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Transparent ultraviolet (UV) photodetectors have garnered significant interest due to their promising applications
in integrated transparent electronics. In this work, a visible transparent solar-blind ultraviolet photodetector with stable
crystalline ITO electrodes based on a §-Ga; O3 film has been fabricated and characterized from room temperature to 400 °C.
The results demonstrate that the device maintains excellent thermal stability even at high temperatures up to 400 °C and
achieves outstanding performance metrics, including a low dark current of 7.5 pA, a superb UV/visible rejection ratio of
7.8 x 107, and a large detectivity of 1.3 x 101> Jones. This overall performance surpasses that of most other reported
Gay03-based transparent UV photodetectors. Therefore, the fabricated high-performance transparent 3-Ga, O3 solar-blind
UV photodetector demonstrates considerable potential for applications in advanced transparent electronics under extreme

environments.

Keywords: solar-blind UV detector, Ga;O3 film, transparent, high temperature
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1. Introduction

In recent years, solar-blind ultraviolet (UV) photodetec-
tors have garnered considerable interest in various fields, in-
cluding fire detection, missile warning, space communica-
tion, and environmental monitoring.“Jﬂ Until now, several
kinds of wide-bandgap semiconductor materials, such as dia-
mond, ZnMgO, AlGaN, and Ga, O3, have been used to demon-
strate UV photodetectors.>~1 Among these materials, Ga, O3
is considered an auspicious material for solar-blind UV pho-
todetection due to its superior properties, including a suit-
able direct bandgap, high radiation hardness, excellent chem-

[10-13

ical inertness, and thermal stability. 1 There are six dif-

ferent crystalline structures of GayOs, and the most stable

14-161 T date, var-

phase among them is monoclinic f-Ga,O3.!
ious types of photodetector structures based on Ga;O3 mate-
rials, such as metal-semiconductor—metal (MSM), Schottky,
and heterojunction, have been demonstrated.!'’~'l Among
them, MSM-type photodetectors are widely employed, ben-
efiting from their fast response speed, straightforward fabrica-
tion process, and ease of integration.!”*23 For many extreme
environmental applications, such as flame detection with high
surface temperatures, ultraviolet photodetectors that are ca-
pable of operating at high temperatures are highly desirable.
Consequently, the operating temperature of solar-blind pho-
todetectors should be increased further to meet the require-

fCorresponding author. E-mail: zhangchao@ccut.edu.cn
fCorresponding author. E-mail: wanglili@ccut.edu.cn

CSTR: 32038.14.CPB.ae311f

ments of extreme environments. However, there are some
reports about GayO3-based high-temperature solar-blind pho-
todetectors, which prove that Ga;O3 is a promising material
for high-temperature applications due to its superior thermal

24-261 Nevertheless, the development of solar-

conductivity.!
blind ultraviolet photodetectors based on Ga,Os3 thin films for
extreme environments remains at an early stage, and their per-
formance still falls short of expectations. Recently, transpar-
ent electronics have emerged as a promising technology for
next-generation optoelectronic devices, which have been fab-

(27301 Transparent UV pho-

ricated for various applications.
todetectors are crucial for enabling integrated transparent elec-
tronics, including displays, bright windows, batteries, and so
on.31-331 Therefore, visible transparent photodetectors con-
sisting of transparent electrodes and wide-bandgap semicon-
ductors are indispensable for the integration toward transpar-
ent electronics. So far, multiple reports have detailed Ga;Os-
based MSM photodetectors that utilize transparent electrodes.
For example, Kumar et al. reported a transparent, flexible,
and high-performance amorphous Ga,O3 solar-blind photode-
tector incorporating amorphous IZO electrodes. This device
demonstrated higher responsivity and external quantum effi-
ciency compared to conventional Ag metal electrodes.**! Sui
et al. reported a flexible transparent Ga; O3 solar-blind ultravi-
olet photodetector fabricated on a mica substrate with indium
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tin oxide (ITO) electrodes. Compared to a room-temperature-
fabricated photodetector, the flexible device on mica exhibits
improved solar-blind UV photoresponse characteristics. >
Unfortunately, most reported transparent Ga;Os3 solar-blind
photodetectors are based on amorphous Ga;Os films and
amorphous electrode materials, which limit their application
in extreme environments, such as high temperatures. High-
temperature environments can cause crystallization changes
in amorphous Ga,Os films and electrode materials, which can
impact the performance and stability of photodetectors. There-
fore, a critical challenge lies in further increasing their oper-
ational temperature to meet the practical requirements of ex-
treme conditions, such as sustained high-temperature environ-
ments.

