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1. Introduction

Detection in the UV-C spectral region
with a cutoff wavelength below �280 nm,
i.e., solar blind is of great interest and
has numerous potential applications in
field, including military defense, UV
astronomy, non-line-of-sight short-range
communications, flame sensing, and envi-
ronment and safety monitoring such as air/
water purification.[1] With a wide bandgap
of �4.7–4.9 eV and excellent chemical and
physical stability, gallium oxide (Ga2O3)
has become an attractive choice of material
for UV-C photodetectors (PDs).[2] The
unique combination of high bandgap and
ability to extrinsically n-type-doped Ga2O3

has led to a measurable interest in studying
a wide range of prospective heterostructure
combinations, such as MgZnO/Ga2O3,

[3]

Ga2O3/GaN,
[4] Ga2O3/SiC,

[5] and Ga2O3/
Si,[6–14] for use as UV PDs. Among these
heterojunctions, Ga2O3/Si is especially
attractive due to the well-known cost and
availability advantages of Si substrates,

and its prominent applications in Si-based optoelectronic inte-
grated circuits.
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A high figure-of-merit UV-C solar-blind photodetector (PD) fabricated from thin-
film beta-gallium oxide (β-Ga2O3) grown on n-Si substrates by plasma-assisted
molecular beam epitaxy is demonstrated. Film growth sequences for nucleation
of Ga2O3 on (100)- and (111)-oriented Si substrates are developed, and the
influence of crucial growth parameters is systematically investigated, namely,
substrate temperature, oxygen flow rate, and plasma power on the functional
properties of the PDs. The PDs show an ultra-high responsivity of 837 AW�1 and
a fast ON/OFF time below 4ms at �5 V. In addition, they display strong rec-
tifying properties and a sharp cutoff below 280 nm with the average respon-
sivities between 10 and 80 AW�1, a detectivity on the order of 1010 Jones, and
rise/fall times between 4 and 500 ms. High photoconductive gain is likely to be
due to the mid-bandgap donor/acceptor defect levels, including oxygen vacancies
in the form of self-trapped holes. It is demonstrated that these defect levels can be
modified by controlling the growth conditions, thereby allowing for tailoring of
the PD characteristics for specific applications. The methodology represents a
cost-effective solution over homoepitaxial approaches, with characteristics that
meet or exceed those reported previously, offering new possibilities for on-wafer
integration with Si opto-electronics.

RESEARCH ARTICLE
www.adpr-journal.com

Adv. Photonics Res. 2021, 2, 2000067 2000067 (1 of 13) © 2021 The Authors. Advanced Photonics Research published by Wiley-VCH GmbH

mailto:partha.mukhopadhyay@creol.ucf.edu
https://doi.org/10.1002/adpr.202000067
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.adpr-journal.com


Ga2O3 and its related alloyed compounds have been studied
extensively for lateral and vertical Schottky PDs on sapphire
and bulk Ga2O3 substrates. However, there are very few reports
on the growth of Ga2O3 on Si substrates[12–15] with detailed exper-
imental data on heterointerface band alignment between Ga2O3

and Si. To the best of our knowledge, there is no reported work
on UV-C PDs fabricated from plasma-assisted molecular beam
epitaxy (PAMBE) β-Ga2O3 grown on n-type Si substrate, the nov-
elty of this work. To date, pulsed layer deposition (PLD) has been
a popular choice for Ga2O3/Si.

[6–8,13] Besides PLD, β-Ga2O3 has
also been deposited using a seed layer transfer technique on Si,[9]

achieving high responsivity and low dark current, however, at
zero bias only as self-powered lateral metal–semiconductor–
metal (MSM) solar-blind PD. n-type β-Ga2O3 nanobelts contacted
onto p-Si substrate have also been explored for UV-C PDs.[10]

Amorphous Ga2O3-based PDs have also been demonstrated
on silicon substrates using atomic layer deposition
(ALD)[11,12,14] and metal–organic chemical vapor deposition
(MOCVD).[15]

Albeit Ga2O3/Si PDs have been demonstrated by the growth
methods mentioned earlier, none investigate the influence of
growth conditions on material properties, starting from the
nucleation layers, and their impact on the functional properties
of the fabricated devices, the objective of this work. In this arti-
cle, we introduce heteroepitaxial MBE growth approaches to
combine different figure-of-merits for producing UV-C PDs.
We performed a range of growth optimization experiments
to understand the impact of growth conditions on the nucle-
ation and subsequent growth of polycrystalline Ga2O3 film
on lattice-mismatched n-type silicon (100)- and (111)-oriented
substrates. In particular, we vary the Ga pre-deposition, growth
temperature, oxygen flow, and plasma power. We then analyzed
the structural and optical properties of the grown samples and,
subsequently, fabricated the PDs to understand their functional
properties. This systematic approach of relating the growth con-
ditions to the device properties provides useful guidance for
researchers working in this growing field of manufacturing
UV-C PDs.

2. Experimental Section

Ga2O3 epilayers were grown by PAMBE on n-type (100) and (111)
silicon substrates. Oxygen was supplied by an SVT Associates
Inc. plasma source, and a standard Knudsen effusion cell was
used to source the Ga. Prior to the growth, the Si substrates were
cleaned using an internally developed process of multiple cycles
of ozone and dilute hydrofluoric acid, followed by a deionized
water rinse, removing surface contamination and forming a
thin high-quality SiO2 surface layer. The substrate was then ther-
mally cleaned at high temperature (800 �C) under vacuum
(�1� 10�9 Torr) inside the MBE chamber for several hours to
remove the SiO2 surface layer and ensure the high crystalline
quality of the underlying Si substrate. Further surface cleaning
was performed by a Ga treatment, as described elsewhere.[16] In
situ reflection high energy electron diffraction (RHEED) recon-
struction patterns were used to confirm the complete removal of
SiO2 from the surface. Prior to opening the MBE oxygen plasma
shutter, metallic Ga was pre-deposited for several minutes to
form a thin layer of Ga at a substrate temperature of 500 �C.
After this low temperature nucleation of Ga2O3, the substrate
temperature (Tsub) was ramped up to 660–730 �C. When the tar-
get growth temperature was reached, a 2min anneal was carried
out before the growth to improve the crystalline quality of the
nucleation layer, as verified by RHEED. Next, a thick Ga2O3 layer
was grown at a typical chamber pressure of 1.5–2.0� 10�5 Torr.
Further annealing was carried out after the growth under low
oxygen flow rate inside the MBE, and the samples were then
cooled down using a slow Tsub reduction rate to avoid cracking
of the film due to the thermal expansion coefficient mismatch
between Ga2O3 and Si. The average thickness of the Ga2O3 films
was �250 nm, measured by profilometry at the step edge
between the film and the area covered by the molybdenum
platen. Table 1 summarizes the growth conditions and device
characteristics of all 12 samples used in this study.

