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We report ultra-high responsivity of epitaxial (SnxGa1−x)2O3 (TGO) Schottky UV-C photodetectors and experimentally
identified the source of gain as deep-level defects, supported by first principle calculations. Epitaxial TGO films were
grown by plasma-assisted molecular beam epitaxy (PAMBE) on (-201) oriented n-type β -Ga2O3 substrates. Fabricated
vertical Schottky devices exhibited peak responsivities as high as 3.5×104 A/W at -5 V applied bias under 250 nm
illumination with sharp cut-off shorter than 280 nm and fast rise/fall time in milliseconds order. Hyperspectral imaging
(HSI) cathodoluminescence (CL) spectra were examined to find the mid-bandgap defects, the source of this high gain.
Irrespective of different tin mole fractions the TGO epilayer exhibited extra CL peaks at the green band (∼2.20 eV) not
seen in β -Ga2O3 along with enhancement of the blue emission-band (∼2.64 eV) and suppression of the UV emission-
band. Based on hybrid functional calculations of the optical emission expected for defects involving Sn in β -Ga2O3,
VGa-Sn complexes are proposed as potential defect origins of the observed green and blue emission-bands. Such
complexes behave as acceptors that can efficiently trap photogenerated holes and are predicted to be predominantly
responsible for the ultra-high photoconductive gain in the Sn-alloyed Ga2O3 devices by means of thermionic emission
and electron tunneling. Regenerating the VGa-Sn defect complexes by optimizing the growth techniques, we have
demonstrated a planar Schottky UV-C photodetector of the highest peak responsivity.

Gallium oxide has become a natural choice for deep UV
applications because of its ultra-wide optical bandgap that ex-
ceeds ∼4.4 eV at room temperature (RT).1 Alloying Ga2O3
with In2, Al3, and Sn4 can modify the bandgap of the epilayer
allowing UV-C optoelectronic devices to be tuned. Among
them, tin gallium oxide photodetectors has become a viable
path for ultra-high responsivity with shorter transient charac-
teristics than its Ga2O3 counterparts.4–6 It has been a chal-
lenge to identify the source of high gains in Ga2O3-based
photodetectors, and recent reports demonstrated its correla-
tion with deep-level defects.6–9 The fast progress of wide-
bandgap metal-oxide relies on the success in understanding
and controlling their defects.10,11 Cathodoluminescence (CL)
Hyperspectral imaging (HSI) becoming an invaluable tool for
defect metrology because of its ability to map intensity vari-
ations or shifts in the emission wavelength.12 Identifying the
nature and the concentration of those defects in a material and
further manipulating them to tune the functional properties
in a desired manner have become an important part of defect
engineering.13
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In this research, we epitaxially grew TGO layers on (-201)
Sn-doped β -Ga2O3 substrates by PAMBE and fabricated ver-
tical Schottky solar-blind UV photodetectors. Considering a
planar device and heterojunctions with Ga2O3, the reported
responsivity (3.5×104 A/W) in this paper is the highest for a
UV-C Schottky photodetector.14 We performed X-ray Diffrac-
tion and cross-sectional high-resolution transmission electron
microscope (HRTEM) to investigate the crystalline quality
of the film. An electron probe microanalyzer (EPMA) was
used to measure RTCL as well as wavelength dispersive X-
ray (WDX) spectroscopy to quantify the Sn composition. CL-
HSI spectra were collected and analyzed to investigate optical
emission related to deep-level defects.15 The optical emission
energies of Sn-related defects in β -Ga2O3 were estimated uti-
lizing hybrid functional calculations. The epitaxial growth,
fabrication and characterization experimental details are de-
scribed in Supplementary Annexure-A.

