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ABSTRACT

This work presents a systematic study in the photocurrent transport and transient dynamics in amorphous Ga2O3-based deep ultraviolet
(DUV) photodetectors, which are configured with a co-planar metal–semiconductor–metal structure, with high performances including a
DUV/dark current contrast ratio of 106 and a photoresponsivity of 25.3 A/W. Under steady-state DUV excitation, an analytical current–volt-
age relationship is developed to describe the carrier transport behaviors. Under the pulsed-DUV excitation and post-DUV exposure, the cur-
rent rise and decay dynamics have been investigated, which enables us to clarify the role of intrinsic defects in the photoresponse and
response speed. In addition, we also propose a criterion to adequately evaluate the photoresponsivity of Ga2O3-based DUV photodetectors
with slow photocurrent decays.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0285457

Deep ultraviolet (DUV) photodetection holds promise for various
applications in healthcare, astronomy, non-line-of-sight communica-
tions, and fire warning systems.1,2 To overcome the limitations of
traditional DUV photodetectors (e.g., photomultiplier tube and Si pho-
todiodes) including the low DUV photoresponse or the requirement of
external components (e.g., spectral filters and cooling systems), exten-
sive research in recent years has focused on DUV photodetectors
fabricated from ultra-wide bandgap semiconductors, such as MgZnO,
AlGaN, diamond, and Ga2O3.

3–5 Among these materials, Ga2O3 is
regarded as one of the best candidates due to multiple advantages in its
material properties, such as the wide bandgap energy of 4.9 eV, a tun-
able bandgap up to 7.6 eV by alloying with Al2O3, a large breakdown
electric field of� 8MV=cm2, and high chemical stability.6 These prop-
erties endow the Ga2O3-based DUV photodetector working in Earth’s
atmosphere or harsh environments without losing performance.

Indeed, there has been a fast-growing interest in Ga2O3-
based DUV photodetections in the past decade. Numerous metal–se-
miconductor–metal (MSM) photodetectors have been fabricated from

single-crystal Ga2O3 with different phases (namely a�; a�; b�;
c�; d�, and e� according to the crystalline structure), mainly pursuing
responsivity and high sensitivity,6–9 as well as due to the limitation of
stable p-type availability.1,6 A recent report has demonstrated an
extremely large photoresponsivity of 6:7� 107 A=W with a sensitivity
of 1:06� 1021 Jones based on MSM structures.10 Despite efforts made
to improve response speed through vertical device designs andmaterial
innovations,11–13 it is still unclear why large photoresponsivity is always
accompanied by a slow response speed (ranging from several seconds
to thousands of seconds) in such planar devices. Meanwhile, a consis-
tent model depicting carrier transport is missing for MSM photodetec-
tors. In this work, we demonstrated two a-Ga2O3-based MSM
photodetectors with high performances, including a DUV/dark current
rejection ratio of (Iph=Idark) > 106 and photoresponsivity up to
25:3A=W. Through the investigation of steady-state and transient
photocurrents using various testing methods, a precise current–voltage
(I–V) relationship has been developed as a universal model to illustrate
the carrier transport behaviors, and the defect motion coupled with
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charge trapping/de-trapping process has been proposed to describe the
photocurrent decay.We also point out that the saturation photorespon-
sivity should be used to appropriately evaluate the photoresponse of
MSM photodetectors with slow photocurrent decay.