Structural properties were examined by conventional omega–
2Theta (ω–2θ) powder scan X-ray diffraction (XRD) using a
PANalytical X’Pert Cu-Kα1 beam (λ¼ 1.5405 Å). Electron

Table 1. Summary of growth conditions and device characteristics of samples.

Sample Si substrate O2 flow [sccm] Tsub [�C] Plasma power [W] Rise time, τ1r [ms] Fall time, τ1f [ms] Peak responsivity
[A W�1]

Detectivity
[�1010 Jones]

A1 (100) 1.6 700 300 – – – –

A2 (100) 2.0 700 300 <4 <4 0.04 (@0 V) –

A3 (100) 2.5 700 300 – – 3.3 1.14

B1 (111) 1.6 700 300 – – – –

B2 (111) 2.0 700 300 <4 <4 0.06 (@0 V) 0.009

B3 (111) 2.5 700 300 70 85 13.2 3.07

B4 (111) 2.5 730 300 287 174 15.8 3.37

C1 (111) 2.5 660 300 2400 880 837 28.1

C1A (111) 2.5 660 300 540 440 79.1 8.84

C2 (111) 2.5 700 325 281 291 26.4 5.06

C3 (111) 2.5 700 350 353 326 66.8 10.1

C4 (111) 2.5 730 350 �4 55 11.3 1.2
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backscatter diffraction (EBSD) was also performed to understand
the crystallographic orientation of the Ga2O3 film grown on lat-
tice mismatched Si substrate. The surface morphology was ana-
lyzed by imaging backscattered electrons in a JEOL JXA-8530F
field-emission electron probe micro-analyzer (EPMA). In addi-
tion to this, atomic force microscopy (AFM) was also performed
for estimating the root mean square (RMS) surface roughness on
a 5� 5 μm2 scanned area. To study the optical properties and
elemental composition, we performed room temperature (RT)
cathodoluminescence (CL) spectroscopy and wavelength disper-
sive X-ray spectroscopy (WDS), respectively, in the EPMA. Both
the CL andWDS spectra were obtained for the samples grown on
(111)-oriented Si substrates with an electron beam energy of 4 kV
and a beam current of 40 nA. The CL spectra were acquired
by a spectrometer with a focal length of 163mm with
300 groovesmm�1 grating blazed at 500 nm, a 105 μm entrance
slit (fiber size), and a 1024-element charge-coupled device.

X-ray photoelectron spectroscopy (XPS) measurements were
performed using an ESCALAB-250Xi spectrometer at RT in
ultra-high vacuum (UHV), below 7� 10�9mbar. The system is
fitted with a monochromatic Al-Kα radiation source, operating
at a power of 300W (15 kV, 20mA), and the spot size of the beam
was 650 μm. The carbon (C 1s) peak at 284.6 eV was used as a
reference for calibration. Thermo Avantage software was utilized
for deconvolution to identify the nature of elements present in
samples. Spectra were fitted with a Gaussian–Lorentzian peak
shape after the subtraction of a smart background. To ensure
proper peak fitting, spectra were analyzed using an automated
incremental peak deconvolution program, which varied the peak
height within an envelope over a complete range to determine the
best fit, and checked using the ϕ-squared value to the actual data.

Vertical Schottky PDs (500 μm diameter) were fabricated from
the Ga2O3 epilayers using the standard photolithography meth-
ods. Ti/Au (20/100 nm) was deposited on the backside of Si
substrate and annealed at 400 �C for 5min to form an ohmic con-
tact.[17] The front-side Schottky contact was formed with two
steps accomplished with a standard liftoff procedure: 1) deposi-
tion of a high work function (Φm� 5.5 eV) semitransparent layer
of Pt (�3 nm), and 2) subsequent deposition of a thick Ni/Au
ring contact to aid in physical probing of the device. The sche-
matic of the fabricated device is shown in Figure 1. The thin Pt
semitransparent contact enables light transmission from the top

side of the device (�50% at 240 nm) while still creating a suitable
Schottky contact across the illuminated active region of the
device. The current–voltage (I–V ) and temporal characteristics
of the Schottky PDs were measured with a Keithley 2450
source-meter unit (SMU) using probe tips to contact specific
devices on the sample surface. Spectral responsivity was mea-
sured using a Newport MS257 UV–vis monochromator fitted
with a 30W deuterium lamp. Light incident on the device was
measured using a calibrated Si photodiode to enable absolute
responsivity values to be determined.

3. Results and Discussion

Thin-film growth of lattice mismatch materials largely depends
on the nucleation technique. In particular, vertical type devices,
such as the PDs presented here, depend highly on the crystalline
quality at the heterointerface. Thus, we have examined various
PAMBE nucleation growth techniques to nucleate Ga2O3 on
(100)- and (111)-oriented-doped Si substrates and studied the
functional properties of the grown material and the fabricated
device characteristics.

3.1. Nucleation on Lattice Mismatch Si Substrate

Prior to investigating the impact of various growth conditions on
the Ga2O3/Si heterostructures, we investigated the role of Ga and
oxygen on the nucleation of the Ga2O3 epilayers. More specifi-
cally, we investigated Ga pre-deposition first to avoid amorphous
SiO2 formation.

3.1.1. Ga Pre-Deposition

Our earlier work demonstrated that the sticking coefficient of
Ga on Si is rather weak, and at several hundreds of �C, Ga is
quite volatile.[18] Thus, we chose to use a low-temperature Ga
pre-deposition to ensure the formation of a Ga2O3 seed layer
before increasing the substrate temperature for the growth of
the Ga2O3 epilayers. Ga was pre-deposited on the Si substrate
at 500 �C before initializing and opening the oxygen plasma shut-
ter to fully cover the substrate surface. We found this a critical
step to avoid the formation of amorphous SiOx at the Ga2O3/Si
interface. We observed that shorter pre-deposition time (�5min)
led to inadequate Ga coverage on the Si substrate. To explore this
further, we carried out XPS to quantitatively identify the presence
of chemical compounds on the surface of this sample.

