the PL spectrum. Based on these calculations, we
identified the neutral VGaI-VOIII as a suitable defect to explain the
observed single-photon emissions in β-Ga2O3.

Discussion
In summary, optically stable single-photon emissions from point
defects in β-Ga2O3 in the visible range have been observed at room
temperature. We found that the SPEs can be generated in various β-
Ga2O3, including homoepitaxial and heteroepitaxial β-Ga2O3 films and
commercially available single-crystal β-Ga2O3 wafers, by plasma
treatment combined with annealing. Compared with the hetero-
epitaxial β-Ga2O3 films, the emitters hosted by homoepitaxial β-Ga2O3

films and single-crystal β-Ga2O3 wafers exhibit better performance.
Photophysical analysis reveals bright (~105 counts/s after correction),
pure (g2(0) < 0.2), stable, linearly polarized room-temperature quan-
tum light emission from color centers in various β-Ga2O3 samples. DFT
calculations indicate that the neutral VGaI-VOIII defect is responsible for
the observed single-photon emissions. This bright SPEs operating at
room temperature provides a fundamental building block for β-Ga2O3-
based optoelectronic devices and future integrated quantum
photonics.

Methods
Sample fabrication
The homoepitaxial and heteroepitaxial β-Ga2O3 thin films were grown
on the β-Ga2O3 (−201) single crystal substrates and sapphire (0001)
substrates by LPCVD, respectively. The LPCVD system consists of a
two-inch tubular quartz reactor and has two independently controlled
temperature zones. Before the growth process, single-side polished β-
Ga2O3 (−201) substrates (1mm thick) and sapphire (0001) substrates
(0.5mm thick) were sequentially cleaned by acetone, ethanol, and
deionized water in an ultrasonic bath, followed by drying with N2 gas.

Table 1 | Comparison of the calculated and experimental optical properties for the defect emission

type charge μ ZPL@HSE (eV) ELO (meV) ΔQ (Å amu1/2) S DW factor τr (ns)

VGaI-VOIII 0 1 2.34 25.4 0.353 0.28 0.76 6.42

Exp. - - 2.20 27.0 - 0.30 0.77 2.52

These properties include the charge state, magnetic moment (μ), zero-phonon line (ZPL), the LO phonon energy (ELO), the mass-weighted displacement (ΔQ), electron-phonon coupling effects
including the Huang-Rhys (S) factor and Debye-Waller (DW) factor, and radiative lifetime ðτrÞ.
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High purity Ga pellets and O2 with a flow rate of 10 sccm were used as
precursors. The Ga-source and substrate temperatures were fixed at
830 and 800 °C, respectively. Ar with a flowing at 50 sccm acted as the
carrier gas, and the growth was conducted at a pressure of 40 Pa for
30min. Finally, the furnace was cooled down to room temperature in
an Ar atmosphere.

The plasma treatment was carried out in a home-made system
equipped with a 13.56MHz radio frequency (RF) plasma generator.
The cleaned β-Ga2O3 samples were first loaded into the plasma
treatment chamber, then it was evacuated to a pressure of less than
1 Pa. Afterward, the plasma treatment was performed at room tem-
perature and a constant RF power of 100W for 10min. Finally, the
plasma-treated β-Ga2O3 samples were annealed in a tube furnace at
850 °C and an atmospheric pressure of less than 1 Pa for 30min to
promote the formation of optically active defects. A further
annealing at 850 °C under air atmosphere for 30min is usually
performed to reduce the influence of spectral background
fluorescence.

Characterization
The surface morphology of β-Ga2O3 samples was characterized by
atomic forcemicroscope (AFM) with a NT-MDT solver P47microscope
in the semi-contact mode. Raman spectra were collected by a Smart-
Raman confocal-micro Raman system (Horiba iHR550 spectrometer)
under the backscattering geometrywith a 532 nm laser in the region of
100–800 cm−1. XRD measurements were carried out with a Rigaku D/
MAX-2500 diffractometer with a Cu Kα (λ = 1.5406Å) radiation source
operating at 40 kV and 40mA. X-ray photoelectron spectroscopy
(XPS) core levels were acquired with an ESCALAB 250Xi spectrometer
using monochromatized Al Kα source (1486.6 eV). The micro-
structures of epitaxial β-Ga2O3 films were analyzed by transmission
electronmicroscopy (TEM) using a Talos F200Smicroscope operating
at 200 kV.

The optical spectroscopy measurements on all β-Ga2O3 samples
were conducted using a custom-built micro-area confocal PL setup
equipped with an objective lens of high numerical aperture (0.9) and a
532nm continuous-wave (CW) laser at the room temperature. PL
spectra were acquired with the charge-coupled device detector of
Andor Kymera 328i-B1 spectrometer and a CCD camera, resulting in an
approximate 50-fold reduction in fluorescence intensity. The excita-
tion polarizations were measured by placing a broadband polarizer
(Thorlabs) and a half-wave plate in the excitation path. Second-order
autocorrelations (g2(τ)) were measured using a Hanbury Brown-Twiss
system excited by a 532 nm continuous wave laser and connected to a
time-correlated single photon counting module with two avalanche
photodiodes (APDs).

DFT calculations
DFT calculationswereperformed using the projector augmentedwave
(PAW) method as implemented in the Vienna Ab initio Simulation
Package (VASP)47. For defect modeling, a 160-atom supercell was
constructed, and self-consistent calculations were carried out with a
single Γ-point. The energy convergence criterion and force con-
vergence criterion for structural relaxation were set to 0.02 eV/Å and
10−5 eV, respectively. All DFT calculations utilized a plane-wave cutoff
energy of 520 eV. Topredict optical properties, we calculatedΔQ and S
using constrained DFT based on the PBE ground-state and excited-
state geometries. The ΔSCF method was employed to predict ZPL
energies under both PBE and HSE functionals. By adjusting α to 0.39,
we calculated the bandgap of bulk β-Ga2O3 as 4.87 eV, which is in
excellent agreement with experimental values28. The radiative lifetime
τr associated with ZPL was determined using Fermi’s golden rule48. PL
line shapes were simulated using the PyPhotonics package49, and
phonon energies were determined via the finite displacement method
implemented in the Phonopy code50.

Data availability
The data that support the findings of this study are available within in
the published article and its Supplementary Information. Any other
relevant data are available from the corresponding authors upon
request.
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