To evaluate relative defect solubilites and associated de-
fect level positions, defect formation energies (E f ), thermody-
namic and vertical transition levels were calculated using the
Heyd-Scuseria-Ernzhof screened hybrid functional (HSE06)
and projector-augmented wave (PAW) approach as imple-
mented in the VASP code.16–19 All calculations were per-
formed using supercells with 160-atoms with the same com-
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FIG. 1. (a) Schematic of epilayers and fabricated real image of de-
vice/sample, b) comparative XRD, c) bandgap and Sn% with MBE
flux-ratio.

putational approach and finite size corrections for the forma-
tion energies and thermal and vertical transition energies as
detailed in other previous publications.20–22 Configuration co-
ordinate diagrams were constructed with the calculated ener-
gies and used to evaluate the resulting optical excitation and
emission energies to compare with the experimental spec-
tra. To assess uncertainties in the reduction of the bandgap
with Sn-alloying, we provide additional estimates of calcu-
lated emission energies assuming the observed redshift in the
bandgap occurs in the conduction band only vs including con-
tributions to changes in the valence band position. These
choices lead to additional uncertainties in the calculated en-
ergies by approximately 0.1 eV.

Fig.1(a) shows cross-section schematic of epilayers and
real images of fabricated devices/sample while supplemen-
tary Fig.S1 shows the surface morphology. Fig.1(b) XRD
plot shows that the TGO epilayers are monoclinic in nature,
following the Ga2O3 substrate with the major peaks aligned.
The two extra peaks at ∼30.28◦ and ∼44.37◦ of the TGO film
might be the (-402) and (-604) planes of monoclinic TGO
epilayer. However, with the limited XRD database of TGO,
it is hard to attribute the right orientation. Thus, we per-
formed cross-sectional HRTEM where we observed that the
orientation is slightly modified from monoclinic phase, which
needs to be studied further; not the scope of this paper. The
tin concentration variation was not much among the samples
and consequently, we haven’t observed any peak shifting in
XRD as we saw in TGO on (010) β -Ga2O3

5, sapphire4, and
silicon6 substrates. Tauc Plot in Fig.S2 shows the estimation
of the band-gap for various Sn concentrations. This band-gap

FIG. 2. [010] Cross-sectional TEM images of TGO film and sub-
strate. (a-b) are HAADF images with different magnification. (c)
and (d) are SADPs taken from substrate and film, respectively. (e)
schematic of SADP, the white spots correspond to the diffraction pat-
tern from substrate, the black spots refer to strong diffraction from
the TGO film.

along with Sn% found by WDX plotted in Fig.1(c) with MBE
Ga/Sn flux-ratio. A redshift in the bandgap is observed as the
Sn incorporation in the TGO is increased. Compositionally
uniform epilayer is evident in Fig.S3 WDX cross-sectional
images.

The HAADF images in Fig.2(a-b) clearly show the thick-
ness of the epilayer as 500 nm as well as the film qual-
ity. Fig.2(c-d) presents the selected area diffraction pat-
tern (SADP) for the substrate and TGO epilayer respectively.
When the two SADP images are compared, the growth plane
in the film is the same, but additional spots appear in the mid-
dle of two adjacent (-201)sub diffraction spots. Both diffrac-
tion patterns are parallel to (010)sub, which is in the growth
plane. The (201)sub plane is nearly perpendicular to the
growth direction which is used to speculate the in-plane orien-
tation relationship between the film and substrate. Fig.2(e) is
the schematic of SADP in [010] direction for both film and
substrate. The black spots refer to strong diffraction from
film, while white spots refer to diffraction from substrate. The
diffraction spots, mainly perpendicular to the growth direction
for the film, are not only parallel to (201)sub, but also show a
2:3 spacing ratio. All of the observation and analysis indicate
that the microstructure of film has changed due to Sn-alloying.
This is likely due to the interplay between the concentrations
of incorporated donors like Sn, compensating VGa species, and
their connection to structural defects or alternative phases in-
clusions like the γ-phase.23,24 While in this work we focus on
the Sn-related defects in the β -phase as an initial proxy to un-
derstanding the origins of the observed emission-bands and
measured optical response, further work is needed to better
resolve the structure and clarify its role in the device perfor-
mance and optical behavior.