The undoped a-Ga2O3 thin film (150nm) used in this work was
deposited on quartz by radio frequency (RF) sputtering under oxygen
(O-rich) and no-oxygen (O-deficient) conditions, where the latter con-
tains much higher oxygen vacancy, confirmed by x-ray photoelectron
spectroscopy (XPS). To be specific, both films were deposited with a
Ga2O3 target under RF power of 60W and a chamber pressure of
0.4 Pa. The O-deficient film is grown in a pure Ar environment, whilst
the O-rich is one prepared in Ar/O2 with an O2 partial pressure of
1:6� 10�3 Pa. After growth, ITO interdigital electrodes were fabri-
cated on both samples, with a finger length of 300lm, a spacing of
5lm, and 75 pairs. The devices were bonded to a printed circuit board
with conductive silver epoxy on ITO electrodes for the electrical and
optical tests. Details of the growth, XPS characterizations, and device
fabrication can be found in our previous publications.14–17 To distin-
guish the two devices, the photodetector fabricated on the O-rich
film is labeled as device A and the one on the O-deficient film as device
B. The photocurrent study was carried out with a 254 nm-DUV lamp
with a Keithley 2636B source-meter with a current resolution down
to 2 fA.

Figure 1(a) displays the one-loop IV measurements. Both devices
show a current hysteresis with a coupled capacitance, where the
detailed discussion can be found in our former publications.18 Device
B, grown in O-deficient environments, exhibits a smaller capacitance
and a lower resistance. This is due to the improved conductivity as a
result of the high density of oxygen vacancy, which is widely known as
an n-type deep-level defect. Figure 1(b) shows the IV measured under
254nm DUV light illumination with a sampling rate of 20ms between
each data point, where the coupled capacitance disappears in both
devices due to the presence of photogenerated carriers. Typical

symmetric Schottky-MSM IV curves were observed in both devices
(ignoring fabrication imperfections). By considering the series resis-
tance and the back-to-back Schottky barriers, the following equation
describing the IV relationship is obtained (see details in the supple-
mentary material):

V ¼ nkT
q

ln
I0 þ I
I0 � I

� �
þ IRs; (1)

where k, T, and q are Boltzmann constant, temperature, and unit
charge, and n, Rs, and I0 are the ideality factor, series resistance, and
reverse saturated current under DUV illumination. The data can be
well fitted to Eq. (1) as shown in Fig. 1(b). It is important to note that
this equation is universally valid for the Schottky-MSM structures with
negligible capacitance to describe the carrier transport.

Figures 1(c) and 1(d) show the photocurrent mapping under var-
ious illumination densities. Both devices exhibit a rejection ratio
(Iph=Idark) of more than 4 orders of magnitude (limited by the slow
response and sampling rate in the measurement to be discussed in the
later paragraphs). Device B shows that the photocurrent is more sensi-
tive to the illumination power at high voltage as a result of improved
conductivity due to oxygen vacancies, which corresponds well to the
growth conditions and dark IV measurements. Although device B
shows a lower photocurrent than that of device A under the same illu-
mination density from IV measurements, it is found that the result is
influenced by the device response speed and measurement sampling
rate, which will be discussed later.

The photocurrent decay under different voltages was studied in
order to have a deeper insight into the device working mechanism.
From the results, device A shows a much faster decay than that of
device B [Figs. 2(a) and 2(c)], indicating that the defects play a role.
Both of the decay curves can be fitted into a multi-term exponential
decay curve by

FIG. 1. (a) Dark current of the as-grown
(device A) and annealed devices (device
B). (b) The IV curve of both devices under
UV254 illumination with power density of
2.1 and 3.1 mW=cm2 for devices A and B.
The photocurrent is limited by the sam-
pling rate due to the long decay time.
(c) and (d) Photocurrent mapping under
different illumination densities of devices A
and B, respectively.
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IðtÞ ¼ A exp � t
s1

� �
þ B exp � t

s2

� �
þ C exp � t

s3

� �
; (2)

where A, B, and C are fitting parameters; s1, s2, and s3 are the decay
time constants, each corresponding to a certain decay process. The
decay profile of device A can be well fit into a 2-term exponential
decay, while device B requires at least 3 terms to generate a good fit
using Eq. (2). From the fitting results, the decay constants s1 ¼ s2 of
device A are at 1–3 s, indicating only one decay mechanism detected.
In comparison, the 3 decay time constants of device B are s1 ¼ 1–3 s,
s2 ¼ 10–20 s, and s3 > 100 s [Figs. 2(b) and 2(d)]. As the fast
response (s1) in both devices is of the same value, it is rational to attri-
bute them to the same decay process, likely to be dominated by non-
radiative carrier recombination (e.g., defect-assisted recombination).19

