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ABSTRACT: Due to their crucial role in ultraviolet communication and monitoring, UV Light
deep-ultraviolet (DUV) photodetectors have garnered much interest. Recently, Ga,O; has [ —H)

emerged as the best material for DUV photodetectors because of its ultrawide bandgap )

(4.5—4.9 eV), excellent UV photon absorption coefficient, high structural stability, and nanoscale-thick Au .
affordability. However, there are several difficulties in realizing high-performance Ga,0;- N\ CuPc AulH ’
based DUV photodetectors with a high tolerance for harsh environments. In this work, Ga,0
nanoscale-thick CuPc/f#-Ga,0; p—n junctions were used to build high-performance DUV

photodetectors by a straightforward solution-processing approach. The p—n junction

photodetectors exhibit improved photoelectric performance compared to a single device made of #-Ga,O; or CuPc, with a photo-to-
dark current ratio of 3700 and a fast response time of ~20 ms under a bias of 0 V. Due to the excellent stability of the nanoscale-

thick CuPc film, the device can maintain a high photocurrent even at high temperatures or under long-term DUV irradiation. Our
work provides an effective strategy toward highly harsh-environment-resistant DUV photodetectors.

KEYWORDS: f-Ga,0; CuPc, nanoscale-thick, deep-ultraviolet photodetector, organic—inorganic hybrid heterojunction,
harsh-environment-resistant

B INTRODUCTION broad attention. Ga,0j-based self-powered photodetectors
1 . . . 20,21 . . .

As an essential component of spectrum detectors, the deep- mt}elrcl:‘lsrrlgc:itlrcls};g’t;m]E:scetl(?Srsljctionsozr g? lznénggﬁiyhf:i

ultraviolet (DUV, 200—280 nm) photodetector has a variety of 22_3 ’ P ) 4 )

tions’* > have been reported. Although inorganic hetero-
junction photodetectors show a high responsivity, inorganic
semiconductors with large carrier concentrations have a
narrow bandgap and the risk of a light response for non-
DUV regions. Some organic molecule materials with strong
hole mobility and natural DUV splitting properties are
appropriate for building organic—inorganic hybrid self-
powered photodetectors with Ga,0;. Our previous work
used four hole-transport organic materials (TAPC, NPB, CBP,
and MCP) to construct heterojunction photodetectors with /-
Ga,0;. All of the photodetectors demonstrated self-powered
characteristics with a low dark current, a high light-to-dark
current ratio, high detectivity, and good spectral selectivity.'
However, the thermal and radiation stability of these organic
compounds is poor, limiting their practical use. Copper
phthalocyanine (CuPc) has intriguing electrical and optical
properties and is widely employed in electronic and
optoelectronic devices. Because of its high thermal stability,

vital uses, including in missile tracking, navigation, communi-
cation, and monitoring.'~* Despite their low price and
maturity in technology, traditional silicon-based DUV photo-
detectors have limited responsivity to DUV light, a small
penetration depth for high-energy ultraviolet photons, and a
low filtration dependency on such photons. Recently, wide-
bandgap semiconductors such as ManO,S’6 AlGaN,”®
diamond,”™"" and Ga,0,'*""® have been considered alter-
natives to Si in advanced DUV photodetectors. Ga,O; is the
most ideal option for DUV photodetector applications among
the numerous wide-bandgap semiconductors because of its
ultrawide bandgap (4.5—4.9 eV), strong UV photon
absorption coeflicient, high structural stability, and afford-
ability.

The structure of a Ga,0O;-based DUV photodetector is
critical to its performance. Initially, the device structure was
primarily a photoconductive-type and metal—semiconductor—
metal (MSM) structure,'”'? which has the advantages of
simple production and easy integration in device preparation
but also has many disadvantages, such as a slow response
speed, a small photosensitive area, and the need for an external
bias. The self-powered photodetector based on the photo-
voltaic effect can detect an optical signal without a bias,
eliminating the power distribution device and addressing the
development needs of energy conservation, which has received
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Figure 1. Schematic of (a) synthesis of -Ga,0; by MOCVD and (b) fabrication of the CuPc/f-Ga,O5 p—n junction DUV photodetector.