Fig.3(a) shows the I-V characteristics for a 500 µm diam-
eter device of the highest responsivity sample (35 kA/W) in
the dark and under UV illumination. Fig.S4 provides the
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FIG. 3. (a) I-V characteristics, (b) Spectral responsivity of the high-
est responsivity sample, (c) transient with curve fittings.

measured spectral response of different devices at -5 V. We
observe a clear redshift in the 1-dB cutoff below 280 nm
as the Sn% increases, consistent with our prior works.4–6.
The absolute spectral responsivity of the optimized sample
in Fig.3(b) validates the solar-blind functionality. Transient
measurements, shown in Fig.3(c), were fitted with a double
exponential to determine the τ1 and τ2 times for both the rise
and fall segments. The devices’ τ1 fall times were consider-
ably shorter, with all devices having values in the millisec-
onds regime. Achieving millisecond order rise/fall times at
an extremely high responsivity of 35 kA/W makes TGO de-
vices very fast compared to its counterparts because of the
trade-off14 between response time and gain in the system in
the Ga2O3-based Schottky barrier photodetectors.

The optimized sample shows an ultra-high peak responsiv-
ity of 3.5×104 A/W implying that there is a clear gain mecha-
nism since EQE cannot be more than unity. These high-gains
are attributed to three main mechanisms in the literature: Im-
pact ionization, Self-Trapped holes (STHs), and hole-trapping
in the space-charge region (SCR) in Schottky-barrier diodes.
Impact ionization requires a high electric field in the SCR,
however, it is not the case with low bias voltages (only -5 V
in this work). Likewise, STHs are thermally unstable above
90 K25, and a 0.40 eV barrier was calculated for migration
of STHs26. Therefore, they may not have a noticeable ef-
fect at RT. Hole-trapping at the SCR is considered to be the
root of the high photoconductive gain by means of deep-level
defect states, especially VGa.6,8 Therefore, we propose that
Sn-alloying introduces deep-level defects rather than irradi-
ation with fast reactor neutrons, 20 MeV protons, or treat-
ment in high ion density Ar-plasma.9 This is also consistent
with prior reports that confirm the expected correlation be-
tween incorporated donor concentrations and native sources
of compensation like VGa deep acceptors that can readily trap
holes.21,23,24,27,28 To further investigate the deep-level defects,
we performed CL spectroscopy and HSI.

Peak positions of all the TGO samples appeared same as
shown in Fig.4(a). It also clearly shows the appearance of
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FIG. 4. Comparative CL spectra from TGO samples and Ga2O3 sub-
strate excited using a 6 keV electron beam; (a) absolute CL intensity
in log10 scale, (b) normalized intensity.

peaks (mid-gap donor/acceptor level) at blue (∼2.50-2.75 eV)
and green bands (∼2.10-2.25 eV), which are not present in the
substrate. Deconvolving the spectra identifies the peak posi-
tions as ∼2.64 eV and ∼2.20 eV which can clearly be seen in
Fig.4(b) where the normalized CL intensities are plotted for
both the TGO films and the substrate.

Moreover, in the TGO films, the UV-range peak intensity is
lower and that of the blue emission is greater compared to the
Ga2O3 substrate. We have not observed any definite correla-
tion between CL peak intensity variations with Sn% among
the samples. Intrinsic point-defects in Ga2O3 such as VGa
and oxygen vacancies (VO) exhibit distinct dependencies on
the ambient, doping, defect concentrations, and their relative
populations can influence the absorption and luminescence
characteristics.29–33 In Fig.4(b), the UV band is found to be
diminished in the TGO film relative to the bulk Ga2O3, which
indicates the enhancement of other recombination channels
not associated with intrinsic hole-trapping in the form of
STHs.32 Regarding the second intrinsic point defect, we first
note that the TGO films are found to be modestly n-type by
CV measurement (n∼ 1017cm−3), despite their large Sn con-
centration. This suggests significant compensation of incor-
porated Sn donors, consistent with the formation of a larger
number of compensating acceptor species such as VGa that be-
come more favorable in n-type conditions.21,23,24,27,28,34 VGa is
also known to form a number of complexes with other intrin-
sic and extrinsic donor defects such as VO, H35,36, and Sn23,28

