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ABSTRACT
The study addresses the lack of consistency with reporting of Ga2O3 photodetector performances and assesses the impact of illumination
intensity, illumination wavelength, and voltage bias on photodetector responsivity and time response. The approach reveals the electronic
processes at play during Ga2O3 photodetector operation and provides qualitative insights into the defect spectroscopy of the materials. More
importantly, the study highlights that high performance claims could be engineered through selective use of testing conditions and warns of
malpractices when reporting performances, which could result in misleading comparisons. Finally, the study makes recommendations for
future works reporting photodetector performances to enable normalization of performances, allowing fair comparisons across the literature.
These recommendations are not specific to Ga2O3 and can be applied to other semiconductors.

© 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/10.1063/5.0255413

I. INTRODUCTION

Ultraviolet-C (UV-C) sensing finds many applications in envi-
ronmental monitoring, flame detection, missile warning systems,
secure communications, astronomy, medical imaging, biochemi-
cal analysis, and ozone hole monitoring.1 Gallium oxide (Ga2O3)
is an emerging ultra-wide bandgap semiconductor and a leading
candidate for next generation UV-C photodetectors.2,3 This is a
polymorphic compound, with known phases labeled α, β, κ, γ, and
δ.4,5 With a bandgap of ∼5 eV, the material is naturally suited to
detect UV-C radiations, and the prospects of alloying with other
sesquioxides, e.g., Al2O3,6 In2O3,7 Fe2O3,8 and Ti2O3,9 offer much
promise for performance tunability across the UV spectrum.

One of the key photodetector performances most commonly
reported in the literature is the responsivity, which measures the
photocurrent per unit of incident power, defined as

R =
(Iph − Id)

PA
, (1)

where Iph is the photocurrent, Id is the dark current, P is the inci-
dent light intensity, and A is the effective illuminated area. Another
important performance indicator commonly reported is the time

response, which measures the time taken by the device to reach
steady state operation as light is switched on (rise time τr) or
switched off (decay time τd). These are conventionally measured as
the time for the photocurrent to vary from 10% to 90% of its steady
state value (and inversely for the decay time, from 90% to 10%).

However, the UV photodetector field does not adopt a stan-
dardized approach to record and report these performance indi-
cators as in other fields, such as photovoltaics.10–12 This lack of
consistency results in a body of literature reporting performances
obtained under very different experimental conditions, as illustrated
in Table I in the context of UV-C photodetectors based on α-phase
Ga2O3—a similar observations can be made for all the phases of
Ga2O3.

In Ga2O3 resistive photodetectors, these performance indica-
tors are strongly dependent on experimental conditions of illumi-
nation or bias. To illustrate this, Fig. 1 compares the photocurrent
vs time plots of the same α-Ga2O3 photodetector illuminated using
250 nm light with 0.8 and 292 μW/cm2 illuminating intensities and
10 V bias. We can clearly see that under the first conditions we obtain
a device that compares in responsivity among the best of Table I,
while the other set of conditions leads to time response on a par with
the fast devices in Table I.
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TABLE I. Comparison of performances for α-Ga2O3-based photodetectors. To illustrate the variations in experimental parameters, the list was restricted to
metal–semiconductor–metal structures. In the electrode materials column, ohm. signifies reporting of linear I–V characteristics, and rect. signifies non-linear I–V characteristics.
∗ Ouyang et al. investigated Si:Ga2O3 devices, with proportions of Si–Ga atoms in solution (from top to bottom): 0.3%, 1%, 2%, and 4%.

Reference
Illumination

wavelength (nm)

Illumination
intensity

(μW/cm2) Bias (V)
Electrode
materials

Electrode
spacing (μm)

Electric
field (103 V/cm)

Responsivity
(A/W)

Rise
time (s)

Decay
time (s) Year

Guo et al.13 254 130 5 Ti/Au (ohm.) 200 0.3 3.2 × 10−3 ∼1 ∼1 2016
Lee et al.14 253 700 20 Pt (rect.) 30 6.7 0.76 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 2019