(a) (b) - (c)
@ s 0 S
8. .m0 3 & %
5 2 3 g v 835 3
& ; d o o s
2 @ g 3 } %‘
2 N f; T&0 o P PN ‘ c
2 c PP = l ’,/" o A ]
= | | \ =888 o |- £
Jaf & A [ ‘L .
10 20 30 40 50 60 0 200 400 600 800 1000 1200
(d) 20degree) (e) Binding Energy (eV) (D
100 === 100F o~
-~ W ——CuPc
o~ 2
__80¢ E S 8o ! 80 —Ga,0,
S s e P
E 60} < g 60} ;‘ 0 Eg-4.8eV
= O = § B
o € 40l ¢
40} g ;o0
=200 @ 2 ,
20f v 5 49 45 50 55
N L L N n 0 Photon ILE'I'E\‘ £V
0 100 200 300 400 500 600 200 300 400 500 600 700 800

Temperature (C)

Wavelength(nm)

Figure 2. (a) XRD patterns of the -Ga,0; film; (b) XPS spectra of the f-Ga,0; film; (c) XRD patterns of the nanoscale-thick CuPc film; (d)
thermogravimetric analysis of the CuPc film; (e) transmission spectra and bandgap of f-Ga,05 and CuPc films; and (f) SEM image of the CuPc/f-

Ga,0; p—n junction.

nanoscale-thick CuPc thin films can remain stable without
degradation at high temperatures, unlike other organic
compounds. In this work, a nanoscale-thick CuPc film was
employed to build a p—n junction photodetector with $-Ga,0O;
utilizing a simple solution-processing approach. The CuPc unit
has facile production pathways, high purity, good solubility,
and weak absorption in the UVC region, which can match the
requirements of solar-blind photodetectors due to their well-
defined molecular architectures. Meanwhile, the high-speed
conveyance of photogenerated holes of CuPc and the
enormous built-in field obtained from the CuPc/f-Ga,0; p—
n junctions provide exceptional optoelectronic performance.
The CuPc/f-Ga,O3 p—n junction photodetector has an I,/
I ratio of ~3700 and a detectivity of 7.8 X 10'' Jones at 0 V.
Due to the excellent stability of the nanoscale-thick CuPc film,
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the device retains excellent sensitivity and stability even in
harsh settings such as 150 °C temperatures and continuous
irradiation, making it a low-cost, high-performance pursuit for
potentially demanding applications.

B EXPERIMENTAL SECTION

Preparation of #-Ga,0; Thin Films. Figure 1 shows a schematic
diagram of a simple CuPc/f-Ga,0; hybrid-based p—n junction
preparation process. First, the -Ga,O5 film is deposited on a (0001)
sapphire substrate by the metal—organic chemical vapor deposition
(MOCVD) method using oxygen and triethylgallium as reaction
precursors. The chemical reaction process of the film preparation is
shown in Figure la, in which the precursor is adsorbed, migrates,
diffuses, and reacts on and desorbs from the surface of the substrate
and carbon dioxide and water are removed from the reaction chamber
by Ar gas.*>** A $-Ga,0; film with a thickness of 400 nm was grown
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Figure 3. (a) I-V curves of the CuPc/f-Ga,0; p—n junction photodetector under dark and 254 nm light; (b) I—t curves of the CuPc/f-Ga,0; p—
n junction photodetector under various bias; (c) I—t curves of the CuPc/f-Ga,O5 p—n junction photodetector under 254 nm light with various
light intensities; (d) detectivity of the CuPc/f-Ga,O; p—n junction photodetector under 254 nm light with various light intensities; (e)
responsivity and photocurrent of the CuPc/f-Ga,O; p—n junction photodetector under 254 nm light with various light intensities; and (f)
response speed of the CuPc/f-Ga,05 p—n junction photodetector under 254 nm light with an illumination intensity of 600 ¥W/cm?.

at 860 °C for 1.5 h. Oxygen plasma treatment was used to decrease
the oxygen vacancies of the -Ga,0; photodetector.

Device Preparation Processes. The p-type organic semi-
conductor CuPc solution was spin-coated on the unmasked area of
the Ga,0; film surface and then heated at 100 °C for 20 min to
fabricate a nanoscale-thick CuPc/f-Ga,0; hybrid-based p—n
junction. Later, the Ti/Au test electrode was created by magnetron
sputtering on the $-Ga,O; film, while the Au test electrodes were
prepared on the CuPc thin film. A schematic diagram of the cross-
sectional device structure is illustrated in Figure S1, and the effective
area of the photodetectors is ~0.03 cm?.

Characterization and Measurement. The surface and cross-
sectional morphologies of the prepared CuPc and f-Ga,O; films were
studied by scanning electron microscopy (SEM, JSM-5610LV). The
transmittance and UV—visible absorption spectra were recorded using
a Hitachi U-3900 UV spectrophotometer. A Ta NETZSCH
instrument was used to conduct the thermogravimetric test. The
photodetector voltage—current (I—V) characteristics and the time-
dependent optical response (I—t) were measured using Keithley 2400
and 6487.

