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SPECIAL TOPIC — Photodetector: materials, physics, and applications
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We report on the transition of photovoltaic and photoconductive operation modes of the amorphous Ga;O3-based
solar-blind photodetectors in metal-semiconductor—metal (MSM) configurations. The conversion from Ohmic to Schottky
contacts at Ti/GayOs3 interface is realized by tuning the conductivity of amorphous Ga,Oj3 films with delicate control of
oxygen flux in the sputtering process. The abundant donor-like oxygen vacancies distributed near the Ti/Ga,; O3 interface
fascinate the tunneling process across the barrier and result in the formation of Ohmic contacts. As a consequence, the
serious sub-gap absorption and persistent photoconductivity (PPC) effect degrades the performance of the photoconductive
detectors. In contrast, the photovoltaic device with a Schottky contact exhibits an ultra-low dark current less than 1 pA,
a high detectivity of 9.82x10'2 cem-Hz!/2.W~!, a fast response time of 243.9 ps, and a high ultraviolet C (UVC)-to-
ultraviolet A (UVA) rejection ratio of 103. The promoting performance is attributed primarily to the reduction of the sub-
gap states and the resultant suppression of PPC effect. With simple architecture, low fabrication cost, and easy fusion with
modern high-speed integrated circuitry, these results provide a cost-effective way to realize high performance solar-blind

photodetectors towards versatile practical applications.

Keywords: amorphous gallium oxide, solar-blind photodetector, photovoltaic, photoconductive
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1. Introduction

Solar blind photodetectors find numerous applications
in space communication, missile tracking, flame detection,
ozone monitoring, and biological analysis.!!! As an ultra-wide
bandgap semiconductor, Ga;O3 is a promising candidate for
solar-blind photodetectors due to its intrinsic solar-blindness
with a desirable bandgap of about 4.8 eV. The advantages of
a high breakdown field and a high resistance against radiation
are expected to endow Ga, O3 detectors with the strong capa-
bility to capture weak ultraviolet (UV) signals with low false
alarm rates even operated in harsh environments.2l To date,
high performance -Ga,0O3 based solar-blind photodetectors
have been reported.>->) While most of them are based on f3-
Gay03 bulk crystal, crystalline epilayers, or nanostructures
which require high synthesis temperature and complicated
processes, Cui et al. have recently reported a high-response-
speed solar blind photodetector on flexible substrates based
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on amorphous Ga,O3 synthesized at room temperature. %!

Therefore, amorphous Ga;O3; material has been proven as
an alternative platform for delivering high performance solar-
blind detectors due to its unique advantages of thermal-budget
synthesis on flexible substrates and easy fusion with modern
high-speed integrated circuitry. [®!

Since there is no sign of achieving p-type GayOs, the
most attractive GapO3-based photodetectors are constructed
in Schottky-barrier metal-semiconductor—metal (MSM) archi-
tectures because of their figure-of-merits including low dark
current, low capacitance, intrinsic high speed, and fabrica-
tion simplicity. However, most of the present Ga;O3 detec-
tors exhibit high gains while sacrificing the response speed,
because they are operated in a mixing of photoconductive
and photovoltaic modes.!®”) The photoconductive detectors
could only ensure the maximum presence of the intrinsic fea-
ture of absorbing layers, while the response time even lasts
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several hours due to the contribution of persistent photocon-
ductivity (PPC) effect induced by oxygen vacancies in ox-
ide semiconductors.!!%!!1 In the ideal Schottky-barrier pho-
tovoltaic detectors, carrier transport can be effectively manip-
ulated by the built-in field, leading to a high efficient separa-
tion and collection of excess carriers with a fast speed. How-
ever, self-trapped holes in the vicinity of metal-semiconductor
(MS) interface were reported to reduce the carrier emission
barrier from traps, yielding high internal gains and degrad-

(121 Therefore, carrier transport across

ing response speeds.
MS interface normally controls the operation modes while the
quality of absorbing layer and interface predominantly deter-
mines the device performance. For amorphous Ga; O3 synthe-
sized at a low temperature, insufficient oxygen incorporation
inevitably introduces oxygen vacancies within the absorbing

e.l0:13] The correla-

layer and in the vicinity of MS interfac
tion of carrier transport, defect behaviors, operation modes,
and performance of photodetectors needs further understand-
ing, which is crucial to design high performance solar-blind
Ga, 03 photodetectors towards practical applications.

