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ABSTRACT

We report ultra-high responsivity of epitaxial (Sn,Ga;_,),03 (TGO) Schottky UV-C photodetectors and experimentally identified the source
of gain as deep-level defects, supported by first principles calculations. Epitaxial TGO films were grown by plasma-assisted molecular
beam epitaxy on (—201) oriented n-type -Ga,O; substrates. Fabricated vertical Schottky devices exhibited peak responsivities as high as
3.5 x10* A/W at —5V applied bias under 250 nm illumination with sharp cutoff shorter than 280 nm and fast rise/fall time in milliseconds
order. Hyperspectral imaging 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 (~2.20eV) not seen in
f-Ga, 05 along with enhancement of the blue emission-band (~2.64 eV) and suppression of the UV emission-band. Based on hybrid func-
tional calculations of the optical emission expected for defects involving Sn in f-Ga, 03, Vs,—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 Ga,O; devices by means
of thermionic emission and electron tunneling. Regenerating the V5,-Sn defect complexes by optimizing the growth techniques, we have
demonstrated a planar Schottky UV-C photodetector of the highest peak responsivity.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0107557
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Gallium oxide has become a natural choice for deep UV applica- on the success in understanding and controlling their defects.

tions because of its ultra-wide optical bandgap that exceeds ~4.4 eV at
room temperature (RT).! Alloying Ga, O3 with In,” AL’ and Sn* can
modify the bandgap of the epilayer allowing UV-C optoelectronic
devices to be tuned. Among them, tin gallium oxide photodetectors
have become a viable path for ultra-high responsivity with shorter
transient characteristics than its Ga,O3 counterparts.” ° It has been a
challenge to identify the source of high gains in Ga,O3-based photode-
tectors, and recent reports demonstrated its correlation with deep-
level defects.”” The fast progress of wide-bandgap metal-oxide relies

Cathodoluminescence (CL) hyperspectral imaging (HSI) becomes an
invaluable tool for defect metrology because of its ability to map inten-
sity variations or shifts in the emission wavelength.'” Identifying the
nature and the concentration of those defects in a material and further
manipulating them to tune the functional properties in a desired man-
ner have become an important part of defect engineering."”

In this research, we epitaxially grew TGO layers on (—201)
Sn-doped f-Ga,O; substrates by plasma-assisted molecular beam
epitaxy (PAMBE) and fabricated vertical Schottky solar-blind UV
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photodetectors. Considering a planar device and heterojunctions with
Ga, 03, the reported responsivity (3.5 x10* A/W) in this paper is the
highest for a UV-C Schottky photodetector.'* We performed x-ray dif-
fraction and cross-sectional high-resolution transmission electron
microscopy (HRTEM) to investigate the crystalline quality of the film.
An electron probe microanalyzer (EPMA) was used to measure room
temperature CL (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.'” The optical emission energies of Sn-related defects
in f/-Ga, 03 were estimated using hybrid functional calculations. The
epitaxial growth, fabrication, and characterization experimental details
are described in the supplementary material, Annexure-A.

To evaluate relative defect solubilites and associated defect level
positions, defect formation energies (F) and thermodynamic and
vertical transition levels were calculated using the Heyd-
Scuseria-Ernzhof screened hybrid functional (HSE06) and the
projector-augmented wave (PAW) approach as implemented in the
VASP code.'® " All calculations were performed using supercells with
160-atoms with the same computational approach and finite size cor-
rections for the formation energies and thermal and vertical transition
energies as detailed in other previous publications.”” ** Configuration
coordinate diagrams were constructed with the calculated energies and
used to evaluate the resulting optical excitation and emission energies
to compare with the experimental spectra. To assess uncertainties in
the reduction of the bandgap with Sn-alloying, we provide additional
estimates of calculated emission energies, assuming the observed red-
shift in the bandgap occurs in the conduction band only vs including
contributions to changes in the valence band position. These choices
lead to additional uncertainties in the calculated energies by approxi-
mately 0.1eV.

Figure 1(a) shows a cross section schematic of epilayers and real
images of fabricated devices/sample, while the supplementary material,
Fig. S1, shows the surface morphology. The XRD plot in Fig. 1(b)
shows that the TGO epilayers are monoclinic in nature, following the
Ga, O3 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, respectively. However,
with the limited XRD database of TGO, it is hard to attribute the right
orientation. Thus, we performed 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 have not observed any peak shifting in XRD as
we saw in TGO on (010) $-Ga,Os,” sapphire,” and silicon” substrates.
The Tauc plot in Fig. S2 shows the estimation of the bandgap for vari-
ous Sn concentrations. This bandgap along with Sn% found by WDX
plotted in Fig. 1(c) with the 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 high-angle annular dark-field (HAADF) from HRTEM
images in Figs. 2(a) and 2(b) clearly show the thickness of the epilayer
as 500 nm as well as the film quality. Figures 2(c) and 2(d) present the
selected area diffraction pattern (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
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FIG. 1. (a) Schematic of epilayers and fabricated real image of device/sample, (b)
comparative XRD, and (c) bandgap and Sn% with MBE flux-ratio.

