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ARTICLE INFO ABSTRACT

Keywords: Due to the broad potential applications range in both military and civilian domains, solar-blind photodetectors
Gay03 based on the ultrawide-bandgap semiconductor Ga;0s3, with high photosensitivity and low false alarm rate, have
Solar-blind been widely concerned. With the rapid development of modern society, photodetectors are gradually being
i‘:;iz:’;r;ir modified to exhibit high energy efficiency, miniaturization, and excellent performance. Self-powered photode-
tectors based on the photovoltaic effect can detect optical signals without an external power source, emerging as
a promising candidate for next-generation photodetectors. This review summarizes the state-of-the-art research
on self-powered solar-blind photodetectors based on Ga;03. We classify the currently reported Ga;Os-based self-
powered solar-blind photodetectors into Schottky junction (including metal-semiconductor and graphene-
semiconductor types), heterojunction (including all-inorganic and inorganic-organic types), phase junction,
and photoelectrochemical (PEC). The fundamental properties of GaOs, the basic working principles of self-
powered photodetectors, and the device processing developments have been summarized. Finally, conclusions

regarding recent advances, remaining challenges, and prospects are presented and discussed.

1. Introduction

The ultraviolet (UV) light released by the sun is typically classified as
ultraviolet A (UVA) spectrum (320-400 nm), ultraviolet B (UVB) spec-
trum (280-320 nm), ultraviolet C (UVC) spectrum (100-280 nm), and
extreme ultraviolet (EUV) spectrum (10-120 nm) [1]. The UV spectrum
between 200 and 280 nm has a low background level on the surface of
the planet because almost all of it is absorbed by the atmosphere. As a
result, this region is known as the solar-blind region [2]. The function of
a solar-blind photodetector is to convert solar-blind light intensity in-
formation into a measurable electrical signal. With a wide range of
military and civilian uses, recent breakthroughs in solar-blind photo-
detectors with high photosensitivity and low false alarm rates have
raised great attentions.

Photomultiplier tubes (PMTs), thermal detectors, narrow bandgap
semiconductor photodiodes, and charged-coupled devices (CCD) have
traditionally been used to detect solar-blind light. PMTs are blind to
photons that have wavelengths longer than solar-blind, but they often
call for a high voltage of more than 100 V and are bulky due to their
large size and high weight, which leads to a huge amount of power
consumption and an inconvenience. Thermal detectors are just as useful
as absolute radiometric standards, often used for UV light calibration.
However, their response is sluggish and not wavelength-dependent,
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making them unsuitable for quick and wavelength selective detection
of solar-blind radiation. The operation of narrow bandgap semi-
conductor photodiodes and CCDs requires only moderate voltages, and
the devices are more compact, lightweight, as well as affordable than
their predecessors. However, the system’s effective area is significantly
decreased because of the costly optical filters required to filter out
visible and infrared photons owing to the small bandgap of semi-
conductor semiconductors. Additionally, the inevitable aging of devices
is brought on by exposure to radiation with energy much above the
semiconductor’s bandgap.

Ultrawide-bandgap semiconductors are considered the most effec-
tive semiconductors for solar-blind light detection since their band gaps
are larger than 3.4 eV [3,4]. As one of them, Gaz03 (Eg~4.9 eV) is a
natural solar-blind detection material with a high breakdown electric
field, high saturated electron mobility, low dielectric constant, and high
thermal conductivity, which have made it a hot-spot material in the past
decade. A quantity of GazO3 based high-performance solar-blind pho-
todetectors have been fabricated by researchers worldwide, while most
of them need to be powered by an external power source [5-7]. Pho-
todetectors are gradually being improved to have the qualities of high
efficiency, energy savings, and miniaturization due to the rapid rise of
modern society. The self-powered photodetectors based on the photo-
voltaic effect have excellent performance and can detect light without an
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external power source, which makes them perfect for next-generation
photodetectors. Reports of GayOs-based self-powered solar-blind pho-
todetectors have increased year by year in the last decade. According to
the charge transfer characters at the interface, the reported self-powered
photodetectors can be segmented into Schottky junction, hetero-
junction, phase junction, and photoelectrochemical (PEC). To summa-
rize the physical mechanisms, advanced materials, and device
architectures in this field, a thorough analysis of self-powered GaOs--
based solar-blind photodetectors is required.