266 - (Laser) 5 1.7 ⋅ ⋅ ⋅ 539 × 10−9 89 × 10−6

Moloney et al.15 240 46 10 Ti/Au (ohm.) 100 1 1.17 >1 >1 2019
Qiao et al.16 244 ⋅ ⋅ ⋅ 5 Ni/Au (rect.) 5 10 3.36 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 2019
Hou et al.17 254 520 12 Ti/Au (ohm.) 5 24 11.5 >1 42 × 10−3 2019
Muazzam et al.18 229 - (Lamp) 20 Ni/Au (rect.) 6 33 0.97 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 2019
Bae et al.19 254 ∼60 5 Pt/Au (rect.) ∼15 ∼3.3 4.2 × 104 >10 >10 2021
Lee et al.20 - (Xe flash lamp) 6000 30 Ti/Au (ohm.) 15 20 0.19 2.6 × 10−6 204 × 10−6 2021
Sun et al.21 240 - (Lamp) 10 Ni/Au (rect.) 5 20 132.6 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 2021

213 - (Laser) ⋅ ⋅ ⋅ 2.3 × 10−6 97 × 10−6

Kim et al.22 235 - (Lamp) 20 Ti/Au (ohm.) 8 25 550 5.47 0.44 2023
Almaev et al.23 235 27.2 10 Ti/Ni (rect.) 30 3.3 7.19 × 104 1190 72 2023
Ge et al.24 254 140 5 Ti/Au (ohm.) ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ∼900 1.52 0.62 2023
Ouyang et al.25∗ 254 20 20 Ti/Au (ohm.) 20 10 0.22 6.63 0.63 2024

4.62 4.45 0.62
45.47 2.31 0.57
323 1.02 0.55

Li et al.26 254 31.2 3 Ti/Au (rect.) ∼4 ∼7.5 3.76 3.89 2.85 2025

While the technology will ultimately dictate the performance
requirements for the devices it will employ, this dependence of per-
formance indicators on operating conditions makes comparisons
across literature very challenging, if not misleading. This is even
more significant if these comparisons are taken out of the con-
text of purely device comparisons and used to conclude about the
material quality. When the material is at such an early stage of
development, it is important to enable rigorous comparisons to
inform effective material improvement strategies. In this paper, we

FIG. 1. Comparison of current-time plots of the same device illuminated by 250 nm
light from a deuterium lamp (0.8 μW/cm2) vs LED (292 μW/cm2) and 10 V bias.
The rise and decay times are based on 10%–90% figures as described in the text.

establish the effects of illumination intensity, illumination wave-
length, and voltage bias on the responsivity and time response of
Ga2O3 UV photodetectors in order to reveal the electronic pro-
cesses at play in the material, but also warn of the influence of
these parameters when comparing device performances. Finally, we
propose good practices for future reporting of UV photodetector
performances.

II. METHODS
An unintentionally doped 130 nm thick α-Ga2O3 film was

grown on c-plane Al2O3 by plasma enhanced atomic layer depo-
sition at 250 ○C. Under these conditions, it is known that the
resulting α-Ga2O3 film is grown epitaxially on the Al2O3 substrate
with [0001]Ga2O3∥[0001]Al2O3 and [112̄0]

Ga2O3
∥[112̄0]Al2O3 . The film

consists dominantly of α-Ga2O3 columns, with amorphous and
κ-Ga2O3 inclusions located between the columns,27 and contains a
∼5 × 1010 cm−2 density of threading dislocations.28 The film exhibits
an optical bandgap of 5.1 eV29 and a broad luminescence spanning
∼1.5–3.8 eV, peaking at ∼2.5 eV, indicating a dominant contribu-
tion from donor–acceptor pair recombinations.30 Following growth,
the sample was annealed at 400 ○C for 1 h in argon ambient and
1000 mbar pressure. The film was then processed into photodetector
structures by depositing interdigitated Ti(20 nm)/Au(80 nm) metal
electrodes to produce ohmic contacts.15,31 The effective area of the
photodetector is 0.425 mm2, and interdigitated electrode spacing is
∼100 μm.

Photoelectrical measurements were obtained using a Signatone
probe station. The sample was biased, and photocurrent was mea-
sured using a Keithley 6487 picoammeter. Illumination was achieved
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using either a Thorlabs SLS204 deuterium lamp spectrally resolved
by a Solar Laser Systems ML44 monochromator (spectral resolu-
tion 11 nm) or a Thorlabs LED250J 250 nm light emitting diode
(LED), both fed into an optic fiber that illuminates a 1.13 mm2 area
of the sample with a ∼45○ incidence. A series of neutral density
filters (Thorlabs NDUVxxB series) was used to attenuate the illu-
mination power of the LED by up to five orders of magnitude. The
illumination power was measured using a Thorlabs S130VC slim
Si UV-extended photodiode with NIST-traceable calibration for the
200–1100 nm wavelength range and a 500 pW–0.5 mW power
range.