The XPS survey of the sample grown under inadequate Ga
pre-deposition showed that the surface contains C, O, Ga, and
Si as the primary elements, as shown in Figure 2a (blue color).
The quantified atomic percentage from XPS (C 1s¼ 14.29%, Ga
3d¼ 2.03%, Si 2s¼ 29.51%, and O 1s¼ 54.17%) indicates that
the presence of Ga on the surface is very low compared with Si.
Fitting of O 1s region, in Figure 2d, shows two peaks, centered
at 531.1 eV (Ga2O3—10.98%)[19] and 532.8 eV (SiO2—89.02%),
confirming the dominant presence of Si on the top surface in
the form of SiO2. In addition, the Si 2p region in Figure 2b clearly
indicates that the Si is highly oxidized and present in the form of
SiO2 on the surface, whereas Figure 2c elaborates the Ga 3d to
show the presence of gallium in the form of Ga2O3 as a single

Figure 1. a) Ga2O3/Si Schottky device cross-sectional schematic.
b) Photograph of fabricated devices.
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component. The concentration of surface SiO2 and Ga2O3, as
shown in Figure 2d, was calculated from the ratio of the inte-
grated areas of the XPS O 1s peak related to SiO2 or Ga2O3 to
the total integral area of the entire O 1s region.

This result shows that the amorphous SiO2 is forming at the
substrate/epilayer interface during nucleation due to lack of suf-
ficient surface covering by Ga atoms. In addition, we did not
observe any Ga2O3 XRD ω–2θ peaks (not shown here) from
the epilayer, further confirming SiO2 as the primary compound
present in the nucleation layer.

The AFM topographic image in the inset of Figure 2d shows
the clustering nature, which further supports our claim of the
coexistence of SiO2 and Ga2O3 side-by-side. This, in turn,
leads to a highly defective interface and the lack of observable
photoresponse in the fabricated PDs based on such epilayers.
Notably, we observed the same phenomena for both (100) and
(111) orientations of the Si substrate.

We also analyzed the RHHED pattern and their intensities
to understand the role of Ga pre-deposition. We found that
the Ga pre-deposition of �10min was sufficient to cover the
wafer surface before nucleation, evident from the full transition
of the silicon substrate RHEED pattern to the dimming intensity
from Ga-coated surface. We further monitored the RHEED
pattern upon oxygen plasma supply for the nucleation of
Ga2O3, verifying suitable nucleation as the RHEED shifted to
that of a crystalline Ga2O3 layer. Having identified the
importance of Ga pre-deposition, all further film growth reported
in this manuscript utilized a 10min pre-deposition of Ga
at 500 �C before initiating oxygen supply and the thin film
growth.

3.1.2. Role of Oxygen Flux

With a proper Ga pre-deposition process identified, we then
investigated the role of oxygen flow rate at 1.6, 2.0, and 2.5 sccm
on both (100) and (111) Si substrates. With the lowest oxygen
flow of 1.6 sccm, samples A1 and B1 had no observable XRD
peak for Ga2O3, irrespective of substrate orientation, with only
the Si (400) or (111) substrate peak present, as shown in
Figure 3. Based on prior work, this is likely due to growth under
metal-rich conditions where the formation of gallium sub-oxides,
specifically Ga2O, leads limited or no growth of Ga2O3.

[20,21]

Figure 2. a) XPS spectra normalized intensity survey spectra for samples
grown under different regimes, and (inset) zoomed area illustrates different
peak positions. Selective XPS spectral line of B1 sample: b) deconvoluted
and fitted Si 2p spectrum shows the presence of both Si and SiO2 due to the
lack of Ga atoms on the surface, c) deconvoluted and fitted XPS spectral
lines of Ga 3d, and d) deconvoluted and fitted O 1s spectral emission from
B1 sample showing the mixed compounds of SiO2 and Ga2O3. Inset is a
5� 5 μm2 typical AFM surface topography of the metal-rich sample, which
shows the clustering nature with high surface roughness.

Figure 3. XRD of samples grown on both the (100) and (111) orientations
in blue and black color, respectively, under varying oxygen flow rate of 1.6,
2.0, and 2.5 sccmwhile fixing the plasma power and substrate temperature.
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Ga2O is a volatile gaseous compound and does not incorporate
into the epitaxial film, consuming the available Ga at the
growth surface and leading to the lack of significant Ga2O3

epitaxy. Interestingly, upon increasing oxygen flux keeping the
Ga flux same, we observed the presence of Ga2O3 in the
epilayers.

To investigate the surface chemical composition further, we
performed XPS on the 1.6 sccm samples (A1 and B1) grown
on both the substrate orientations. Interestingly, XPS shows
the presence of a high percentage of Si in the form of SiO2, quite
similar to the results shown in Figure 2 for sample B1 with
Ga-deficient pre-deposition. More than 80% oxygen is bonded
with Si and present on the surface as SiO2, similar to that shown
in Figure 2d. This further supports our hypothesis of competi-
tion for active oxygen atoms by Ga and Si at the interface during
nucleation. Lower oxygen supply promotes metal-rich growth
conditions, leading to greater formation of volatile Ga2O rather
than stable Ga2O3. This, in conjunction with the strong tendency
for Si to bond with oxygen, leads to the presence of SiO2 and
limited Ga2O3. We have previously observed a similar phenom-
enon during the growth of AlGaN with insufficient nitrogen flux
supply in MBE, promoting the formation of AlN instead of
AlGaN despite supplying sufficient Ga flux.[16]