because of the Coulomb attraction between positively charged
donors and the triply negatively charged VGa. This results in
highly stable complexes with large binding energies such as
1.63 eV for the most stable forms of VGa-Sn complexes in n-
type material. We have mentioned earlier that the 2.20 eV and
2.64 eV peaks are not present in neither the Ga2O3 substrate
nor MBE grown Ga2O3 homoepitaxial layer. The incorpora-
tion of Sn donors into the Ga2O3 crystal lattice may well have
increased the concentration of compensatory VGa and VGa-Sn
complexes, which will be investigated in the subsequent para-
graphs.

To further interrogate the role of Sn, WDX and CL HSI
was performed as shown in Fig.5. The observed emission
spectra are uniform over the cross-section of the TGO epi-
layers. Fig.5(a) shows a map of the Sn WDX counts identi-



Role of Defects in Ultra-high Gain in Fast Planar Tin Gallium Oxide UV-C Photodetector by MBE 4

FIG. 5. Cross-sectional WDX and CL-HSI of the TGO film and
substrate. Images showing the intensity of (a) Sn WDX X-ray counts,
and emission peaks of (b) UV, (c) blue, (d) green.

FIG. 6. Formation energy diagram for VGa and related complexes
with H and Sn shown for (a) Ga-rich and (b) O-rich conditions

fying the TGO layer and the Ga2O3 substrate. The UV-blue
emission peak intensity is reduced in the presence of Sn as
shown in Fig.5(b) and (c), respectively. In addition, Fig.5(d)
demonstrates that the green emission peak is consolidated in
the TGO film, with an intensity far greater than in the Sn-
doped substrate, which is further evidence of this emission
peak being related to Sn and/or VGa complexes, as previously
stated.

Fig.6 plots the calculated formation energies for VGa and a
number of complexes that may form with H and/or Sn. We
primarily consider the displaced, or “split” vacancy configu-
rations (e.g. V ic

Ga and V ib
Ga) that have been previously shown

to be favorable configurations for isolated VGa and their com-
plexes with H and Sn.23,27,35 These complexes can form with
Sn or Ga as the displaced atom that occupies the intersti-
tial position (ic or ib), with Snic or Snib being the more
thermodynamically-preferable configurations, and labeled in
Fig.6 as V ic

GaSn or V ib
GaSn, respectively. We also include for-

mation energies for VGa on the tetrahedral (GaI) and octahe-
dral (GaII) sites, with different neighboring SnGaII configura-

tions. These results illustrate the strong driving force to form
compensating VGa acceptor complexes as the Fermi level is
pushed to more n-type conditions, and how fully-passivated
complexes can also be favorable (e.g. VGa-3H, VGa-3SnGa,
and VGa-SnGa-2H, among others). Table I presents the calcu-
lated emission for the defects, from which we find the best
matches for the 2.64 eV band in the TGO films that result
from electron recombination with trapped hole states associ-
ated with a number of different vacancy configurations. In
particular, we find that recombination of a free electron with
a hole trapped on isolated (V ic

Ga)+ and (V ib
Ga)+ configurations

or their complexes with Sn (e.g. (V ic
Ga-Sn)+) exhibit an emis-

sion between ∼2.6-2.7 eV. This is consistent with previous
theoretical calculations reporting emission ∼2.6 eV for VGa-
Sn complexes.28 However, we find the donor charge-states
of these defects to be unlikely in n-type conditions, as they
would need to be ionized from the -3 charge-state, and thus
consider other more passivated forms such as the VGa deco-
rated with one or more Sn. Indeed, we find that analogs such
as a VGa-Snic complex with 1 or 2 neighboring SnGa, form
more passivated centers in n-type conditions that exhibit ∼2.6
eV emission-bands for free electrons recombining with holes
trapped at these centers. This suggests that under optical exci-
tation, hole-trapping at a number of different defects such as
these VGa complexes that are enhanced in the TGO can lead to
the 2.6 eV emission-band.