III. RESULTS AND DISCUSSIONS
A. Effect of illumination intensity

Figure 2 investigates the effect of illumination intensity on
the responsivity and time response of the photodetector. Here the
illumination wavelength and bias were maintained at 250 nm and

FIG. 2. Effect of illumination intensity on (a) responsivity and (b) time response.
Data were taken under 250 nm illumination wavelength and 10 V bias. In the inset
of (a), a log–log plot of photocurrent vs intensity is shown, highlighting a power-
law relationship. In the inset of (b), a log–log plot of time response vs intensity is
shown.

10 V, respectively, while the illumination intensity was varied across
five decades by means of neutral density filters. Looking at the
log–log plot of the photocurrent vs intensity [Fig. 2(a) inset], we
can identify two clear regimes of operations. A super-linear regime
where Iph ∝ P1.1 is observed for low illumination intensities, tran-
sitioning to a sub-linear regime where Iph ∝ P0.7 for greater illu-
mination intensities. Given the responsivity formula, these regimes
translate into a slight increase of photodetector responsivity with
illumination intensity, followed by a steep decrease for greater
intensities—as can be seen in Fig. 2(a). The influence of illumina-
tion intensity is even more pronounced when looking at the time
response, where the low intensity excitation yields devices that are
too slow for many practical applications, while the high intensity
region provides responses faster than the detection limit of our
setup—limited by the circuit’s RC constant and the ammeter’s sam-
pling frequency. In the context of comparing literature reports, this
relationship highlights that employing different illumination inten-
sity conditions can intrinsically induce up to an order of magnitude
variation in responsivity and several orders of magnitude in time
response. It is therefore not surprising that the fastest devices in
Table I were reported with high illumination intensities (lasers and
lamps at ∼1000 μW/cm2), while the best responsivities were obtained
with illumination intensities of a few 10 s μW/cm2.

Analysis of the power law Iph ∝ Pγ relationship can also be used
to provide important insights into the electronic processes at play
during photodetector operation.32 To assist with the interpretation
of the different power law regimes, we note that high gains attributed
to hole trapping mechanisms have been reported in Ga2O3.33,34

Under illumination, electrons are photoexcited to the conduction
band, and holes become trapped. In the conduction band, the
electrons can make many transits in the device before eventually
recombining with the trapped holes, leading to the observed high
gain.

A scenario where γ = 1 suggests a regime where the photocur-
rent varies linearly with illumination intensity, which also means
that the responsivity should be constant irrespective of the illumi-
nation intensity. Fundamentally, this means that the free electron
lifetime is independent of the illumination intensity.

A scenario where γ > 1 implies a super-linear behavior where
relatively more carriers are released into the electrical circuit com-
pared to the number of absorbed photons as intensity is increased.
Super-linear behaviors have been reported in Ga2O3.35 Under low
excitation, i.e., at low carrier densities, an electron has a higher prob-
ability of interacting with an empty trap, thus reducing the effective
time that the electron is in the conduction band. Rather than a single
trapping event, multiple retrapping and strong interactions with the
traps lead to a slow photocurrent rise time36—this process of long
photocurrent rise time at low illumination intensity is well reflected
in Fig. 2(b). Here, we have the case where the free carrier lifetime
increases, causing the carrier density to increase at a faster rate than
it can recombine, thus resulting in a super-linear behavior.