middle of two adjacent (—201),,, diffraction spots. Both diffraction
patterns are parallel to (010),,,, which is in the growth plane. The
(201)4,p plane is nearly perpendicular to the growth direction, which is
used to speculate the in-plane orientation relationship between the
film and substrate. Figure 2(e) is the schematic of SADP in the [010]
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FIG. 2. [010] Cross-sectional TEM images of the TGO film and the substrate. (a)
and (b) HAADF images with different magnifications. (c) and (d) SADPs taken from
substrate and film, respectively. (€) Schematic of SADP; the white spots correspond
to the diffraction pattern from substrate, and the black spots refer to strong diffrac-
tion from the TGO film.

Appl. Phys. Lett. 121, 111105 (2022); doi: 10.1063/5.0107557
Published under an exclusive license by AIP Publishing

121, 111105-2


https://www.scitation.org/doi/suppl/10.1063/5.0107557
https://www.scitation.org/doi/suppl/10.1063/5.0107557
https://scitation.org/journal/apl

Applied Physics Letters

direction for both film and substrate. The black spots refer to strong
diffraction from film, while white spots refer to diffraction from sub-
strate. The diffraction spots, mainly perpendicular to the growth direc-
tion for the film, not only are parallel to (201),,,;, but also show a 2:3
spacing ratio. All of the observation and analysis indicate that the
microstructure of the film has changed due to Sn-alloying. This is
likely due to the interplay between the concentrations of incorporated
donors like Sn, compensating Vi, species, and their connection to
structural defects or alternative phases inclusions like the y-phase.”””*
While, in this work, we focus on the Sn-related defects in the f-phase
as an initial proxy to understand 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 performance and
optical behavior.

Figure 3(a) shows the I-V characteristics for a 500 um diameter
device of the highest responsivity sample (35kA/W) in the dark and
under UV illumination. Figure S4 provides the measured spectral
response of different devices at —5V. We observe a clear redshift in
the 1-dB cutoff below 280 nm as the Sn% increases, consistent with
our prior works." ® 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 exponen-
tial to determine the 7; and 7, times for both the rise and fall segments.
The devices’ 7, fall times were considerably shorter, with all devices
having values in the milliseconds regime. Achieving millisecond order
rise/fall times at an extremely high responsivity of 35kA/W makes
TGO devices very fast compared to its counterparts because of the
tradeoff * between response time and gain in the system in the
Ga,O3-based Schottky barrier photodetectors.

The optimized sample shows an ultra-high peak responsivity of
3.5 x10* A/W, implying that there is a clear gain mechanism since
External Quantum Efficiency (EQE) cannot be more than unity. These
high-gains are attributed to three main mechanisms in the literature:
Impact ionization, Self-Trapped holes (STHs), and hole-trapping in
the space-charge region (SCR) in Schottky-barrier diodes. Impact
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FIG. 3. (a) |-V characteristics, (b) spectral responsivity of the highest responsivity
sample, and (c) transient with curve fittings.
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ionization requires a high electric field in the SCR; however, it is not
the case with low bias voltages (only —5V in this work). Likewise,
STHs are thermally unstable above 90K,” and a 0.40 eV barrier was
calculated for migration of STHs.”® Therefore, they may not have a
noticeable effect 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 Vi,.”* Therefore, we propose that Sn-alloying
introduces deep-level defects rather than irradiation with fast reactor
neutrons, 20 MeV protons, or treatment in high ion density Ar-
plasma.” This is also consistent with prior reports that confirm the
expected correlation between incorporated donor concentrations and
native sources of compensation like Vi, deep acceptors that can read-
ily trap holes.”"”****"** 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 peaks (mid-gap
donor/acceptor level) at blue (~2.50-2.75e¢V) and green bands
(~2.10-2.25 eV), which are not present in the substrate. Deconvolving
the spectra identifies the peak positions as ~2.64 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 Ga, O3 sub-
strate. We have not observed any definite correlation between CL peak
intensity variations with Sn% among the samples. Intrinsic point-
defects in Ga, O3 such as Vg, and oxygen vacancies (Vo) exhibit dis-
tinct dependencies on the ambient, doping, and defect concentrations,
and their relative populations can influence the absorption and lumi-
nescence characteristics.”” > In Fig. 4(b), the UV band is found to be
diminished in the TGO film relative to the bulk Ga, O3, which indi-
cates the enhancement of other recombination channels not associated
with intrinsic hole-trapping in the form of STHs.”* Regarding the sec-
ond intrinsic point defect, we first note that the TGO films are found
to be modestly n-type by Capacitance-Voltage (CV) measurement (n
~10'7 cm™?), despite their large Sn concentration. This suggests signif-
icant compensation of incorporated Sn donors, consistent with the for-
mation of a larger number of compensating acceptor species such as
Via that become more favorable in n-type conditions.” 7477534
Via is also known to form a number of complexes with other intrinsic
and extrinsic donor defects such as Vo, H,”>*° and Sn***® because of
the Coulomb attraction between positively charged donors and the tri-
ply negatively charged Vg, This results in highly stable complexes
with large binding energies such as 1.63 eV for the most stable forms
of V5,-Sn complexes in n-type material. We have mentioned earlier
that the 2.20 and 2.64 eV peaks are not present in neither the Ga,Os
substrate nor the MBE grown Ga, O3 homoepitaxial layer. The incor-
poration of Sn donors into the Ga,O5 crystal lattice may well have
increased the concentration of compensatory Vg, and Vg,~Sn com-
plexes, which will be investigated in the subsequent paragraphs.