For the 2.20 eV band, we find a qualitatively analogous ori-
gin as the 2.64 eV band, but originating from defects involving
VGaII orientations rather than the split-vacancy configurations.
For example, we find the best agreement from the studied
defects to be from the recombination of free electrons with
holes trapped at the V+

GaII
donor-state or the fully-passivated

VGaII -3SnGa complex yielding emission energies of 2.16 eV
and 2.23 eV, respectively. We note that the binding-energies
of VGaII with multiple Sn is reasonably large, with the 3rd
Sn-binding more stable by 0.94 eV relative to isolated (VGaII -
2SnGa)− and Sn+Ga), suggesting these complexes are likely to
be stable if formed. Considering this modest complex binding
strength, the high surface mobility of Sn37, and the large de-
gree of compensation of the incorporated Sn in the TGO films,
these complexes are likely candidates for the 2.20 eV band.
This may also be supported by the lower relative intensities of
the 2.20 eV band, as the split-vacancy configurations are pre-
dicted to be more thermodynamically favorable and likely to
form in higher concentrations in the absence of other kinetic
hindrances that may result from complexing. Lastly, we note
that the presence of interstitial H and its passivation of VGa and
VGa-Sn complexes may also influence the relative stability of
these defects and their charge-states, and may contribute to
shifts in some of the emission-bands as seen in Table I. While
Sn-related defects are expected to dominate in these samples
based on their concentrations, the effects of H on these bands
will be investigated in more detail in future publications.

Among the three gain mechanisms mentioned, impact ion-
ization and STHs are not likely contributors. Hole-trapping at
the deep-level defects in the SCR is considered to be the root
of the high photoconductive gain by lowering the Schottky
barrier height in Ga2O3.8 Recently, we reported TGO on Si
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TABLE I. CC model parameters for VGa complexed with Sn and H donors, including ZPL energy (EZPL), classical emission (Eem) and
absorption (Eabs) energies, total mass-weighted distortion (∆Q). Obtained from HSE(0.33,0.20) dv calculations.

Optical transition EZPL (eV) Eem (eV) Eabs (eV) ∆Q(amu1/2/Å)

(V ib
Ga)

++ e−CMB 4.25 2.69 5.1 2.67

(V ic
Ga)

++ e−CMB 3.97 2.56 5 2.81

V+
Ga2 + e−CMB 3.62 2.16 4.92 2.79

V+
Ga1 + e−CMB 3.4 1.94 4.75 2.47

(V ic
GaSn)−+ e−CBM 2.95 1.51 4.27 2.42

(V ic
GaSn)0 + e−CBM 3.17 1.62 4.48 2.46

(V ic
GaSn)++ e−CBM 4.16 2.7 5.16 2.78

(V ib
GaSn)−+ e−CBM 2.32 0.91 3.67 2.34

(V ib
GaSn)0 + e−CBM 2.49 1.1 3.83 2.35

(V ib
GaSn)++ e−CBM 4.31 2.73 5.05 2.74

(V ic
GaSn-SnGa2)

0 + e−CBM 3.22 1.83 4.45 2.41

(V ic
GaSn-SnGa2)

++ e−CBM 4.07 2.64 5.09 2.82

(V ic
Ga-Sn-2SnGa2)

++ e−CBM 4 2.61 5.11 2.86

(VGa22SnGa2)
0 + e−CBM 3.14 1.8 4.33 2.03

(VGa23SnGa2)
++ e−CBM 3.64 2.23 4.83 2.15

(VGa13SnGa2)
++ e−CBM 3.15 1.79 4.36 2.19

(V ib
Ga2H)0 + e−CBM 3.57 2 4.81 2.59

(V ib
Ga3H)++ e−CBM 3.95 2.5 5.1 2.7

(V ib
Ga-Sn-H)0 + e−CBM 2.52 1.12 2.83 2.28

(V ic
Ga-Sn-H)0 + e−CBM 3.2 1.77 4.49 2.47

(V ib
Ga-Sn-2H)++ e−CBM 4.54 2.97 5.07 2.82

(V ic
Ga-Sn-2H)++ e−CBM 4.33 2.86 5.04 2.7
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FIG. 7. The proposed gain mechanism via deep-level acceptor states
introduced by Sn incorporation into the Ga2O3 crystal lattice. (a)
Carrier transport in TGO under dark conditions. (b) Hole-trapping-
assisted gain mechanism under UV illumination in TGO photodetec-
tors.