3.2. Impact of O2 Flow Rate on the Growth of Ga2O3 Epilayer

Carrying out the nucleation and growth process at a higher oxy-
gen flow rate of 2.0 and 2.5 sccm results in an observable Ga2O3

epilayer on Si substrate under fixed Ga flux. To further investi-
gate the growth regime, the oxygen flow rate variation experi-
ment was done using a 300W plasma power and a Tsub of 500 �C
at nucleation, followed by the subsequent high-temperature
Ga2O3 growth at 700 �C. The chosen oxygen flow rate for each
sample was maintained for both the nucleation and the high tem-
perature growth. The 2.0 sccm sample results weak single peak
in the XRD at 44.38� in Figure 3, attributable to that for (60�1)
monoclinic Ga2O3

[7] on both (100) and (111) Si substrates
(samples A2 and B2, respectively). Interestingly, no other XRD
peaks for Ga2O3 are present. In contrast, when increasing to
2.5 sccm for nucleation (samples A3 and B3), we observe a signif-
icant number of Ga2O3 peaks in the XRD scans for both substrate
orientations, as shown in Figure 3. It depicts the polycrystalline
nature of the monoclinic phase of Ga2O3 film on the Si substrate.
To support the XRD measurements, we also performed EBSD
mapping, confirming the same polycrystalline nature of the sam-
ples. Both the [010] and [�201] were clearly seen in EBSD images
(not shown here) in addition to other orientations.

Collectively, the XRD ω–2θ powder scan in Figure 3 suggests
that there is little dependence of the crystalline nature of the
Ga2O3 epilayers on substrate orientation, irrespective of oxygen
flow rate. While XRD data alone cannot determine the expected
performance of resultant UV detectors from the epilayers, we can
conclude that a minimum oxygen flow (2.0 sccm in our case) is
required for successful nucleation and growth of crystalline
Ga2O3 suitable for UV detectors. Notably, XPS surveys for both
samples (O2 flow of 2.0 and 2.5 sccm) show an absence of Si on
the grown polycrystalline film. Occurrence of Si 2s–2p and Ga
2s–3p from layers with and without SiO2, respectively, is shown

in inset of Figure 2a. The intermediate in Figure 2a referred to
the 2.5 sccm growth (sample B3). Thus, we conclude that the oxy-
gen flows of 2.0 sccm and above lead to growth under less Ga-
rich conditions where the formation of Ga2O is sufficiently sup-
pressed to allow for successful nucleation and growth of Ga2O3

on the Si substrate. As noted earlier (see Section 3.1.2), we attri-
bute the lack of clear XRD peaks in the 1.6 sccm samples (A1 and
B1) to the formation of SiO2 that leads to reduced or minimal
Ga2O3 growth as a result of the volatile Ga2O formation, as sup-
ported by the XPS data.

3.3. Impact of Substrate Temperature and Plasma Power on
the Growth of Ga2O3 Epilayer

Having identified a suitable intermediate growth regime at the
oxygen flow rates of 2.5 sccm, we studied the impact of substrate
temperature on the epilayers. Figure 4 shows the ω–2θ XRD scan
for samples grown under varying Tsub and plasma power while
oxygen flow rate was held constant at 2.5 sccm.

Samples (B3 and C1) grown under 300W plasma-power,
using the substrate temperatures of 660 and 700 �C, result in
no observable difference in the crystalline quality as measured
by XRD. However, at the higher Tsub of 730 �C (sample B4),
the XRD is considerably different, with only a single Ga2O3

related peak at 44.38�, associated with the (60�1) plane from
monoclinic Ga2O3. Using the same Tsub of 730 �C but increasing
the plasma power from 300 to 350W results in XRD with multi-
ple Ga2O3 peaks from the epilayer (sample C4 in Figure 4).
Interestingly, when plasma power increased from 300 to
350W for Tsub of 730 �C (sample C4), the XRD shows similar
multiple peaks to that of sample B3 (300W/700 �C).

To better understand this observation, we considered the
growth rates for each of these conditions, as shown in Figure 5.
For the substrate temperatures of 700 and 730 �C, increasing
plasma power results in an increase in growth rate. In particular,
for a Tsub of 700 �C, increasing the plasma power from 300 to
350W results in a systematic increase of growth rate from 30
to 66 nmh�1. Similarly, at a Tsub of 730 �C, a plasma power
increase leads to a rise in growth rate from 26 to 33 nmh�1,

Figure 4. XRD for samples grown under varying substrate temperature
and oxygen plasma power.
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though the increase is not as substantial. As we are growing
in metal-rich conditions, the observed increase in growth rate
is likely due to a reduction in the formation of volatile Ga2O at
higher plasma powers, leading to an increased formation of
Ga2O3.

[21]

3.3.1. Surface Morphology of the Thin-film

The surface morphology plays a key role on the device processing
steps. To understand the surfacemorphology, secondary and back-
scattered electron images were acquired (see Figure S1,
Supporting Information). These images provide insight into the
effect of varying the growth parameters on the surfacemorphology
of the grown epilayers. Increasing Tsub without increasing plasma
power has a pronounced effect on the topography of the B4 sam-
ple. It has finer grains compared with the coarser grains in the B3
sample grown at a lower Tsub of 700 �C. Interestingly, when the
plasma power increased from 300 to 350W for a Tsub of 730 �C
(sample C4), the topography seems to recover back to that of sam-
ple B3 (300W/700 �C). AFM images (see Figure S2, Supporting
Information) shows similar topography too. Additional investiga-
tion with high-resolution transmission electron microscopy is nec-
essarily better to understand the nanoscale structural changes and
source of this behavior.

3.4. Optical Characterization by CL Spectroscopy

Prior literature on the RT photoluminescence (PL)[22,23] and
CL[24,25] measurements of Ga2O3 epilayers indicates the presence
of donor levels in the bandgap due to defects in the form of oxy-
gen vacancy, Ga vacancy, and unintentional doping generated
due to the growth limitations. We have observed similar charac-
teristics in RT CL measurements of our Ga2O3 film grown on Si
substrates, suggesting that our films follow the nature of their
homoepitaxial counterparts.