To further interrogate the role of Sn, WDX and CL HSI were per-
formed as shown in Fig. 5. The observed emission spectra are uniform
over the cross section of the TGO epilayers. Figure 5(a) shows a map
of the Sn WDX counts identifying the TGO layer and the Ga,O3 sub-
strate. The UV-blue emission peak intensity is reduced in the presence
of Sn as shown in Figs. 5(b) and 5(c). In addition, Fig. 5(d) demon-
strates that the green emission peak is consolidated in the TGO film,
with an intensity far greater than in the Sn-doped substrate, which is
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further evidence of this emission peak being related to Sn and/or Vg,
complexes, as previously stated.

Figure 6 plots the calculated formation energies for Vg, and a
number of complexes that may form with H and/or Sn. We primarily
consider the displaced or “split” vacancy configurations (e.g., V&, and
V) that have been previously shown to be favorable configurations for
isolated Vi, and their complexes with H and Sn.”**"" These complexes
can form with Sn or Ga as the displaced atom that occupies the intersti-
tial position (ic or ib) with Sn or Sn®® being the more thermodynami-
cally preferable configurations and labeled in Fig. 6 as V Sn or V& Sn,
respectively. We also include formation energies for Vi, on the tetrahe-
dral (Gay) and octahedral (Gay) sites, with different neighboring Sn G,
configurations. These results illustrate the strong driving force to form
compensating Vi, acceptor complexes as the Fermi level is pushed to
more n-type conditions, and how fully passivated complexes can also be
favorable (e.g., V,—3H, V,—3SnG,, and Vg,-Sng,-2H, among others).
Table I presents the calculated 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 associated with a
number of different vacancy configurations. In particular, we find that
recombination of a free electron with a hole trapped on isolated (V)"
and (V&)Jr configurations or their complexes with Sn [e.g., (V&,~Sn)*]
exhibit an emission between ~2.6 and 2.7 V. This is consistent with
previous theoretical calculations reporting emission ~2.6 eV for V,-Sn
complexes.”” 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 Vi, decorated with one or more Sn. Indeed, we find
that analogs such as a Vg,—Sn™ complex with 1 or 2 neighboring Sng,
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 excitation, hole-trapping
at a number of different defects such as these Vi, complexes that are
enhanced in the TGO can lead to the 2.6 ¢V emission-band.

For the 2.20 eV band, we find a qualitatively analogous origin as
the 2.64eV band but originating from defects involving Vg,

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, ~donor-

state or the fully passivated Vg,,-3Sng, complex yielding emission

TABLE I. CC model parameters for Vi, complexed with Sn and H donors, including
zero phonon line (ZPL) energy (Ezp.), classical emission (E.n), and absorption
(Eaps) energies and total mass-weighted distortion (AQ). Obtained from
HSE(0.33,0.20) dv calculations.