films showing enhanced blue and green emission, which was
attributed to the deep-level acceptors.6 This correlation and
the gain is higher in the present work along with faster PDs,

thanks to single crystal TGO epilayer. Moreover, based on hy-
brid functional calculations of the optical emission expected
for defects involving Sn in β -Ga2O3, VGa-Sn complexes with
the possibility of additional Hi are proposed as potential de-
fect origins of the observed green and blue emission-bands.
These complexes increase the deep-level trap states and can
serve as hole-trapping centers as illustrated in Fig.7. The
accumulated holes in the SCR via trapping to the deep ac-
ceptor sites increase the total positive charge. Thereby, the
electric field in the SCR increases. Higher surface electric
field (Emax) lowers the Schottky barrier via image-force low-
ering (∆Φb =

√
(qEmax/4πεs), and thins the barrier width.38

Thereby, it exponentially enhances thermionic emission and
the probability of electron tunneling, which leads to high gains
as demonstrated in this work. Li et al. have demonstrated
that near-ideal barrier tunneling governs dark current char-
acteristics for Emax greater than 0.8 MV/cm.39 They also in-
vestigated the electric-field threshold (ET) above which the
dominant current mechanism switches from thermionic emis-
sion to electron tunneling.40 They found that, at RT, ET is
about 0.3MV/cm, which means that even at moderate electric
fields, electron tunneling is an effective mechanism. Given
adequate hole-trapping at the aforementioned deep-level ac-
ceptors, both the Schottky effect and electron tunneling may
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be the major sources in the gain mechanism of TGO Schottky-
barrier photodetectors. Furthermore, alloying broadens the
UV-C coverage and increases the bandwidth of the resultant
photodetector.

In conclusion, the TGO planar solar-blind Schottky
photodetector demonstrated a record-setting responsivity
of 35510 A/W at -5 V. Defect-induced mid-bandgap
donor/acceptor levels were found to be playing a key role in
trapping holes and thereby, enhancing the photoconductive
gain. RTCL spectra and HSI depict clear peak appearances
at 2.64 eV and 2.20 eV, which are not present in the Ga2O3
substrate as well as MBE-grown Ga2O3 homoepitaxial layer.
UV-emission-bands in the substrate and Ga2O3 epilayers are
suppressed in the TGO films, suggesting either a redistribution
of defect populations and/or preferential recombination chan-
nels. The first principle calculations identify the nature of de-
fect levels to be VGa complexes with one or more Sn and pos-
sibly H that lead to passivated complexes that can trap holes
and lead to the dominant emission-bands in the TGO films.
Hole-trapping at these deep-level defects in the SCR is found
to be responsible for the exponential increase of photocurrent
by lowering the Schottky barrier height via the Schottky ef-
fect, and electron tunneling via lowering the barrier height
and thinning the barrier width. This study investigates how
Sn influences the mid-bandgap defect levels and enhances the
figure-of-merit of the photodetector which is much superior
to its planar device counterparts and possesses record-high re-
sponsivity for UV-C solar-blind photodetector.

See the supplementary material for the details of the
growth, fabrication, and characterization experiments. Fur-
thermore, we presented results and analysis from various ex-
periments like secondary electron imaging (Fig.S1), room
temperature optical bandgap estimations (Fig.S2), WDX map-
ping (Fig.S3), spectral responsivity measurements (Fig.S4).
In addition, further device parameters (Table S1) and
intensity-dependent responsivity (Fig.S5) and response time
(Fig.S6) are included to depict opto-electronic proprieties of
the photodetectors.
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