As the illumination intensity increases, we enter a sub-linear
regime where γ < 1, meaning that the free carrier lifetime decreases
with illumination intensity.32 Sub-linear regimes have been observed
in Ga2O3.19,21,26,35 This effect could be attributed to the variation of
quasi-Fermi level with illumination intensity. α-Ga2O3 has a large
distribution of donor states within ∼1 eV of the conduction band
from a host of intrinsic defects and common impurities, including
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Hi, HO, VO, and VGa complexes.37–39 As the illumination inten-
sity increases, the quasi-Fermi level shifts closer to the conduction
band, thus populating the donor states during the transition. This in
turn reduces the density of available traps, resulting in an increased
likelihood of the electrons to remain in the conduction band and
increasing the likelihood of recombination. Here, we see a process
of the free carrier lifetime decreasing with increasing illumination
intensity as a consequence of increased probability that the elec-
trons are in the conduction band rather than in a trap, leading to
a faster response time—as evident in Fig. 2(b). Bube proposed that
the distribution of traps will have a significant effect on the value of
γ.32 Using a one-center recombination model, it was shown that γ
could only be either 0.5 or 1, irrespective of the quasi-Fermi level
position; however, if the density of traps varies with depth, a case
arises where 0.5 ≤ γ ≤ 1, which is what we and other groups have
observed.19,21,26,35 It seems that the density of defect states relative
to the Fermi level defines these super- and sub-linear behaviors, but
further study would be needed to understand the full range of factors
affecting these power-law regions.

B. Effect of illumination wavelength
Figure 3 highlights the dependence of the performance indi-

cators on illumination wavelength, obtained using the spectrally
resolved deuterium lamp yielding a 0.4–1 μW/cm2 intensity range.
The responsivity plot has the typical shape expected for a photode-
tector and illustrates that the responsivity can change by orders of
magnitude depending on the testing wavelength—Table I reports
devices tested under 213 nm up to 266 nm illumination.

A high responsivity is obtained for illumination at and
above the bandgap energy of the material, which for α-Ga2O3 is
∼5.1–5.3 eV (i.e., 234–243 nm). This is due to the high absorption
coefficient of the material at such wavelengths.29 While the respon-
sivity should, in theory, increase the shorter the wavelength, here
we see that the responsivity plateaus and starts decreasing for wave-
lengths shorter than 210 nm. The shorter the wavelength, the greater
the absorption coefficient, meaning that the photogenerated carri-
ers are increasingly generated near the film surface. The decrease
in responsivity for shorter wavelengths can therefore be indicative
of either increased recombination (radiative or non-radiative) of
photogenerated carriers at surface states or increased carrier den-
sity reducing lifetime. Looking at the time response, we observe that
the device is faster for bandgap energy photons and slows down
for shorter wavelength illumination, which supports an increasing
role of surface defect states in the establishment of a photocurrent at
these wavelengths.

The responsivity then rapidly decreases for wavelengths longer
than the bandgap energy. The fact that carriers can be generated
for sub-bandgap excitation hints at the presence of electronic states
within the bandgap, which we know that Ga2O3 has plenty of.29,37

The steepness of the decrease in responsivity is representative of the
density of defect states,40 which can thus be interpreted as an indi-
cator of the quality of the material. We also observe that the time
response of the device rapidly increases the longer the wavelength,
reaching rise time values of hundreds of seconds for the longest
wavelengths tested. Since long wavelength illumination causes a
lower generation rate than near bandgap excitation, the effect of
such illumination would effectively be somewhat similar to that of

FIG. 3. Effect of illumination wavelength on (a) responsivity and (b) time response.
Data were taken under the 0.4–1 μW/cm2 illumination intensity range and 10 V
bias.

a low intensity illumination, hence causing a low responsivity and
long time response similar to that seen in Fig. 2.

C. Effect of voltage bias
The effect of voltage bias on responsivity and time response is

shown in Fig. 4. The data were here obtained using the deuterium
lamp spectrally resolved at 250 nm and an intensity of 0.8 μW/cm2.
We can see that the responsivity increases linearly with bias, which
is expected due to the ohmic behavior of the Ti/Au contact on α-
Ga2O3.31 The applied bias is routinely mentioned in the literature,
but a wide range of values can be used; e.g., Table I lists biases rang-
ing from 5 to 30 V. However, since the effect of the bias is to generate
an electric field that will move the carriers across the device, a more
fundamental influence would be to consider the effect of the electric
field on responsivity. This is even more significant as the bias is only
meaningful in the context of a given device architecture through its
electrode spacing. In our devices, the electrode spacing is ∼100 μm,
meaning the voltage sweep from 0 to 10 V corresponds to an electric
field sweep from 0 to 103 V/cm. Looking at Table I from the elec-
tric field viewpoint, we observe that the electric field varies over two
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FIG. 4. Effect of bias (electric field) on (a) responsivity and (b) time response. Data
were taken under 250 nm illumination wavelength and 0.8 μW/cm2 intensity.

orders of magnitude (between 0.3 × 103 and 33 × 103 V/cm), and dif-
ferent metals are used to form ohmic or rectifying contacts, which
puts some responsivity claims under new perspectives.