In this work, we demonstrate the tunable conductivities
of amorphous Ga,O3 films by varying oxygen flux during the
sputtering process, which consequently leads to the conversion
of contact types and the transition of device operation modes.
Interdigital MSM photoconductors with Ohmic contacts ex-
hibit high internal gains but slow response speeds accompa-
nied with an obvious sub-gap absorption, which results from
the abundant deep-level traps and their associated PPC effect
induced by oxygen vacancies. The oxygen incorporation ef-
fectively results in semi-insulating film and the resulting pho-
tovoltaic detector delivers superior performance with an ul-
tralow dark leakage current, a high rejection ratio, suppressed
sub-gap absorption, and a fast response speed. The correla-
tion of carrier transport and device performance has also been
discussed in details.

2. Experimental section

The 125-nm-thick Ga;Oj3 thin films were deposited on
sapphire (0001) substrate by radio frequency (RF) sputtering
on a high purity (99.999%) Ga; O3 ceramic target at room tem-
perature (RT). During the growth, the RF power was main-
tained at 180 W with an argon flux of 40 sccm, and the growth
pressure was 0.4 Pa. To distinguish the oxygen incorporation,
two samples (denoted as S1 and S2) were grown without or
with incorporating oxygen flux of 4 sccm, respectively, while
Both the resultant
films exhibit amorphous features with smooth surface mor-

other growth conditions were identical.

phology as determined by the x-ray diffraction patterns and
atomic force microscopy (not shown here). Following stan-
dard lithography procedures, Ti/Au (40 nm/10 nm) metal stack

was deposited using an e-beam evaporator to form MSM ar-
chitectures, as shown in the inset of Fig. 1(b), which consist of
25-pair fingers with 5 pm in width spaced by a 5-um gap, and
440 pm in length.

Transmittance spectra were measured at room temper-
ature using a PerkinElmer Lambda 950 system with a sap-
phire substrate as the reference. The current—voltage (I-V)
characteristics were performed using a Keithley source me-
ter model 2636 A in dark or under illumination of 254-nm
light (Model ENF-240C/FE) with an incident power density
of 0.5 mW/cm?. The spectral photoresponse was measured us-
ing a monochromator (model iHR320) equipped with a 300-W
xenon-arc lamp as the optical excitation source and a low noise
current preamplifier (model SR570) with the lock-in measure-
ment technique (model SR830). The incident power density
was calibrated by a Si reference photodiode. A 266-nm pulsed
laser with a single pulse energy of 2 pJ was employed as the
excitation source for temporal response measurements, and a
digital oscilloscope (TBS 1102) for data collection.

3. Results and discussion

The incorporation of oxygen flux is expected to tune the
sub-gap states which can be reflected by the optical trans-
mittance spectra as shown in Fig. 1(a). In comparison, the
sample S2 grown with oxygen flux exhibits steeper absorp-
tion edge with a high transmittance, while an obvious ab-
sorption shoulder in the spectral range of 280 nm—400 nm is
observed for sample S1, indicating the presence of sub-gap
states. The optical bandgap and distribution of sub-gap states
can be described by using Tauc and Urbach rules.!'*13] Ap-
proximated absorption coefficient & can obtained in terms of
exp(—ad) =T/(1 —R), where d is the film thickness, and T
and R represent the transmittance and reflectance components,
respectively. As plotted in the inset of Fig. 1(a), the depen-
dence of (athiv)? on fiv exhibits linear features and are well
fitted by the Tauc relation of (aiv)* = A% (hv — E,) for direct
semiconductors, where E; is the Tauc optical bandgap, AV is
photon energy, and A is the slope of absorption edges.'*! As
summarized in Table 1, the optical bandgap is estimated to be
4.90 eV, in agreement with the reported value for the amor-
phous Ga;O3 films. It is noted that the optical bandgap has
no obvious change but a pronounced suppression of Urbach
tail absorption below the bandgap is observed for sample S2
in the inset of Fig. 1(a), indicating the reduction of sub-gap
states with the incorporation of oxygen flux. It is well ac-
cepted that oxygen vacancies are the most dominant intrinsic
defects, which are abundant and introduce broad band tails be-
low the conduction band of amorphous and crystalline oxides
if grown with insufficient oxygen incorporation.
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Fig. 1. (a) Optical transmittance spectra of samples S1 and S2; the inset shows the plots of (athv)? versus hv. (b) I-V characteristics of two
MSM photodetectors measured at room temperature; the inset shows the optical microscopic image of detectors. (c) and (d) The energy band
diagram of Ohmic and Schottky-type contacts to the amorphous Ga, O3 with different densities of oxygen vacancies at interfaces, respectively.