2. Material properties of GazO3

Gay03 has been studied for a long time. The polymorphs of GayO3
and their zones of stability were established in 1952, which was the
impetus for the subsequent phase of the study [8]. There are six different
phases of GapO3, which are denoted by the symbols a, g, 7, ¢, 5, and «,
respectively. As shown in Fig. 1, the a-Gap03 has a corundum structure
with only octahedral coordination Ga sites. Thanks to the similar crystal
structure to corundum-structured IlI-oxide materials, alloys and heter-
ostructures can lead to various novel multifunctional devices [9-14].
f-Gay03 is monoclinic, with lattice parameters of a = 12.21 10\, b=3.04
A, ¢ = 5.80 A, and g = 103.8°, containing two crystallographically
different Ga cations (tetrahedral coordination and octahedral coordi-
nation) and three types O anions [15-19]. Anisotropic distribution of the
physical, optical, and electrical characteristics is produced by the
monoclinic phase, which has a low level of crystallographic symmetry.
y-Gay03 belongs to a defective spinel structure with lattice parameters of
8.22 A and the ratio of octahedral and tetrahedral coordination Ga is 2
[20—-24]. Tt is widely believed that ¢-GazOs has an orthorhombic
structure though the disordering Ga in e-GapO3 makes its structure
elusively [25,26]. In the current literature, x-GazO3, which is ortho-
rhombic and has the space group Pna2l, is often mistaken for the
disordered structure with P63mc space group symmetry. Among the six
phases, f-GapO3 is the most stable and widely used material in
solar-blind photodetectors [8].

The electrical and optical characteristics of semiconductor materials
are the optoelectronic devices’ primary focus. Using first-principles
calculations and numerous spectral tests, researchers have thoroughly
examined the electronic structure of GayO3 [27-31]. The conduction
band (CB) of -Gap03 is mainly made up of delocalized Ga 4s derived
states, which makes it a dispersive band with a low electron-effective
mass. On the other hand, the valence band (VB) is mainly made up of
occupied O 2p6 derived states, with hybridization with Ga 3d, 4p, and 4s
orbitals [30]. Due to the huge hole’s effective mass and limited mobility,
most doped holes tend to get trapped by local lattice structures as po-
larons, resulting in an extremely low p-type probability.

The essential material characteristics of the main semiconductors are
compared with GayOs in Table 1. In contrast to other wide bandgap
materials like AlGaN [32,33], MgZnO [34], etc., GayOs3 has an
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appropriate bandgap, thus, it does not need doping to modify it and
prevents alloy composition fluctuations and phase separation. More
importantly, 6-inch GayO3 single crystals and epitaxial films are now
available owing to the development of growth technology. Research on
solar-blind photodetectors based on GayO3 has been gaining momentum
all around the globe, particularly after 2014, as shown in Fig. 2.

3. The general theory of self-powered photodetectors
3.1. Classifications of self-powered photodetectors

As illustrated in Fig. 3, recently reported GagOs self-powered pho-
todetectors may be classified into heterojunction, Schottky junction,
phase junction, and PEC types.

3.1.1. Heterojunction

A statistical distribution function may be used to explain the chance
that an electron would occupy an energy level (E) according to quantum
statistical theory [35]:

1

T ewEE) W

f(E)

where k is Boltzmann constant, Eg is Fermi energy level, and T is ther-
modynamic temperature. The equation states that when two semi-
conductors with various Fermi energy levels are combined to form a
heterojunction, the valence electrons from the semiconductor with the
higher Er escaped and injected into the semiconductor with the lower
Ep’s empty energy state. At the heterojunction interface, this electron
transfer process, which is essentially a thermal diffusion process, will
produce an intrinsic electric field that simultaneously lowers the energy
band of the semiconductor with higher Er and raises the energy band of
the semiconductor with lower Eg, resulting in band bending.