The medium (s2) and slow decay (s3) are related to carrier trapping/
de-trapping and slow motion of Vo and its charged defects V�

o .
To verify this, the rise time of the photocurrent was measured at

different voltages by turning on DUV until the photocurrent was satu-
rated. Figures 3(a) and 3(b) are the results of the photocurrent plotted
in log-scale after DUV was turned on for both devices A and B.
Clearly, device A exhibits an ultra-low dark current � 10 pA under
low voltage (� 6V). With DUV illumination, the current rapidly satu-
rates in < 50 s with a best Iph=Idark ratio of 106 at 6V, among the top
of the reported values.18 The value degrades to � 5 orders when the
bias is above 6V due to the increasing dark current. Under 15V, a
maximum photoresponsivity of 0.47A/W is observed. In device B, the
large Iph=Idark ratio of � 5 orders can be found at high voltages (e.g.,
12 and 15V), along with an exceptional photoresponsivity of 25.3A/
W. Meanwhile, the rise time of device B is much slower, where the
photocurrent takes more than 200 s to achieve complete saturation.

Moreover, the rise curve at low voltage (3 and 6V) exhibits a superlin-
ear manner [Fig. 3(c.1)], while the curve at higher voltages (� 9V)
shows a sublinear increase. Due to the complexity of the rise curve at
different voltages, they hardly fit into any mathematical model. Here,
we attribute the slow rise time to the presence of charged oxygen
vacancies, V� (e.g., Vþ and V2þ). Such defects are not only electron
traps but also mobile in Ga2O3 under an applied voltage.

20–22 The trap-
ping and detrapping processes under voltage and DUV can be

depicted by V� þ e�Voltage
DUV Vo. Due to the existing charges, the slow-

moving V� has a surrounding depleted region. As a result, the move-
ment of other charged defects will be affected until they are neutralized
by trapping electrons. Therefore, the photocurrent rise is very slow due
to such a trapping process by the oxygen vacancy. Similarly, the
detrapping process is also associated with the slow-moving V�, which
is the cause of persistent photocurrent [s3 in Figs. 2(b) and 2(d)].

The complete relaxation of the photocurrent of device B to its ini-
tial value requires several hundred seconds [Fig. 2(b)], which is much
longer than the typical sampling rate (normally � 1 s between each
data point) in IV measurements. Such a situation applies to other time-
related photocurrent scanning methods, e.g., spectral photoresponsivity
measurements. Once the scanning rate is faster than the photocurrent
decay, the obtained photocurrent (or photoresponsivity) value is not
accurate, as it does not achieve the maximum value. However, this has
been ignored in previous works.5,23–25 Hence, we propose to use the sat-
uration photoresponsivity measured from the photocurrent–time curve
to fairly evaluate the performance of slow-decay Ga2O3-based DUV
photodetectors. Figure 3(d) shows the saturation photoresponsivity of
the two devices as a function of voltage, which can be fit to the law of
the power by R � Vp. It is found that the power (p) of devices A and B
is 0.7 (sublinear) and 3.3 (superlinear), respectively. The superlinear

FIG. 2. Transient photoresponse of devi-
ces A (a) and B (c) at applied voltage
from 3 to 15 V; the dashed lines are the fit-
ting curves. (b) and (d) The time constant
from the fitting of devices A and B,
respectively.
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growth of the saturation photoresponsivity of device B indicates a pho-
tocurrent gain, which again is related to the slow-moving V�. The long
lifetime of V� indicates that the charge is accumulating in the circuits,
leading to the large photocurrent and gain.26