In our work, 3-Ga;Oj3 thin films were grown using metal—
organic chemical vapor deposition technology on c-Al,O3
substrates, followed by a high-temperature postannealing at
750 °C. Annealed crystallized ITO electrodes on -Ga;0;
films are prepared by magnetron sputtering. Transparent
Ga03-based MSM solar-blind UV photodetectors with ITO
transparent electrodes were constructed. The as-fabricated
photodetector exhibits better performance compared to the
photodetector with conventional Au electrodes. Moreover,
the performance of the photodetector featuring crystalline ITO
transparent electrodes was evaluated across a broad tempera-
ture range of 25 °C to 400 °C, demonstrating its exceptional
stability and reliability.

2. Experimental details

The B-Gap0Os thin films were grown on c¢-Al,O3
substrates by metal—organic chemical vapor deposition
(MOCVD). The growth was carried out at 700 °C under a
chamber pressure of 9.5 x 10> Pa. Triethylgallium (TEGa)
and high-purity oxygen were employed as the precursors, with
high-purity nitrogen serving as the carrier gas. The flow rates
were set at 5 sccm and 500 sccm for TEGa and oxygen, re-
spectively. Subsequently, the sample underwent thermal an-
nealing at 750 °C for 60 minutes in a pure oxygen atmosphere
within a horizontal tube furnace. The ITO interdigital elec-
trodes (50 nm thick) were fabricated on $-Ga, O3 films using
photolithography & lift-off techniques. The ITO film was de-
posited via magnetron sputtering for 30 minutes. The deposi-
tion was carried out in a gas mixture of argon (20 sccm) and
oxygen (5 sccm) at a working pressure of 1.1 Pa, with a sput-
tering power of 100 W. The ITO fingers are ~ 10 um in width
and 500 pum in length, with a spacing of ~ 10 pm. The ITO
interdigital electrodes were subsequently annealed at 750 °C
in an oxygen atmosphere for 40 minutes to achieve low resis-
tance and a crystalline phase. Figure 1 illustrates the schematic
fabrication process of the visible transparent 3-Ga;O3 MSM
photodetector. The surface of the films was evaluated using

scanning electron microscopy (SEM) (Hitachi S-4800), and
their structural properties were characterized by x-ray diffrac-
tion (XRD) (Cu-K ¢ radiation, A = 0.154 nm). The current—
voltage (I-V) properties and time-dependent photocurrent (/-
t) curves were measured by a semiconductor parameter ana-
lyzer (Agilent B1500A) at room temperature. Transmission
spectra were recorded using a Shimadzu UV-3101PC spec-
trophotometer. The spectral response properties were obtained
by using a 200 W UV enhanced Xe lamp and a monochroma-
tor.

ITO deposition
&, Photolithography
& lift-off

Fig. 1. Schematic of the fabrication process for the visible-transparent
B-Ga, 03 MSM photodetector.

3. Results and discussion

The XRD pattern of the 3-Ga, O3 film on a sapphire sub-
strate was obtained further to investigate the monoclinic struc-
ture of the thin film. As shown in Fig. 2(a), the three ob-
served diffraction peaks, located at 18.8°, 38.2°, and 58.9°,
can be assigned to the (-201), (-402), and (-603) crystallo-
graphic planes of B-Gay03, respectively (JCPDS:43-1012).
Figure 2(b) shows the XRD patterns of the ITO films on sap-
phire substrate before and after thermal annealing. Obviously,
no discernible ITO diffraction peaks were observed in the as-
grown films on the sapphire substrate, indicating an amor-
phous structure. In contrast, thermal annealing induced a tran-
sition to a more stable crystalline phase, as evidenced by the
emergence of distinct diffraction peaks. This enhanced sta-
bility of films prevents performance degradation from phase
changes in high-temperature environments, which is crucial
for the application of ITO films as transparent electrodes.