The effect of bias (or electric field) on the device time response
[Fig. 4(b)] is unclear at this stage, where we see a slight, rather
inconsistent decrease in rise time with electric field between 102 and
103 V/cm. Under these operational conditions, the longtime
response is linked to multiple trapping events of the photogenerated

electrons; however, it is unclear why such small variations of the
electric field would affect the electron capture and release rates.

D. Good practices for performance reporting
In light of the testing conditions strongly impacting responsiv-

ity and time response, it is important to be transparent about all the
experimental parameters used to characterize device performance
to enable fair comparisons across the literature that would inform
progress in material and device development. In particular, we rec-
ommend that future Ga2O3 photodetector studies implement the
following points (as per the example in Table II):

● The illumination intensity must be clearly stated, and if pos-
sible, the power law I ∝ Pγ should be identified over several
orders of magnitude range.

● The illumination wavelength must be clearly stated, and
if possible, the wavelength dependence plot should be
provided. If not possible, stating the rejection ratio as
the ratio of responsivities between near-bandgap (UV-C)
and sub-bandgap (e.g., visible, UV-A) illumination can be
sufficient.

● The bias must be mentioned under the form of an elec-
tric field, and the ohmic/rectifying (polarity-dependent)
behavior of the device must be identified.

● The 10%–90% time might not be the best-suited metric of
time response for Ga2O3 photodetectors, as the 90% com-
ponent dominates the measure and cannot be accurately
determined since it falls on the slowly varying part of the
stretched exponential transient.41 Instead, we recommend
using the 50% time (τ50) as time response metrics.

At present, it is virtually impossible to rank the devices in
Table I without making a series of assumptions. Only by following
the above-mentioned advice can one “normalize” performance indi-
cators for experimental conditions, enabling devices to be ranked
based on their performance, facilitating progress in the field.

While the dependencies and subsequent reporting recommen-
dations we highlight in this study are exemplified for Ga2O3 pho-
todetectors, we want to point out that they can be generalized to
photodetectors based on other semiconductors. The dependence
of performance indicators on illumination wavelength and bias is
naturally valid for other material systems, and the dependence on
illumination intensity is also relevant as long as the Iph ∝ Pγ power
law yields γ ≠ 1—which is routinely observed in a wide range of
photodetector studies, including on III-N,42–44 ZnO,45–47 CdTe,48–50

h-BN,51 and WSe2.52

Ultimately, the technology employing the photodetectors will
dictate which operating conditions are relevant. When the technol-
ogy readiness level of the field reaches that stage, devices should

TABLE II. Example of performance reporting for the photodetector investigated here, based on the conditions presented in Fig. 1 (left).

Sample
Illumination

wavelength (nm)
Illumination

intensity (μW/cm2)
Electric field
(103 V/cm)

Power law
(I ∝ Pγ)γ

Responsivity
(A/W)

Rise time
τ50r (s)

Decay time
τ50(s)

This work 250 0.8 10 (ohmic) 1.1 (P < 5 μW/cm2); 0.7 (P > 5 μW/cm2) 12.9 7.9 0.9
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be tested and reported using technology-specific standardized test
conditions.

IV. CONCLUSIONS
We have investigated the effects of illumination intensity, illu-

mination wavelength, and voltage bias on the performance of Ga2O3
UV-C photodetectors. The study shines light on the electronic pro-
cesses at play in the semiconductor and helps obtain qualitative
insights into the defect spectroscopy of the material. More impor-
tantly, we highlight the lack of consistency with reporting of Ga2O3
photodetector performance in the literature and that high perfor-
mance claims could be engineered through selective use of testing
conditions. We highlight malpractices when reporting Ga2O3 pho-
todetector performance that could lead to misleading comparisons
and make recommendations for future work reporting photodetec-
tor performances that would enable normalization of performances,
allowing fair comparisons across the literature. While illustrated for
Ga2O3 photodetectors, these recommendations can be applied to
other semiconductors.
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