Table 1. The summary of the amorphous Ga, O3 photodetectors performance.

R ivi D i hi Dark Detectivi
Samples Oxygen EgfeV PC peak /eV esponsi\lllty ecay time Stretching ar ete(I:tlzvnyil
flux/sccm /A-W T/us parameter f3 current/pA fem-Hz!/2.W
S1 0 4.90 5.64 55.5 769.4 0.67 16.3 1.14 x 10'2 313
S2 5 4.89 5.17 6.54 x 1072 243.9 1 3.01 x 1077 9.82 x 102 0.34

The variation of sub-gap states below the conduction band
also tunes the conductivities of the resultant films. Figure 1(b)
shows the current—voltage (/-V) characteristics in dark condi-
tion. Without oxygen flux during the growth, the -V curve
shows a linear feature, indicating Ohmic contact of Ti/Au on
the conductive Ga; O3 layer, and the dark current at a bias of
5 Vreaches 16.3 pA. In contrast, an obvious rectifying behav-
ior for back-to-back Schottky contacts with a very low dark
current less than 1 pA is observed from the /-V characteris-
tics of the sample S2. The asymmetric rectifying behavior is
attributed to the inhomogeneous Schottky barriers. The con-
version of metal-semiconductor contacts results from the con-
ductivity variation of as-grown Ga;0O3 films tuned effectively
by oxygen incorporation. It is well understood that insuffi-
cient oxygen incorporation will lead to the abundant oxygen
vacancies distributed within the film, which will directly or
indirectly donate electrons as donors and modify the conduc-
tivity. To understand the influence of oxygen vacancies on the
carrier transport mechanisms, the schematic energy band dia-
grams of Ti/Ga,O3 interface with Ohmic and Schottky types
are shown in Figs. 1(c) and 1(d), respectively. For conductive
Ga, 03 film, despite of the presence of Schottky barrier be-
tween Ti/Au and Ga, O3, the Fermi level of amorphous Ga; 03
is pinned close to the energy levels of charged oxygen va-
cancies (V%;L), which is near the bottom of the conduction
band.['®) Consequently, the barrier width becomes quite nar-

row, which allows easy passage of carrier via tunneling and
thereby results in a good ohmic characteristic. Furthermore, as
shown in Fig. 1(c), traps under conduction band near the MS
interface are also abundant and hence trap-assisted tunneling
(TAT) wil also be promoted to increase the reverse current.!!”]
Oxygen flux incorporation effectively suppresses the forma-
tion of oxygen vacancies and donor-like surface traps, result-
ing in semi-insulating feature of the film and the reduction of
interface states near the M-S contacts. In this case, the space
charge region is broad enough to suppress the field-emission
tunneling or trap-assisted tunneling processes, as shown in
Fig. 1(d). Thus, a very low dark current is expected in the
back-to-back Schottky junction together with a high resistive
Gay03 layer in series. Apart from the injection-limited con-
duction mechanism, the bulk-limited conduction mechanism
such as Ohmic conduction should also be taken into account
to describe such low reverse current in the high resistive sam-
ple S2.[18]