Additionally, the SEM images of the transparent pho-
todetector are presented in Figs. 2(c) and 2(d). The image
of the photodetector’s magnified electrode region is shown in
Fig. 2(c). The device can be clearly observed, and the ITO fin-
ger electrodes have been well prepared on the 3-GayO3 film.
As shown in the images of Fig. 2(d), both annealed films ex-
hibit considerably smooth surface morphology. The 3-Ga;03
film and the ITO electrodes have thicknesses of approximately
150 nm and 50 nm, respectively.

Figure 3(a) presents the optical transmission spectrum of
the §-Ga;Os thin film on a sapphire substrate, revealing a
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high average transmittance of over 90% in the visible range
(400-700 nm) and a steep absorption edge near 250 nm. The
bandgap of the §-Ga,Oj3 thin film is ~ 4.9 eV, which is cal-
culated by extrapolating the linear region of the plot (ochv)2
versus hv shown in the inset. The estimated bandgap is con-
sistent with the values reported in the literature.3%371 Further-
more, as shown in Fig. 3(b), the ITO film fabricated on the

B-Ga, 03 thin film also exhibits a transmittance of over 80%
throughout the visible band. Clearly, the high transmittance of
both 3-Ga, O3 and ITO films within the visible spectrum ful-
fills the critical requirement for optical transparency, rendering
them highly suitable for transparent UV photodetectors. This
transparency is directly evident in the device photograph inset
in Fig. 3(b).
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Fig. 2. XRD patterns of (a) the epitaxial §-Ga,O3 films and (b) ITO films on sapphire substrates before and after thermal annealing. SEM
images of (c) the $-GapO3 and ITO films (d) the ITO electrodes on the photodetector.
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Fig. 3. Optical transmission spectra of (a) the -Ga,Oj3 film and (b) the ITO on 3-Ga, O3 film. The insets in panels (a) and (b) show the Tauc
plot of the B-Gay O3 film and an optical photograph of the photodetector, respectively.

Subsequently, 3-Ga,;O3-based solar-blind UV photode-
tectors with different electrodes were fabricated, and their per-
formance was investigated at room temperature (25 °C). The
schematic diagram of the measurement system is illustrated in
Fig. 4(a), wherein the photodetector is connected to a semi-
conductor parameter analyzer. To investigate the electrical
and optoelectrical properties of the device, -V characteristics

were measured on the photodetectors in the dark and under

illumination at 254 nm with an intensity of ~ 0.8 mW/cm?.
As clearly shown in Fig. 4(b), the dark currents of the two
photodetectors fabricated with annealed films are significantly
lower than those of the as-grown 3-Ga,Oj3 film, which may be
associated with the repair of defects in the films during ther-
mal annealing. The photodetector with crystalline ITO elec-
trodes exhibits an ultra-low dark current of 7.5 pA at 10 V. This
low background noise enables the transparent device to detect
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weak optical signals with exceptional ability by minimizing
noise interference. The normalized photo-to-dark current ratio
(NPDR) is an objective parameter for evaluation, which can
avoid the effect of input light intensity. A higher ratio indi-
cates the device’s ability to generate a stronger photocurrent
signal in the presence of the same level of dark current noise.
It can be calculated using the following formula: 3831

I, photo / Idark

NPDR = ,
PSS

where Iphoto is the photocurrent, Igak is the dark current, S
is the effective illumination area of the device, and P), is the
power density of the illumination light. The NPDR is as high
as 2.9 x 10" W1, which indicates the excellent photoelec-
tric performance of the photodetector. Another figure of merit
for photodetectors is the linear dynamic range (LDR) or pho-
tosensitivity linearity, typically quoted in decibels (dB). The
following formula gives LDR:

Jon
LDR = 20log —,
Jdark
where J;h is the photocurrent measured at a light intensity
of 1 mW/cm?. The transparent photodetector with ITO elec-
trodes exhibits an LDR exceeding 100 dB at room tempera-
ture, demonstrating its excellent linear response over a wide
range of light intensities.[*”! The superb performance of the
ITO-based transparent photodetector is ascribed to the high
crystallization quality of films and the modification of the in-
terface states.[*!*?! Figure 4(d) presents the measured tran-
sient photocurrent (/—t) under 254 nm illumination at a bias

of 10 V. When the light source is activated, photoexcitation
in the Ga;03 film produces electron—hole pairs. Under the
influence of an external electric field, these carriers are sepa-
rated and collected at the electrodes, resulting in a photocur-
rent. Following the initial response, the photocurrent tends to
stabilize with prolonged illumination time. Obviously, all the
photodetectors demonstrate a fast response and excellent re-
producibility to periodic light pulses, indicating their superior
ability to track UV signals. The photocurrents of all devices
are comparable in magnitude. Besides, the 90% to 10% de-
cay times of the devices were determined to be approximately
1s,0.5s, and 0.2 s, respectively. Notably, the results indi-
cate that the photodetector using ITO as electrodes exhibits
faster response speed, enhancing the UV detection sensitiv-
ity and efficiency of the photodetector. Figure 4(e) presents
the current-time curves of the ITO-based photodetector under
254 nm illumination of various intensities at 10 V. As the light
intensity increases, the device’s current under light irradiation
increases significantly, exhibiting good stability and repeata-
bility. Generally, photocurrent (Jynoto) versus power density
(P) is fitted using the following simple equation: ['4+3]

Iphoto = APea

where A is a constant, and 6 is an exponent related to the trap
states of the photodetector. The 0 value was estimated to be
~ (.87 by fitting the data, which is smaller than 1 (indicat-
ing an ideal trap-free device), suggesting the existence of low
trap states in the transparent photodetector. The corresponding
response time was investigated to evaluate the detection speed,
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Fig. 4. (a) Schematic diagram of the testing system configuration. Semilogarithmic current—voltage characteristics of the photodetectors with
different electrodes (b) in the dark and (c) under illumination (254 nm). (d) Time-dependent photoresponse with 254 nm light periodically on
and off at 10 V. (e) Time-dependent photoresponse and (f) normalized response of the ITO-based photodetector under 254 nm illumination with

different intensities, measured at a bias of 10 V.
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Table 1. Performance comparison of our device and other Gap O3 thin-film MSM transparent photodetectors.

Materials  Electrodes Responsivity (A/W) Dark current (A) Rejection ratio Detectivity (Jones) Ref.
a-Gay 03 AZO 2.66@10V 2.84x102@10V  2.93 x 10°(Ry50/R3s5) 4.84 x 104 [45]
a-Gay 03 12O 43.99@2 V 11x10°@5V 714.2(Ry50/Rsss) - [34]
a-Ga, 03 1ZO 32x1074@10V  ~1x10°@200V - 2.8 x 100 [26]
a-Ga, 03 ITO 0.19@20 V - - - [46]
B-Gay 03 ITO - 6x103@10V  6.83 x 103 (Ras0/Ra00) - [35]
B-Ga,03 AZO 1.25@5V 1.5x10°@5V - - [47]
B-Gay0; ITO 273@10V 7.5x10712@10V 7.8 x 10°(Rys0/Ra00) 1.3x 10 this work

as shown in Fig. 4(f). Clearly, the decay time exhibits a de-
creasing trend with increasing optical power density, indicat-
ing a faster photoresponse speed at higher illumination levels.
This phenomenon is attributed to the formation of a thermal
non-equilibrium state within the semiconductor upon expo-
sure to light. An increase in light intensity elevates the number
of generation—recombination centers, with the corresponding
rate being proportional to the density of excess carriers pro-
duced by photoexcitation. [2444]

Furthermore, the performance parameters of our work
and recently reported transparent MSM photodetectors based
on Gay03 thin films are listed in Table 1. Obviously, the
UV/visible rejection ratio, dark current, and detectivity of our
transparent photodetector at 25 °C are comparable to those of
other transparent photodetectors based on Ga;Oj3 thin films.