Gay03 heterojunctions contain nn-type and pn-type since the GayO3
is an inherently n-type semiconductor. The energy band organization
and carrier transport procedures of nn-type and pn-type heterojunctions
are shown in Figs. 4 and 5, respectively, where N refers to an n-type
semiconductor, P refers to a p-type semiconductor, the subscript char-
acter 1 refers to semiconductor 1, the subscript character 2 refers to
semiconductor 2, E. refers to the conduction band, E, refers to the
valence band, Ef refers to the Fermi energy, y refers to the electron af-
finity of the semiconductors, Eg refers to the bandgap of the semi-
conductors, W refers to the work function of the semiconductors, AE.
refers to the conduction band offset between two semiconductors, AEv
refers to the valence band offset between two semiconductors, Ep and Vp
refer to the built-in electric field and the built-in potential difference
respectively.

As shown in Fig. 4(a), the CB, VB, and Eg of the semiconductor N; are
higher than those of N3 before contact. When N; comes into contact with
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Fig. 1. Crystal structures of several polymorphs of Ga,O3 (Ga green, O red). (For interpretation of the references to colour in this figure legend, the reader is referred

to the Web version of this article.)
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Table 1
Material properties of major semiconductors and Ga,Os.
Parameters Si SiC GaN Gay03 Diamond AIN
Eg (eV) 1.1 3.3 3.4 4.5-5.3 5.5 6.2
Breakdown field (MV/cm) 0.3 2.6 3.3 5-9 10 2
Electronic mobility (cm?/V-s) 1400 1000 1200 300 2000 155
Thermal conductivity (W/cmK) 1.5 2.7 2.1 0.23 22 13
[010]
0.13
[100]
Baliga’s figure of merit (EuEf) 1 340 870 3443 24 664 -
Johnson’s figure of merit (E,Vy/ 1 177.6 756 1093 - -
)2
Substrate size (inch) 12 8 2 6 1 2
Response spectrum (nm ) 400-1100 200-370 200-300 <280 <225 <
200
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Fig. 2. Number of publications on GayO3 based photodetector from 2006 to
2022 (Data from: Web of science).
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Fig. 3. Different types of Ga;O3 based self-powered solar-blind photodetectors.

N, to form an nn type heterojunction, electrons will spontaneously
diffuse from the high Fermi energy level to the low Fermi energy level,
which will result in the formation of positive charge centers in the
interface region of Ny and the accumulation of electrons in the interface
region of Ny. As a result, a built-in electric field will form at the interface
between N; and Nj in the direction of N; to N». This built-in electric field
will prevent continuous electron passage from N; to N» until thermal
equilibrium conditions are met, as illustrated in Fig. 4(b). Under light
irradiation, the photoexcited holes will be moved to the VB of Ny,
whereas the photoexcited electrons will be transferred to the CB of N; by
the effect of the built-in electric field (Fig. 4(c)).

Fig. 5 is the schematic representation of the energy-band diagrams of
the pn junction. As shown in Fig. 5(a), the CB and VB of the semi-
conductor N are lower than those of P, while the Er of the semiconductor
N is higher than that of P before contact. When N comes into contact
with P to form a pn type heterojunction, electrons will spontaneously
diffuse from the high Fermi energy level to the low Fermi energy level,
which will result in the formation of positive charge centers in the
interface region of N and the accumulation of electrons in the interface
region of P. As a result, a built-in electric field will form at the interface
between N and P in the direction of N to P. This built-in electric field will
prevent continuous electron passage from N to P until thermal equilib-
rium conditions are met, as illustrated in Fig. 5(b). Under light irradia-
tion, the photoexcited holes will be moved to the VB of P, whereas the
photoexcited electrons will be transferred to the CB of N by the effect of
the built-in electric field (Fig. 5(c)).