The characteristics of CL spectra (sample B3) in Figure 6 show
emission bands centered approximately at 360 nm (3.5 eV),

390 nm (3.20 eV), 460 nm (2.70 eV), 570 nm (2.17 eV), and
710 nm (1.74 eV). At RT, blue band intensity is much stronger
than UV, green, and red/near IR band. We notice that green emis-
sion is the weakest one among all other bands. We do not observe
any near band edge emission (NBE recombination of electrons
and holes) in our samples. These emission bands are due to
defects that introduce energy levels within the bandgap, typically
behaving as a deep or shallow donor, as shown in the inset of
Figure 6. They play a crucial role in modifying the carrier recom-
bination as well as conductivity of the film, thereby influencing the
peak responsivity, detectivity, spectral, and transient behavior of
resultant PDs. We further investigated the impact of growth
parameters on the occurrence of these defects in view of device
characteristics discussed in the later section (Section 3.5.6–3.5.8).
Notably, the peak positions of UV, blue, green, and red emission
were almost independent of growth temperature and plasma
power.

The broad UV and part of blue emission is intrinsic in nature,
and it is widely attributed to the recombination of free electrons
and self-trapped holes (STHs)[22–24,26–28] or the recombination of
free electrons with self-trapped excitons (STEs). A hole in the
valence band causes a local distortion to the electric field, render-
ing it immobile, i.e., self-trapped, hence the name STH. When
electrons or holes have a strong coupling to the crystal lattice, a
carrier may be self-trapped (for, e.g., a polaron) in its own lattice
field. Interaction of such a carrier to a bound electron hole pair
(exciton) is commonly described as an STE. These STHs in
monoclinic Ga2O3 are holes trapped by an O atom in an
O(III) site with a Ga neighbor and/or in an O(I) site distributed
among two O sites.[26] The blue emission is attributed to recom-
bination of an electron at a deep donor level and a hole at an
acceptor level, or donor–acceptor pair (DAP). These donors
are created by O vacancies (VO), and acceptors are created by
Ga (VGa) or Ga–O vacancy pairs (VGa–VO)

[29] and act as a hole
trapping. These trapped holes lead to strong photoconductive
gain, because multiple electron injections occur for each trapped

Figure 5. Growth rate variation under different substrate temperature and
plasma power.

Figure 6. RT representative CL spectra from samples grown under
2.5 sccm O2 and inset is energy levels corresponding to different defects.
The blue and black spectrum is obtained with a center wavelength of 428
and 700 nm, respectively.
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hole that was photogenerated by the UV illumination.[27]

However, STHs are independent of impurities and diminish
with increasing growth/annealing temperature.[30] We have fur-
ther explored this temperature dependency of STH by annealing
in terms of spectral responsivity variation of PD as described in
the following section (Section 3.5.5). The green emission in CL
spectra often attributed to the presence of specific impurities,
such as Sn, Si, and Ge,[23] and this shallow donor levels may
increase the conductivity of the film. Finally, the red/near IR
luminescence is also attributed to impurities, attributed mainly
to nitrogen doping,[23,25] or due to rare earth and transition metal
impurities.[31] However, N2 free growth in our MBE chamber
indicates that it could be hydrogen atoms, which can provide
an electron to form O─H bond by passivating an acceptor such
as VGa and absorb IR at vibrational mode.[32] It may also be
related to ionic VO at different sites of the lattice.[22] However,
identifying the actual source requires more investigation and
is not included in this study.

3.5. Electrical Characterization and Device Properties

3.5.1. Self-Powered PD

A vertical Schottky device fabricated from 1.6 sccm O2 flow sam-
ples A1 and B1 did not show anymeasurable photoresponse under
240 nm illumination. They behaved identically to that of a pure
Si PD, suggesting the lack of a Ga2O3 epilayer, as stated earlier
(see Section 3.1.2). The dark and UV-illuminated characteristics
of a fabricated vertical Schottky detector from the 2.0 sccmO2 flow
sample (B2) are shown in Figure 7a. The device demonstrated a
high dark current, >1 μA at �2 V, and had limited discernable
photoresponse under reverse bias due to the high dark current
background. The high dark current is attributable tomultiple dom-
inant defects in Ga2O3 thin films, such as O vacancies (VO), neu-
tral Ga interstitials, Ga vacancies, and Ga–O divacancies.[22,26,27]

However, strong photoresponse at zero applied bias, a character-
istic of self-powered devices, was observable, because the dark cur-
rent under zero bias is only on the order of �1 pA, three orders
of magnitude below the measured UV photocurrent of 4 nA.
As shown in the inset of Figure 7a, the temporal response of
the sample under self-powered conditions is very fast, with the
rise and fall times below the 4ms time resolution of our system.
Very similar characteristics were observed for all 2.0 sccm sam-
ples, irrespective of substrate orientation.

Figure 7b provides the self-powered spectral responsivity of
sample B2, demonstrating a 10% cutoff of about 260 nm, sup-
porting the presence of a Ga2O3 film on Si substrate, and fulfill-
ing the requirements of solar-blind detection. The other 2.0 and
2.5 sccm samples showed similar spectral responsivity character-
istics. Figure 8 provides a summary of the measured self-
powered responsivities of the various devices at 0 V bias for (111)
and (100) substrates under 240 nm illumination. Devices fabri-
cated from the 2.0 and 2.5 sccm samples had self-powered
responsivities ranging from 40 to 92mAW�1 under zero bias,
with (111)-based devices having �30% higher responsivity in
comparison with (100)-based devices. We also find that 2.5 sccm
flow devices led to higher self-powered responsivities over
2.0 sccm devices, irrespective of substrate orientation. We

Figure 7. a) Dark and UV-illuminated I–V curve of a self-powered PD
(sample B2). Inset shows the transient characteristics of the device at zero
bias. b) The spectral responsivity of B2 in log scale shows nearly 103 times
photocurrent enhancement with sharper cutoff below UV-C regime.

Figure 8. Peak responsivity values with different oxygen flow rate. Here,
zero responsivity indicates that no UV photoresponse was measured, and
the samples had Si PD characteristics.
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attribute this to improved growth at the nucleation, thus, a
smoother interface, ideal for a vertical device.