The conversion of metal contacts to the amorphous
Ga;03 layer gives rise to the resultant MSM photodetectors
working in different operation modes with different photore-
sponsivity performance. Figure 2(a) shows the semi-log I-V
plots of the photodetector in dark condition and under illumi-
nation of 254 nm deep ultraviolet (DUV) light. With oxygen
incorporation, both dark current and photocurrent components
decrease in 10° and 10* of magnitudes, respectively, mainly
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limited by the back-to-back Schottky contacts. As a result, a
high photocurrent/dark ratio of 10° is achieved, which demon-
strates that low background noise with ultralow dark current
will enhance the capability to detect weak UV signals. Fig-
ures 2(b) and 2(c) show the spectral dependence of absorption
coefficient and photoresponsivity of photodetectors biased at
5V, respectively, plotted in a semi-log scale. The difference in
spectral photoresponse characteristics is attributed to the de-
tectors working in photoconductive and photovoltaic modes
for samples S1 and S2, respectively. The sample S1 has a
peak responsivity of 55.5 A/W at 5.64 eV, yielding a high
product of external quantum efficiency nex and internal gain G
of 313.1" For the photoconductor S1, a rather low rejection
ratio is obtained accompanied with a distinct and broad re-
sponse tail down to 4.0 eV, which is very similar to the shape
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of sub-gap absorption in the absorption coefficient spectrum
in Fig. 2 (b). The sub-gap absorption is known as the Ur-
bach tail and follows an exponential dependence versus en-
ergy with a characteristic energy E,, which depicts the den-
sity of states below the bandgap. Both the absorption coeffi-
cient and photoresponse below bandgap can be well described
by similar relations of o (Av) = apexp [(Av — E,)/E,] and
R(hv)=Roexp [(iv — E,) /E,|, respectively.l!*?l The Ur-
bach tail states are originated from defects with their energy
level close to the conduction band, and in this work, oxygen
vacancies and gallium interstitials are the most possible can-
didates. It has been widely reported that donor like oxygen
vacancies in the absorbing layer captures the excess photo-
generated carriers under illumination, leading to serious PPC
effect and yielding a high photoconductive gain.[%10-11]

106
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Fig. 2. (a) Semi-log scaled /-V characteristics of detectors in dark condition and under illumination of 254 nm DUYV light; (b) semi-log plots of absorption
coefficients & versus hv; (c) semi-log plots of photoresponse versus hv for samples S1 and S2 measured at room temperature with a biase of 5 V.

In comparison, a peak responsivity of 0.065 A/W at
5.17 eV with a corresponding NextG ~ 50% is achieved for
sample S2 with a sharp cutoff edge near the energy gap, and
a high ultraviolet C (UVC)-to-ultraviolet A (UVA) rejection
of about 10° with suppressed sub-gap absorption. It is a sign
that the sample S2 is operated in the typical photovoltaic mode
with its ideal maximum internal gain to be unity, in which, ex-
cess electron-hole pairs generated in the depletion region are
separated and driven by the built-in field, mainly contribut-
ing to the photocurrent. The thermal-noise-limited detectiv-
ity D*, a figure of merit used to characterize the smallest de-
tectable signal, is determined to be 1.14 x 10!? cm-Hz!/2.W~!
and 9.82 x 10'2 cm-Hz!/2-W~! for samples S1 and S2 bi-
ased at 5 V, respectively, in terms of the relation of D*
RA'/2/ (qud)l/ 2, where R is the peak responsivity, A is the
effective illumination area, ¢ is the electronic charge, and Iy

is the dark current at the applied bias.[l:2!] It can easily come
to the conclusion that the photovoltaic detector with tremen-

dous reduction of defects by oxygen incorporation demon-
strates superior device performance as summarized in Table 1.
Another interesting feature is that both response spectra are
composed of two bands located at 5.64 eV and 5.17 eV as
shown in Fig. 3(a), which are consistent with the energy po-
sitions for the maximum of absorption coefficient in Fig. 2(b)
and the Tauc optical bandgap, respectively. It may be under-
stood in the framework of valance band structure of Ga;Os3
that is mainly determined by oxygen 2p states.[>??] Especially
for the amorphous materials, the disorders lead to the relax-
ation of selection rules that are only valid for the transitions at
the I point in single crystalline materials. As a matter of fact,
the optical transitions are not restricted at I point but are al-
lowed in the whole Brillouin zone, and thus, transitions from
deeper valance sub-bands to the conduction bands are domi-

nant in sample S1, leading to the blue-shift of peak responsiv-

ity.
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Fig. 3. (a) Frequency-dependent photoresponsivity spectra under the bias of 5 V; (b) the dependence of peak responsivity on the chopping
frequency and the fitting of effective lifetime of excess carriers in samples S1 and S2; (c) temporal response characteristics of the photodetectors
illuminated by a 266-nm pulse laser at 5-V bias and the fitting plots by a stretched exponential function.