3.1.2. Schottky junction

According to the ideal Schottky-Mott model, the difference in work
functions between metal (&) and semiconductor (®s) determines the
contact types. For n-type GaOs, a Schottky contact will form if @p,>dg
and the barrier height is defined as &5 = &y, -ys, where y; is the electron
affinity of the semiconductor [36,37]. Ideality factor (n) and Schottky
barrier height (®p) are two of the criteria parameters that affect the
performances of Schottky junction-type devices. The thermionic emis-
sion theory describes carriers’ transport to overcome the barrier at the
metal-semiconductor interface, and the current at the interfaces can be
written as follows, respectively [38-41]:

_ qv
=1, {exp(nk—T71>] 2
I, =AA*T? exp( — %) 3)

where Ij is the reverse saturation current, A is the area of the metal-
semiconductor contact, A* is the effective Richardson constant, V is
the bias applied to the Schottky junction device anode, n is the ideality
factor, k is the Boltzmann constant, and &g is the Schottky barrier
height.

Fig. 6 is the schematic representation of the energy-band diagrams of
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Fig. 4. Energy-band diagrams and work mechanisms of the nn type heterojunction photodetectors.

the Schottky junction. As shown in Fig. 6(a), the Er of the semiconductor
N is higher than that of metal before contact. When N comes into contact
with metal to form a Schottky-type heterojunction, electrons will
spontaneously diffuse from the high Fermi energy level to the low Fermi
energy level, which will result in the formation of positive charge cen-
ters in the interface region of metal and the accumulation of electrons in
the interface region of N. As a result, a built-in electric field will form at
the interface between N and metal in the direction of N to metal. This
built-in electric field will prevent continuous electron passage from N to
the metal until thermal equilibrium conditions are met, as illustrated in
Fig. 6(b). Under light irradiation, the photoexcited holes will be moved
to the metal, whereas the photoexcited electrons will be transferred to
the CB of N by the effect of the built-in electric field (Fig. 6(c)).

3.1.3. Phase junction

In light of the numerous polymorphs of GayOs, the scientists sug-
gested designing a structure for self-powered solar-blind photodetectors
that consists of two different polymorphs of GazO3 (phase junction). The
minor lattice mismatch and similar band gap between two different
polymorphs of Gaz03 will improve the performances of the Ga;O3 based
photodetectors. Since all Ga03 crystalline phases are considered to be
n-type conducting, the energy band organization and carrier transport
mechanisms in GayOj crystalline phases are almost identical to those in
nn-type heterojunctions.

3.1.4. Photoelectrochemical

Fig. 7 depicts the working process of PEC photodetectors using
semiconductors as a photoanode. If the redox potential of the electrolyte
is lower than the Fermi level of the semiconductor, the space charge
layer will form because of the charge distribution difference between the
materials and generate a built-in electric field. The photogenerated holes
migrate to the semiconductor/electrolyte interface and trap an electron

donor in the electrolyte, resulting in an oxidized redox species [42]. In
contrast, the electrons diffuse through the semiconductor and reach the
transparent conductive oxide (TCO) electrode, resulting in external
circuit electrons. On the other hand, the oxidized redox species will
permeate through the electrolyte and eventually reach the counter
electrode. Following that, electrons at the counter electrode will
decrease the oxidized redox species, completing the circuit.

3.2. Parameters of self-powered photodetectors

Researchers have developed a mature system to evaluate the per-
formance of photodetectors. The significant parameters include dark
current, photocurrent, and so on [43-46].

Dark current, which is the residual current that continues to flow
through the photodetector even in the absence of any incident light, is
primarily composed of majority drift current, tunnelling current, and
generation-recombination current. The dark current of a self-powered
photodetector should ideally be zero so that when exposed to light,
only photogenerated carriers arise and even the smallest signals can be
detected. Such ideality, however, is not attainable because there will
always be some sort of dark current. Temperature, material quality, and
photodetector structure all affect the dark current. The prerequisite for
reducing the dark current is the use of high-quality, defect-free
materials.

When a sufficient energy light illuminates at the photodetector, the
light current (Ijigh) is generated. Photocurrent (Ipnoro) is calculated by
subtracting light current from dark current:

4

Photo-to-dark current ratio (PDCR) can be calculated with the
equation. The PDCR is also expressed as Iphoto/Idark ratio:

Iphum = Ilight — Lgark
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PDCR = Iphoto /Idark (5)

Carrier migration in the photodetector takes time which is called the
response time. Response time is used to demonstrate the operating speed

of the photodetector, which is calculated by fitting the photo-response
curve:

I=1Iy+Xe /" + Ye /7 (6)

here Ij is the stable state current and ¢ is the response time, X and Y are
constants, 71 and 75 are two relaxation time constants.