To explore the potential of transparent photodetectors
based on §-GayOj3 films in elevated temperature applications,
the device’s performance is investigated at various tempera-
tures. The -V characteristic curves of the device were mea-
sured at various temperatures, as shown in Figs. 5(a) and 5(b).
Although the dark current of the device increases with tem-
perature, it remains at a low level of 100 pA at an elevated
temperature of 400 °C under a 10 V bias. The rise in dark
current can be attributed to thermal excitation. In this pro-
cess, increased temperatures facilitate the excitation of more
charge carriers into the conduction band, which in turn gives
rise to a higher dark current. This performance demonstrates
the capability of the device to detect weak signals in extreme
environments (such as high temperatures). Similarly, the pho-
tocurrent shows a slight increase with temperature under il-
lumination. The transient response (/-t) of the device was
characterized by periodically switching the 254 nm lamp on
and off at various temperatures under a constant 10 V bias. As
shown in Fig. 5(c), the transparent photodetector demonstrates
excellent thermal stability and repeatability at both room and
high temperatures, which is attributed to the high thermal con-
ductivity of the 3-Ga, O3 film and the stable crystalline struc-
ture of the ITO transparent electrodes after thermal anneal-
ing. This performance contrasts with that of most reported
transparent MSM photodetectors based on Ga; O3, which pri-
marily utilize amorphous films and electrodes, and therefore
lack stable high-temperature operation. Thus, as an alternative
electrode material for current Ga;O3-based high-temperature

photodetectors, crystalline ITO demonstrates superior perfor-
mance in terms of high-temperature chemical inertness and
interface stability, thereby reducing issues such as electrode
oxidation and thermal mismatch.

Figure 5(d) depicts the spectral response of the device,
presented on a semilogarithmic scale, over the wavelength
range of 200-500 nm under a 10 V bias. Clearly, all the
photodetectors exhibit a sharp spectral cut-off of —3 dB at
~ 260 nm under both temperature conditions. The peak re-
sponsivity levels of the devices at 25 °C and 400 °C, at a wave-
length of approximately 250 nm, were as high as ~ 27.3 A/W
and ~ 35.5 A/W, respectively. Typically, the UV-to-visible re-
jection ratio is a key metric for evaluating the spectral selectiv-
ity of the photodetector, which is defined as the ratio between
the peak responsivity and responsivity at 400 nm (Rpeak /R400)-
The rejection ratios of the transparent $-Ga; O3 photodetec-
tor at the two temperatures are calculated to be 7.8 x 107 and
9.8 x 10°, respectively. To the best of our knowledge, these
values rank among the highest reported for transparent pho-
todetectors. The impressive rejection ratios emphasize the
excellent UV spectral selectivity of the transparent 3-Ga; O3
photodetector, and the high rejection ratio results from fewer
defects in the films, which cause absorption and response in
the visible light range. Meanwhile, the increase in responsiv-
ity with increasing operating temperature may be associated
with the narrowing of the bandgap energy and the increase
in the density-of-state distribution caused by lattice expan-
sion at high temperatures. #3491 The specific detectivity (D*)
is a crucial parameter for assessing the detection capability
of a photodetector, which can be calculated by the following

formula: P01

R

) —
2qlgark /S

b

where R is the responsivity, g is the elementary charge, Iy,
and S represent the dark current and the effective active area
of the device, respectively. The specific detectivity of the pho-
todetector in this work, using ITO electrodes at 25 °C, is cal-
culated to be 1.3 x 10" cm-Hz!/2-W~! (Jones) owing to its
low dark current and high responsivity. The value demon-
strates the device’s exceptional capability for detecting weak
light signals.
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Fig. 5. The I-V characteristics (a) in the dark and (b) under 254 nm illumination at different temperatures. (c) Time-dependent current measured
at different temperatures under 254 nm light and 10 V bias. (d) Spectral response plotted on a semilogarithmic scale at 25 °C and 400 °C under

a 10 V bias.

4. Conclusion

In summary, we have demonstrated a high-performance
visible transparent MSM solar-blind ultraviolet photodetector
based on -Ga,O; films with stable crystalline ITO electrodes
for application in transparent devices. The fabricated photode-
tector exhibits a low dark current of 7.5 pA, a large detectivity
of 1.3 x 10" Jones, and a superb UV/visible rejection ratio
of 7.8 x 10°, respectively. Meanwhile, the photodetector con-
tinues to maintain a highly sensitive, stable, and fast response
even at elevated temperatures. Our work develops a fabrica-
tion strategy for high-performance transparent 3-Ga; O3 solar-
blind photodetectors, providing a path toward functional trans-
parent electronics for extreme environment applications.
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