EZPL Eem Eahs AQ
Optical transition (eV) (eV) (eV) (amu'/?/A)
(V&)™ + ecau 425 269 5.1 2.67
(VED" + ecpm 397 256 5 2.81
Vi + €cam 3.62 216 4.9 2.79
Véa + €cau 34 194 475 2.47
(VESD) ™ +ecpy 295 151 427 242
(VESN)” + ecpy 317 162 448 2.46
(VESn) " + ecpy 416 27 516 2.78
(V&Sn) ™ + ecpy 232 091 367 2.34
(VE,Sn)” + ecpy 249 11 383 235
(V&Sn)" + ey 431 273 505 274
(Vi€ Sn-Sngay)° + ecpy 322 183 445 241
(VEaSn-Sngaz) ™ + ecpyy 407 264 509 2.82
(Vie -Sn-2Snga) " +ecpy 4 261 511 2.86
(V6a22Sn6a2)° + ecpn 314 18 433 2.03
(VGa23SnGan) " + ecpy 364 223 483 2.15
(VGar3SnGa2) " + ecpu 315 179 436 2.19
(VE.2H)" + ecpy 357 2 481 259
(VR 3H) + ecpu 395 25 51 2.7
(Vi —Sn-H) + ey 252 112 283 2.8
(VE,~Sn-H)" + ecpy 32 177 449 247
(Vi —Sn-2H)" + ecpy 454 297 507 2.82
(Ve ~Sn-2H)" + ecpy 433 286 504 27
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energies of 2.16 and 2.23 eV, respectively. We note that the binding-
energies of Vg, with multiple Sn are reasonably large, with the third
Sn-binding more stable by 0.94 eV relative to isolated (Vga,—2Sng,
and Sn ), suggesting these complexes are likely to be stable if formed.
Considering this modest complex binding strength, the high surface
mobility of Sn,” and the large degree of compensation of the incorpo-
rated 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
predicted to be more thermodynamically favorable and likely to form
in higher concentrations in the absence of other kinetic hindrances
that may result from complexing. Finally, we note that the presence of
interstitial H and its passivation of Vg, and Vg,—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 ionization
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 photocon-
ductive gain by lowering the Schottky barrier height in Ga,0;.°
Recently, we reported TGO on Si films showing enhanced blue and
green emissions, which was attributed to the deep-level acceptors.”
This correlation and the gain are higher in the present work along
with faster PDs, thanks to the single crystal TGO epilayer. Moreover,
based on hybrid functional calculations of the optical emission
expected for defects involving Sn in /-Ga, O3, V,—Sn complexes with
the possibility of additional H; are proposed as potential defect origins
of the observed green and blue emission-bands. These complexes
increase the deep-level trap states and can serve as hole-trapping cen-
ters as illustrated in Fig. 7. The accumulated holes in the SCR via trap-
ping to the deep acceptor sites increase the total positive charge.
Thereby, the electric field in the SCR increases. Higher surface electric
field (E,.) lowers the Schottky barrier via image-force lowering
[AD, = \/(qux /Ames)] and thins the barrier width.”® Thereby, it
exponentially enhances thermionic emission and the probability of
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FIG. 7. The proposed gain mechanism via deep-level acceptor states introduced
by Sn incorporation into the Ga,O3 crystal lattice. (a) Carrier transport in TGO
under dark conditions. (b) Hole-trapping-assisted gain mechanism under UV illumi-
nation in TGO photodetectors.
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electron tunneling, which leads to high gains as demonstrated in this
work. Li et al. have demonstrated that near-ideal barrier tunneling gov-
erns dark current characteristics for E,,,, greater than 0.8 MV/em.”
They also investigated the electric-field threshold (ET) above which
the dominant current mechanism switches from thermionic emis-
sion to electron tunneling.”’ They found that at RT, ET is about
0.3 MV/cm, which means that even at moderate electric fields, elec-
tron tunneling is an effective mechanism. Given adequate hole-
trapping at the aforementioned deep-level acceptors, both the
Schottky effect and electron tunneling may 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 photodetec-
tor demonstrated a record-setting responsivity of 35510 A/W at —5V.
Defect-induced mid-bandgap donor/acceptor levels were found to be
playing a key role in trapping holes and thereby enhancing the photo-
conductive gain. RTCL spectra and HSI depict clear peak appearances
at 2.64 and 2.20 eV, respectively, which are not present in the Ga,03
substrate as well as the MBE-grown Ga, O3 homoepitaxial layer. UV-
emission-bands in the substrate and Ga,Oj; epilayers are suppressed
in the TGO films, suggesting either a redistribution of defect popula-
tions and/or preferential recombination channels. The first principles
calculations identify the nature of defect levels to be Vi, complexes
with one or more Sn and possibly 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 in photocurrent
by lowering the Schottky barrier height via the Schottky effect, 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 photode-
tector, which is much superior to its planar device counterparts and
possesses record-high responsivity for the UV-C solar-blind
photodetector.

See the supplementary material for the details of the growth, fabri-
cation, and characterization experiments. Furthermore, we presented
results and analysis from various experiments like secondary electron
imaging (Fig. S1), room temperature optical bandgap estimations (Fig.
S2), WDX mapping (Fig. S3), and spectral responsivity measurements
(Fig. S$4). 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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