B RESULTS AND DISCUSSION

To create high-quality p—n junctions, materials with high
crystallinity, strong spectrum selectivity, and good interface
interaction are required. The Ga,0; film used in this work
exhibits diffraction peaks at 26 values of 18.8, 38.8, and 58.8°,
which demonstrate the creation of crystalline -Ga,05 (JCPDS
45-1074) with an (201) orientation, as seen in the XRD
patterns of Figure 2a. Comparative XPS investigations were
carried out, as shown in Figure 2b, to obtain access to
information on the material compositions and valence. Due to
the poor conductivity of the sample, we did not calibrate the
energy scale of the spectrometer, which would have caused the
Fermi edge of the sample that remained in electrical contact
with the spectrometer to coincide with 0 eV of the BE scale,
but instead used the conventional C 1s BE referencing method.

3858

As reported by Greczynski et al,”* the C 1s peak position
varies over an alarmingly large range, from 284.08 to 286.74
eV; hence, the charge reference is usually based on the C 1s
peak (284.8 eV) of adventitious carbon, which has recently
been proven to be unreliable. Interestingly, the sum of the C 1s
binding energy and work function (®,) is constant at 289.58
+ 0.14 eV. Therefore, calibration can be performed by setting
the C 1s peak at 289.58 eV. The work function of the Ga,0;
material is 4.46 eV, which implies that the C 1s peak at 285.12
eV can be selected. According to the standard value, the peaks
of the core levels Ga 2p, O KLL, O 1s, Ga LMM, C 1s, Ga 3s,
Ga 3d, and Ga 3p were observed. The crystallinity of the
nanoscale-thick CuPc film was also studied by XRD. As shown
in Figure 2c¢, the nanoscale-thick CuPc film is found to be in
the fB-phase, with typical peaks at 20 = 7.09 and 9.26°.*°~*’
Thermogravimetric analysis (TGA) was carried out from
ambient temperature to 600 °C under nitrogen flow to
investigate the thermal characteristics of CuPc (Figure 2d).
The CuPc begins to decompose at 441 °C, demonstrating that
CuPc has excellent thermal stability. The spectral performance
of a photodetector is highly related to the absorption by the
active material. The nanoscale-thick CuPc film has a larger
deep-UV transparent zone in its transmission spectra,
suggesting that it has no effect on the absorption by the
photosensitive layer of the $-Ga,O; film at these wavelengths
(Figure 2e). As seen in the inset, the #-Ga, 05 film satisfies the
requirement for the optical bandgap of the photosensitive layer
of DUV devices, with a value of ~4.80 eV. Figure 2f shows a
cross-sectional SEM image of the CuPc/f-Ga,O; junction.
The CuPc and $-Ga,O; layers show thicknesses of ~400 and
50 nm, respectively. The border of the nanoscale-thick CuPc
layer is uniform, and the f-Ga,O; film does not have any
noticeable particle protrusions, which indicates that the f-
Ga,0; and CuPc layers have good physical contact and that
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the CuPc/f-Ga,O; heterojunction is acceptable for carrier
transfer. Meanwhile, the consistent distributions of Cu, N, O,
and Ga suggest that the nanoscale-thick CuPc film is evenly
covered on the Ga,0; surface (Figure S2).

After optimizing the spin-coating process (Figure S3), a
CuPc/f-Ga, 05 p—n junction photodetector was obtained, and
its photoelectric properties were studied. The I-V curves of
the photodetector were tested first to characterize the
photoelectric conversion performance of the photodetector.
As shown in Figure 3a, the photodetector exhibits a strong
photoresponse and apparent rectifying properties under 254
nm light, with an off-state current of less than 10°Aat—10V
and an on-state current of ~1077 A at 10 V, which suggests
typical p—n photodiode behavior. Due to the ultrahigh
intrinsic resistance (~TQ) and high crystalline quality of the
Ga,0; epitaxial film, there are not enough charge carriers to
form an obvious rectifying current under dark conditions;
hence, the I-V curves of the device under dark conditions are
nearly symmetric. Metal—semiconductor—metal (MSM) de-
vices made from single #-Ga,O; or CuPc were manufactured,
and their electrical properties were further tested to
demonstrate the origin of the rectifying feature of the device.
The linear I-V relationship of the Ti/Au—f-Ga,0;—Ti/Au
and Au—CuPc—Au structures in Figure S4 confirms the Ohmic
contact between -Ga,O; and the Ti/Au electrode as well as
CuPc and the Au electrode. Hence, the outstanding rectifying
quality of the heterostructure is solely due to the interface
produced between the two materials. An investigation was also
performed to determine how the imposed biases affect the
photoresponse. Figure 3b depicts the time-dependent photo-
responses observed under 254 nm irradiation with a 1500 yW/
cm? light intensity density and various applied biases. As the
applied bias increases, the dark current and the photocurrent
increase. The photoresponse curve was fitted with a
biexponential relaxation equation to quantitatively describe
the current increase and decay process for a more in-depth
response time comparison (Figure SS and Table S1). The rise
time decreases with increasing bias, which is due to the ability
of the higher electric field to transport more carriers. It is worth
noting that, at 0 V, the current rapidly increases under 254 nm
irradiation, with a ratio of ~3700, exhibiting a self-powered
characteristic. The self-powered feature meets the require-
ments of today’s society for low-power devices, and we
measured the optoelectronic performance under the self-
powered mode in detail. Figure 3c illustrates the I—t curves of
the photodetector in the self-powered mode under various
light intensities. The photodetector displays a steady and rapid
reaction to changing light intensity density. A sharp spike was
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observed in the current under a power density higher than 900
UW/cm?. This phenomenon is very common in -Ga,0;-based
optoelectronic devices and is caused by the initial electron—
hole pair separation in the depletion layer and/or the local
capacitance effects. All of the dynamic responses point to the
fact that the p—n junction photodetector can operate with high
consistency and repeatability. Both the responsivity (R) and
the detectivity (D) of photodetectors are crucially significant
factors. Under a light intensity density of 100 mW/cm? at 254
nm, the R and D values of the -Ga,0;/CuPc p—n junction
photodetector reach their highest levels, 0.55 mA/W and 7.8 X
10" Jones, respectively (Figure 3d,e). The trap states being
filled at higher power intensities may be ascribed to the
nonlinear correlation between the photocurrent and power
intensity. It is worth noting that the $-Ga,0;/CuPc photo-
detector exhibits a nonlinear photocurrent as a function of light
intensity, which can be well fitted by the following equation:

Iy

L o P?

where P is the light intensity and y is a factor. y is <1 owing to
the recombination and trapping by oxygen vacancy traps of
electron—hole pairs in the $-Ga,O; film. The I—t character-
istics varying with the power intensity (less than 10 #W/cm?)
are shown in Figure S6. The photocurrents correspondingly
increase as the power intensity increases from 0.1 to 10 pW/
cm® According to the calculated power law, the exponent
value is 0.94, suggesting a linear relationship between the light
intensity and light current at low power. The rise time (7,) and
decay time (z4) of the f-Ga,0;/CuPc p—n junction photo-
detector are measured to be 30 and 20 ms, respectively,
indicating that the building of the p—n junction can effectively
enhance the response speed (Figure 3f). Figure S7 displays the
photodetector performance characteristics for a pure #-Ga,O5-
based device under 254 nm light and a 1 V bias. The response
time for the $-Ga,0;-based photodetector is 1.46/0.15 s. The
CuPc/f-Ga,O; photodetector has a quick response time
compared to the pure $-Ga,0O;-based photodetector because
of the heterojunction and the comparatively high hole mobility
of CuPc. Between the responsivity and response time, there is
a significant trade-off. The Ga,0;-based photoconductive gain
is mostly due to the trapping of holes close to oxygen
vacancies, which improves the photodetector responsivity.
More study is required in this area to develop novel strategies
for enhancing both responsivity and response time. As a means
of elucidating the underlying physical process, the energy band
diagram of the CuPc/f-Ga,O; p—n junction photodetector is
shown in Figure 4, which forms an example of a type I
heterojunction including a straddling gap. When the energy of
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the photon (h/A) is greater than the E; of Ga,O;, the
electrons in the ground state of the VB are stimulated, and they
jump into the CB, which contributes to the photoconductive
effect. Most photons in the depletion zone are used up to
produce electron—hole pairs, which are subsequently separated
by the driving force of E, making the photovoltaic effect
possible. The nanoscale-thick CuPc film has a high electron
transport efficiency, creates an expressway for the transport of
electrons, lowers the recombination rate, and improves the
photoelectric detection performance. These exceptional
performances of the photodetector can be attributed to the
high electron transport efficiency of CuPc and the substantial
built-in field present in the p—n junction. Space exploration,
flame detection, and combustion monitoring applications
strongly require highly developed deep-UV photodetectors
that can perform admirably in challenging environments. We
researched the CuPc/}-Ga,O; p—n junction photodetector
performance in challenging environments due to its excep-
tional advantages, including under long-term irradiation and
high temperatures. As shown in Figure S, the device maintains
its high photoresponse performance at a temperature of 280
°C and under long-term irradiation of 2000 s. The above
photoelectronic performance proved that the CuPc/f}-Ga,0;
p—n junction photodetector performs well in harsh environ-
ments.

Bl CONCLUSIONS

A CuPc/f-Ga,O; p—n junction DUV photodetector with
excellent self-powered performance was proposed. The CuPc/
P-Ga,O; p—n junction effectively promotes the automatic
separation of photogenerated carriers, avoiding recombination.
At 0V, the photodetector shows high R and D values of ~0.55
mA/W and 7.8 X 10" Jones, respectively, with a fast response
time of ~20 ms. Meanwhile, due to the outstanding stability of
the nanoscale-thick CuPc, the device can work under a harsh
environment and can maintain a high photocurrent under high
temperatures and long-term irradiation.
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