3.5.2. Role of Si Substrate Orientation

As demonstrated earlier in Figure 3, the XRD ω–2θ peaks are
identical for both the Si substrate orientation for all different oxy-
gen flow rate. Furthermore, we observed the device performance
on our fabricated structures, and based on our results, we agree
with the observation of Berencén et al.[8] that crystallographic ori-
entation of the silicon substrate plays no significant role in the
ultimate properties of the Ga2O3 films. However, as noted ear-
lier, we find that Schottky PDs on (111) Si show slightly better
(�30%) responsivity in comparison with those on (100) Si. This
may be attributed to the superior interfacial properties between
Ga2O3 and (111)-oriented silicon substrate since (111)-oriented
face of Si, which is more favorable for non-cubic crystal structure
growth. Based on these findings, we then fixed the oxygen flow to
2.5 sccm and substrate orientation of (111) for the remaining
samples used in this study. All the 2.5 sccm samples show an
average of 40.3% Ga and 59.7% of oxygen estimated from the
WDS measurement.

3.5.3. I–V Characteristics under Dark and UV Illumination

Fabricated vertical Schottky devices from all 2.5 sccm samples
show clear rectifying behavior with measurable photocurrent
generation in the reverse bias condition that is typically two
orders of magnitude above the dark current. Figure 9 shows
the comparative dark and UV-illuminated I–V characteristics
from the devices fabricated on samples C1, C1A, B3, and B4.
These plots focus the incremental substrate temperature effects
under the same plasma power of 300W and discussed in detail in
Section 3.5.5 and 3.5.6. I–V characteristics in Figure 9 have a
slight shift (��0.3 V) of current minima in the dark state, which
possibly attributed to the charge trapping and de-trapping at the
metal/Ga2O3 interface, a well-known phenomenon for Ga2O3.

[33]

Our PDs have Schottky contacts at the front side and ohmic at the
backside. When PDs are under the forward bias or UV illumina-
tion, before measuring the dark current, the holes may trap near
the Schottky junction via self-trapping[33] and or at deep level
acceptor states. This may be the reason why we observe the shift
in the I–V measurements for some devices, because the density
of deep level acceptor levels is not the same for all the samples.

Normalized spectral responsivity measurements for those
same devices are shown in Figure 10. The 700 and 730 �C

Figure 9. Comparative dark and photocurrent I–V characteristics for samples with different Tsub.
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samples (B3 and B4) have very similar spectral responsivity char-
acteristics, showing a cutoff wavelength below 280 nm. In con-
trast, the 660 �C sample (C1) showed a longer wavelength cutoff,
attributed to defects within the epilayers that create mid-gap
states. Finally, peak responsivity of all the samples has been cal-
culated by dividing mean current between IUV and IDark with an
incident optical power density at 248 nm, as shown in Table 1
and Figure 11.

3.5.4. Photoconductive Gain

The peak responsivity of the 660 �C sample (C1) is 837 AW�1

and at �5 V under 248 nm UV illumination, as shown in
Figure 11. The peak responsivity value corresponds to an exter-
nal quantum efficiency (EQE) greater than unity, suggesting

strong photoconductive gain is present. We, therefore, consider
the gain-efficiency product as a more accurate metric of assess-
ment for these devices than EQE alone.[28] Using the relation
between the gain-efficiency product (G · ηext) and the device
responsivity (R)

G ⋅ ηExt ¼
�
R ⋅ hv
q

�
¼

�ðIph � IdarkÞ ⋅ hv
q ⋅ Pλ ⋅ A

�
(1)

where R is the responsivity at photon energy (hν), q is the elec-
tron charge, Iph is the photocurrent when illuminated by light of
energy hν, Idark is the dark current, Pλ is the power density of the
light on the device with photon energy hν, and A is the device
area, yielding gain-efficiency products on the order of hun-
dreds. Given the gain-efficiency product, the values are greater
than 1.0, indicating that the devices have a significant gain, G.
From our previous experience, we have seen that Ga2O3 and its
ternary alloys are prone to bulk and surface defects that lead to
photoconductive gain,[1,28,34] particularly when grown on lattice
mismatched Si substrates. In Section 3.4, CL study of our sam-
ples shows evidence for mid-bandgap donor/acceptor defects,
which lead to the photoconductive gain. STHs, the UV and
blue band emission in Figure 6, are the major contributor in
PD gain, attributed to the recombination of electrons with
the trapped holes. However, STHs diminish with increasing
growth/anneal temperature. Experimental results are as follows
in the next section.

3.5.5. Effects of Annealing

To investigate the effects of temperature on STH characteristics, a
separate piece of the low Tsub (660 �C) grown sample (sample C1)
was annealed at 800 �C under vacuum for 4 h (sample C1A).
A slight thickness reduction (�10%) has been observed by pro-
filometry, potentially due to some limited dissociation and
desorption of Ga2O3. Similar thickness reduction has also been
observed due to annealing in the case of indium gallium oxide.[35]

The XRD pattern from the as-grown and annealed samples was
identical, indicating that no measurable change in the crystal
structure of the film occurred during the vacuum anneal.
Figure 10 includes the comparative spectral responsivity meas-
urements from detectors fabricated from both samples. The
annealed sample (C1A) exhibits a sharper spectral response cut-
off characteristic that is accompanied by a �12 nm blue shift to
shorter wavelength, moving from 260 to 248 nm. Experimental
results indicate that this is related to a reduction in defect-related
energy levels associated with mainly STH, prominent at low Tsub,
that are reduced through the annealing process. We observe a
nearly two order of magnitude drop in dark current for the
annealed sample, from 500 to 10 nA at �5 V, as shown in
Figure 9a,b, supporting the conclusion that the density of defects
in the devices has been reduced on annealing. This reduction in
defects leads to a reduction in the number of STHs, thus reduc-
ing photoconductive gain and measured responsivity in the ver-
tical Schottky devices. Peak responsivity of the annealed sample
(C1A) was found to be 79 AW�1, whereas the peak responsivity
of the original as-grown sample (C1) was 837 AW�1 at �5 V
under 248 nm UV illumination, as shown in Figure 11.
Following the trend, the detectivity of C1A also decreases,

Figure 10. Normalized comparative responsivity at �5 V bias plotted with
varying wavelength under various Tsub. A clear trend of sharper profile can
be seen with increasing substrate temperature at fixed plasma power and
O2 flow rate.