The devices operated in photoconductive and photo-
voltaic modes are also expected to have different transient
photoresponse characteristics. Figure 3(a) shows the spec-
tral photoresponsivity of devices recorded at different chop-
per frequencies. Apparently, as the chopping frequencies in-
crease, the magnitude of peak responsivity for sample S1
decreases much quicker with respect to that of sample S2.
The dependence of peak responsivity on the modulation fre-
quency is extracted in Fig. 3(b). The effective lifetime of
excess carriers can be determined by the relation of R =
At/ (1 + w? Teff) 1 2, where A is the function of intrinsic car-
rier concentration, quantum efficiency, detection wavelength,
and applied bias.!'l The good fitting to the solid experimen-
tal points in Fig. 3(b) gives rise to a carrier lifetime of 23 ms
and 2.3 ms for samples S1 and S2, respectively. Finally,
the temporal photoresponse was measured with 5-V bias un-
der illumination of a 266-nm pulsed laser. The decay curves
can be well described by a stretched exponential function of
I1(t) = Ipexp [(—t/f)ﬁ] , where 7 is the response decay time,
and f3 is the stretching parameter bounded between 0 and 1.1
The variation of B from unity is a measure for the degree
of disorder in the material and has been widely used to de-
scribe the decay processes involved in the localized centers
such as InGaN, ¥ II-VI quantum dots,*! and porous Si.[?%!
The good fitting in Fig. 3(c) gives rise to the decay times
of 769.4 us and 243.9 us as well as the  values of 0.67
and 1.0 for samples S1 and S2, respectively. The increased
B value in S2, together with sharp edges of absorption and
photoresponse, indicates the decreased trap densities by oxy-
gen incorporation. It is noted that the extracted decay time in

Fig. 3(c) is much shorter than the response time determined by

chopper-modulated Xe-lamp light due to its low incident light
power. The excitation-dependent response could be attributed
to the redistribution of the excess carriers with increased ex-
citation level, which are also observed in the photoconductive

21 Never-

detectors fabricated from wide bandgap materials.
theless, the different photoresponse characteristics of two de-
vices operated at different modes are strongly linked to the
carrier transport mechanisms, including electron—hole genera-
tion, trapping, and recombination. It is expected that the trans-
port time of excess carriers driven by built-in field in the de-
pletion region for the photovoltaic detector is much shorter
than the transition time of carriers between two interdigital
fingers of photoconductors. In particular, with the presence
of abundant oxygen vacancies, trapping of photogenerated
holes slows the recombination process and thus leads to long
decay time. Oxygen incorporation in the growth process is
essential to reduce deep-level traps, and therefore the pho-
togenerated electrons and holes undergo a rapid separation
and combination process, promoting a fast response recov-
ery. To improve the photodetector performance, some further
strategies are required, including improving the carrier mo-
bility to reduce the carrier transit time,!! reducing the deep-
level trapping of minority carriers to suppress the persistent-
photoconductivity effect, [>’! surface passivation to reduce sur-
face recombination,?®! or inducing additional built-in field by

o529

using novel designs of heterostructur | or three-terminal

phototransistors. 3%

4. Conclusions

In conclusion, an Ohmic-type phtoconductive and a
Schottky-type photovoltaic photodetectors based on amor-
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phous Ga;0Os3 film have been fabricated by tuning the oxygen
flux during the sputtering process. The conversion of con-
tact types and the operation mode transition of photodetectors
are attributed to the variation of oxygen vacancy concentra-
tion in GapO3 films. Oxygen incorporation tremendously re-
duces the oxygen vacancies within the absorbing layer and in-
terface states at the metal-semiconductor contacts, which sup-
presses the sub-bandgap absorption and persistent photocon-
duction effect. Consequently, the Schottky photovoltaic detec-
tor shows superior performance with an ultra-low dark current
at pA level, a high detectivity of 9.82 x 10'2 cm-Hz!/2.-W~!,
a fast response time of 243.9 us, and a high UVC-to-UVA re-
jection ratio of 10%. The results provide a paradigm for the
realization of high performance and cost-effective amorphous
Gay03 based solar blind photodetectors with broad applica-
tions.
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