Finally, IV after exposing the devices to DUV (Ipe) was measured.
This is different from the measurements performed in Figs. 1–3, where
the IV is recorded under DUV illumination. Figures 4(a) and 4(b)
show the Ipe map under increasing DUV exposure time. Obviously,

the Ipe of device A is not relevant to DUV exposure, reflected by its
value always at the dark current level [Fig. 4(a)]. In contrast, device
B shows a strong increase in Ipe over DUV exposure time [Fig. 4(b)].
The growth of Ipe with exposure time can be fit to exponential
growth,

Ipe ¼ Is � A exp � t
spe

� �
; (3)

FIG. 3. The photocurrent rise measured
under different voltages of devices A (a)
and B (b), respectively. (c.1) and (c.2)
show the linear plot of device B at 3 and
15 V. (d) Saturation photoresponsivity as a
function of voltage for both devices.

FIG. 4. The Ipe mapping of devices A (a)
and B (b). (c) Ipe measured at 15V under
different DUV exposure times. (d) Transient
Ipe after 10min DUV exposure at 3 V.
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where Is is the saturated value of Ipe, and A, spe fitting parameters.
From the fitting, a saturated post-exposure current of 1:8� 10�6 A
can be obtained at 15V. The decay of Ipe was measured after 10-min
DUV exposure at 3V. As shown in Fig. 4(d), the decay curve can be
fitted into Eq. (2) with one-term exponential decay. The time constant
(spe) is obtained with a value of 8.4 s, very close to s2 � 10 s. Given
that no voltage is applied during exposure, it is reasonable to conclude
that this decay is dominated by the electron detrapping from V� [s2 in
Figs. 2(b) and 2(d)]. Therefore, this experiment counterproves that the
long decay of s3 is from the slow-moving charged-defect (V�), where
the excitation of such defects requires concomitant presence of voltage
and DUV illumination. From Fig. 4(d), a slight current increase (with
DIpe ¼ 13 pA) is also observed, which could be the thermally excited
carriers as a result of long-time continuous measurement. This also
explains why the current is not completely relaxed to the initial value
after DUV illumination in Fig. 3(a).

It is worth mentioning that the performance of our devices,
including the high contrast ratio of 106 and large photoresponsivity of
25.3A/W, is amid the top of Ga2O3 DUV photodetectors, including
the chemically stable b-phase ones. Detailed device performance based
on various device structural designs and different crystalline phases
can be found in several recent review papers.1,6,23,27–29 One advantage
of a-Ga2O3 is the simple material fabrication methods achievable at
low temperature on arbitrary substrates with a low cost, enabling the
application in, e.g., flexible optoelectronics.16 Moreover, there are
potentials for integrating a-Ga2O3 DUV photodetectors with its other
devices such as memristors, gas sensors, and phosphors.18,30 On the
contrary, b-Ga2O3 offers superior material stability for high-power,
harsh-environment applications, associated with the compatibility for
accurate defect control and integration with other materials by epitax-
ial growth. As Ga2O3 DUV photodetection is growing rapidly, and
both amorphous and b-phase (as well as other phase) materials are
developing dynamically, this paper does not aim to judge which one is
the final solution—this also depends on the practical application
scenarios.

In summary, our work has developed a precise IV relationship
for understanding the carrier transport in Schottky-MSM devices.
Though the analytical equation is derived based on thermionic
emission, the authors envisage that it can be further improved by con-
sidering practical carrier transport processes in wide bandgap semi-
conductor Schottky barriers (e.g., field emission, tunneling, and
leakage). With a systematic study of the photocurrent behaviors associ-
ated with Vo in a-Ga2O3, we revealed that slow decay is strongly
related to the motion and electron detrapping of Vo and its charged
states. Moreover, we also proposed saturation photoresponsivity as an
accurate evaluation standard of the device performance instead of tra-
ditional measurements involving spectral or photocurrent scanning,
where the instantaneously obtained photocurrent may be influenced
by the sampling rate in the slow response devices. Our findings in
device physics are also applicable to other ultra-wide bandgap
semiconductor-basedMSMDUV photodetectors.

See the supplementary material for the device configuration and
derivation of Eq. (1).
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