Figure 11. Peak responsivity values of different samples at �5 V bias with
varying substrate temperature. Annealing effect as well as responsivity var-
iation with applied plasma power also indicated. All the measurement
were performed under 248 nm UV illumination from monochromator.
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however, only half-order from 2.8� 1011 cm:
ffiffiffiffiffiffiffi
Hz

p
=W of C1, due

to the lower dark current, as shown in Table 1 and Figure S3,
Supporting Information. The reduction in photoconductive gain
also led to faster transient characteristics for the annealed sample
(C1A). The measured rise and fall times (τ1) of devices from the
annealed sample, determined from a double exponential fit, were
540 and 440ms, respectively, whereas those from the as-grown
original sample (C1) were 2.4 s and 880ms, respectively, as
shown in Figure 12.

Despite the reduction in measured peak responsivity, it is still
high after annealing, indicating that photoconductive gain is still
present. This suggests that annealing reduces the density of
defects in the epilayers but many still remain, likely due to being
annealed under vacuum rather than under the oxygen overpres-
sure from the O-plasma that would reduce oxygen vacancies.
Therefore, we further experimented with growth at higher
Tsub under oxygen overpressure, as described in the next section
(Section 3.5.6) and studied its relation with densities of possible
donor/acceptor levels detected by CL (see Section 3.5.8).

3.5.6. Effect of High Growth Temperature

Figure 12 provides the temporal characteristics of several devices
fabricated from samples grown under various Tsub. Rise and fall
times determined from each using a double exponential fit[28] are
listed in Table 1. The data demonstrate that growth at higher sub-
strate temperatures can lead to better temporal response as long
as the proper plasma power is selected. Moving from a Tsub of
660 to 700 �C results in shorter τ1 time; however, increasing Tsub

further to 730 �C results in a minor increase in transient, but still
well below those of the 660 �C samples. This can be compensated
by increasing the plasma power to 350W, leading to the fastest
observed response time. Such a trend is expected given that we
observe lower responsivity and photoconductive gain for higher
substrate temperatures, accompanied by lower defect densities
due to growth in less metal-rich conditions. This, in turn, leads

to faster response times in the resultant devices. Moreover, devi-
ces do not show any photo-persistent (PPC) effects. Figure S4,
Supporting Information, with multiple cycle transient data in
supplementary document shows the absence of PPC. It also
shows the robustness of our fabricated Ga2O3 devices, because
the consistent repeating transient cycles shown in Figure S4,
Supporting Information, were measured after 2 years from fab-
rication of the samples.

3.5.7. Impact of Oxygen Plasma Power

To determine the impact of oxygen plasma power on device char-
acteristics, we carried out a sequence of growths at the plasma
powers of 300, 325, and 350W (samples B3, C2, and C3) under
a fixed Tsub of 700 �C and 2.5 sccm oxygen flow. Figure 11 shows
that the peak responsivity increases with increasing plasma power
at a constant Tsub of 700 �C, increasing from 13.2 AW�1 at 300W
to a value of 66.8 AW�1 at 350W. Similarly, detectivity also
increases from 3 to 8.84� 1010 Jones, as shown in Figure S3,
Supporting Information. Increased RF plasma power might
decrease the oxygen vacancies while it may also increase the gal-
lium vacancies and unintentional doping (discussed in next para-
graph). The dominant presence of Ga vacancies contributes
significantly to the photoconductive gain. The shoulder in the blue
band at an emission energy of 2.7 eV (see Figure 6) may be asso-
ciated with VGa defects and a lower formation energy of divacan-
cies[22] that can trap holes dominantly at (VGaþ VO). At moderate
growth temperatures, shifting of the growth conditions toward
oxygen-rich conditions decreases the formation energy of defects
that are expected to become themajority hole trap. This is reflected
in Figure 13 where increasing plasma power increases blue band
emission intensity related to VGa defects and DAP divacancy tran-
sitions involving deep donor and acceptors.[36] These mid-bandgap
levels increase photoconductive gain considerably, as explained
earlier. Thus, as expected, for a fixed 700 �C Tsub, device respon-
sivity increases as plasma power is increased from 300 to 350W,
as shown in Figure 11 and 13c, among samples B3, C2, and C3.

We find two contrasting trends for samples grown at a Tsub of
730 �C, with the 350W sample (C4) having a slightly reduced
peak responsivity in comparison with the 300W sample (B4),
dropping from 15.8 to 11.3 AW�1 and faster transient behavior.
As explained earlier, point defect densities related to UV/blue
emission band decrease at higher growth temperature, thus
reducing responsivity at high Tsub as well as promoting faster
transient characteristics. However, unintentional impurities in
Ga2O3, most likely H and Si, become dominant, especially under
higher oxygen partial pressure in the growth atmosphere in the
case of undoped crystals.[23] Hydrogen can easily occupy either
interstitial or substitutional sites due to its low formation
energy[27,37] during MBE growth and is present due to hydrocar-
bon and water cleaning of the Si substrate. Moreover, it is
expected that the Ga2O3 layer in the vicinity of the Si substrate
would be unintentionally doped by Si, preferring the tetrahedral
coordination of the Ga(I) site.[38] Therefore, interstitial H and
substitutional Si create a shallow donor level within the bandgap
of monoclinic Ga2O3

[39] and contribute significantly to the n-type
conductivity of Ga2O3. The green emission in the CL spectra, as
shown in Figure 6, is often attributed to the presence of

Figure 12. Normalized transient characteristics with values of rise/fall
times of different samples with varying Tsub and plasma power. Symbols
are the actual data points, whereas the red color straight line is double expo-
nential fittings using equation IðtÞ ¼ I0 þ Ae�ðt�t0Þ=τ1 þ Be�ðt�t0Þ=τ2 as
described in the previous study.[28]
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impurities, and its intensity decreases with increasing conductiv-
ity. We have observed the lowest green band intensity for sample
C4 (highest Tsub of 730 �C and 350W plasma power), as shown
in Figure 13b, leading to the fastest transient characteristics, as
shown in Figure 12.

3.5.8. Impact of Point Defects on Device Response

Direct evidence of growth temperature impact on defect density
is seen in comparative CL intensities, as shown in Figure 13a.
It is reasonable to compare the CL peak intensity with our

collection optics, and the excitation volume averages out any
minor variation in the peak intensity due to the polycrystalline
nature of the samples. CL intensity represents the density of
donor/acceptor levels at corresponding possible mid-bandgap
positions. Therefore, reduction in the peak intensity of UV
and blue emission with increasing growth temperature (under
fixed plasma power) qualitatively shows reduction of STH density
and photoconductive gain associated with it, as shown in
Figure 13c. A closer look at Figure 10 also shows blue shift of
spectral responsivity with increasing growth temperature, asso-
ciated with decreasing mid-bandgap defect levels. We note that
devices from the 730 �C Tsub sample (sample C4) were found to
have very similar peak responsivity, rise/fall times, and CL inten-
sity as those from the 700 �C sample, suggesting that above
700 �C, we may have saturated the benefit in improved deep
donor/acceptor levels density for higher Tsub. However, a more
detailed study with more data points would be necessary to better
determine this trend, but, qualitatively, we find that higher Tsub

leads to faster devices with reduced peak responsivity.
While analyzing the rise and fall times of 700 �C for samples

B3, C2, and C3 (see Table 1), we can see that higher plasma
power causes a measurable increase in the τ1 and τ2 of the devi-
ces, while increasing responsivity and detectivity. This suggests
that while a higher plasma power at 700 �C Tsub improves
responsivity, it promotes hole trapping by incorporation of
VGa and divacancy defects that degrade the temporal character-
istics of the devices slightly. In contrast, samples grown at 730 �C
Tsub exhibit an opposite trend, with the 300W sample (B4) hav-
ing roughly an order of magnitude longer τ1 and τ2 in compari-
son with the 350W sample (C4) mainly due to increase in
conductivity by unintentional impurities. Despite the very simi-
lar peak responsivity measured for the two samples, the higher
plasma power sample at 730 �C Tsub appears to have superior
temporal characteristics without a measurable penalty in respon-
sivity and detectivity.

We have compared our device characteristic results (see
Table 2) with the results obtained from the previous work
reported in the literature particularly on PDs fabricated on Si.
There are very few reports on PDs using Ga2O3 on Si substrates.
Among those results, our PDs demonstrate significantly superior
characteristics in almost all figures-of-merit. We have further
compared results with solar-blind Ga2O3 PDs grown on sapphire
and Ga2O3. The comparative results show that our device

Figure 13. Comparative a) CL spectrum, b) CL peak intensity at 2.18 eV,
and c) PD response against CL peak intensity at 3.2 eV for samples B3, B4,
C2, C3, and C4 on varying the plasma power.

Table 2. Comparative table of PD characteristics with published data.

Material Device Method Detection
wavelength [nm]

Idark Reject. ratio Responsivity Rise/fall time Ref.

Ga2O3/
sapphire

MSM MBE 254 1.4 nA@10 V 77 0.037 AW�1 – [40]

Ga2O3/SiC Heterojunction PLD 254 500 pA – 0.18 AW�1 0.65 s rise/1.73 s fall [41]

Ga2O3 Schottky MBE, homoepitaxy 200–260 10 nA 1000@3 V 2.6–8.7 AW�1 – [42]

Ga2O3/p-Si Schottky PLD 254 30 nA@�3 V – 370 AW�1 1.79 s rise/2.72 s fall [6]

Ga2O3/Si MSM Seed layer 254 1.43 pA@0 V 1000 96.13 AW�1@5 V 32ms rise/78 ms fall [9]

Ga2O3/p-Si p–n junction Exfoliation 254 70 nA@35 V 15 600 – 4.06 s rise/0.16 s fall [10]

Ga2O3/n-Si Schottky MBE 245–260 0.9 pA@0 V;
9 nA@�5 V

1000@0 V;
400@�5 V

837 AW�1@�5 V 2.4 s rise/0.88 s fall This work

11 AW�1@�5 V 4 ms rise/55 ms fall
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characteristics are comparable and, in some cases, outperform
those results, providing a cost-effective platform on which on-
wafer integration with Si photonics would be possible.

4. Summary and Conclusion

This work represents the first systematic study of the impact
of key growth conditions on the nucleation and growth of
Ga2O3 on lattice mismatched Si substrates by PAMBE to the fab-
ricated devices. Growth temperature, oxygen flow, and plasma
power were found to have significant impact on the resultant
epilayers and characteristics of vertical Schottky photodiodes fab-
ricated from the Ga2O3/n-Si heterostructures. Adequate Ga pre-
deposition is necessary to realize proper nucleation and growth
of Ga2O3 films on Si, primarily due to the suppression of SiO2

formation, as verified by XPS. Nevertheless, growth under suffi-
cient Ga flux but lower oxygen supply favors the formation of
volatile Ga sub-oxides, which also promote SiO2 formation,
thereby suppressing the Ga2O3 film growth. As a result, the min-
imum oxygen flow rates of 2.0 sccm have been identified as suf-
ficient for nucleation and growth of Ga2O3. Detectors fabricated
under such a growth condition produced dark currents in the μA
regime, limited the detector to operate in the self-powered mode
where photogenerated current exceeded dark currents under
zero bias. Growth under a higher oxygen flow rate of 2.5 sccm
led to growth of β-Ga2O3 under less metal-rich conditions,
enabling Schottky devices with strong responsivities, as high
as 837 AW�1, under reverse bias conditions. Adjusting the
growth conditions gives control over photoconductive gain due
to change in mid-bandgap defect levels including oxygen vacan-
cies in the form of STHs. Annealing as well as higher growth
temperature led to lower photoconductive gain and peak respon-
sivity (�10 AW�1) with improved temporal response in the mil-
lisecond regime. At a fixed substrate temperature (700 �C),
higher oxygen plasma power led to a measurable increase in
device responsivity, from 13.2 AW�1 at 300W to 66.8 AW�1

at 350W but was accompanied by a worsening in the temporal
characteristics of the devices. The PDs fabricated from epilayers
grown at high plasma power and growth temperature had the
fastest response, with detectivity following the trend of respon-
sivity. The Si substrate orientation was not found to have an
impact on the β-Ga2O3 epilayers orientation, as well as on their
device characteristics. This work provides valuable insight into
the proper nucleation and growth of Ga2O3 on n-type-doped
Si substrates. It further demonstrates the viability of functional
Ga2O3/Si UV-C solar-blind detectors that are competitive with
homoepitaxial approaches, identifying how growth conditions
can be selected to adjust the responsivity, detectivity, and tempo-
ral characteristics by means of controlling defect related mid-
bandgap donor levels.
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