Responsivity (R) can be described as the photocurrent per unit of
incident light intensity at a particular wavelength:

1 hoto
R =P 7
PS 7

P is the light intensity, and S is the effective illuminated area.

To be effective as a solar-blind photodetector, the peak responsivity
must be below 280 nm. The responsivity depends on the device structure
and morphology of the material. If there are more defect states (such as
in the case of amorphous or heterostructures), then the corresponding
gain (and hence responsivity) is high.

Detectivity (D) is used to measure the noise of the photodetector:
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Fig. 8. (a) Device structure schematic of the vertical Au/f-Ga,O3 nanowires Array Schottky junction photodetector. (b) I-V characteristics of the device in dark and
under the illumination of 254 nm light in the logarithmic scale. Inset shows the photovoltaic characteristic of the device near zero bias. (c) Spectral responses of the
device at zero bias and under reverse bias of 10 V. Inset shows the responsivity of photodetectors at the wavelength of 254 nm as a function of reverse bias. (d) Time-
dependent photocurrent response of Au/f-Gap,O3 nanowires array film Schottky junction photodetector measured at 0 V, illuminated by 254 nm light with the

intensity of 2 mW/cm? [47].



C. Wuetal

4. Schottky junction type Ga;O3 based self-powered
photodetectors

A semiconductor and two Ohmic contact electrodes are typical
components of conventional GayOs-based photoconduction photode-
tectors. These photodetectors typically exhibit substantial photocon-
ductive gain and great responsivity, but an external bias is required to
separate the photoinduced electron-hole pairs. A Schottky junction type
device may be created by substituting a Schottky contact electrode for
an Ohmic contact electrode.

4.1. Semiconductor-metal Schottky junction

In this section, we will summarize the GayOs-based semiconductor-
metal type Schottky junction self-powered photodetectors with various
metals such as Pt, Ni, and Cu [44-49].

In 2016, Chen et al. designed a vertical Au/Ga03 nanowire Schottky
junction photodetector (Fig. 8 (a)) [47]. The f-GayO3 nanowire arrays
were synthesized by a simple thermal oxidation method, and then

Materials Today Physics 28 (2022) 100883

20-nm Au was deposited on them to form Au/Gay03 nanowire Schottky
junction photodetector. The photodetector shows a typical photovoltaic
effect I-V curve with an open-circuit photovoltage of 0.36 V (Fig. 8(b)).
As shown in Fig. 8(c), the Au/GayOs nanowire Schottky junction
photodetector exhibits the peak responsively about 0.01 mA/W at 0 V,
exhibiting the characteristics of the self-powered. Meanwhile, the
photodetector exhibits a solar-blind spectral selectivity with a
solar-blind/UV (Rasg nm/R280 nm) rejection ratio of 11.

Compared with nano-structure material, bulk and thin film have the
advantages of uniformity, large-scale production, and integration. In
2018, Yang and his co-workers built a simple self-powered Schottky
junction photodetector by depositing an Au electrode on the $-GayO3
crystal (Fig. 9 (a)) [48]. At zero bias, the photodetector shows a high
spectral selectivity with Rase nm/R280 nm and R2se nm/R400 nm Te€jection
ratios of 280 and 1080, respectively (Fig. 9 (b) and (c)). In 2017, Fikadu
Alema et al. grew a Gaz03:Ge film on (010) oriented Sn doped GayO3
substrates by plasma-assisted molecular beam epitaxy (plasma-assisted
MBE) [49]. Subsequently, Pt (30 nm)/Ni(100 nm)/Pt (20 nm) electrode
and Ni(20 nm)/Al (100 nm)/Ni(50 nm) metal stack layers were
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Fig. 9. (a) I-V characteristics of the Au/Ga,O3 solar-blind photodetector at dark

condition. The inset depicts the Ohmic contact characterize on the bottom side of the

single crystal Ga;Os. Photoresponse characteristics for this photodetector are shown in (b) Responsivity at 0 bias, and (c) solar-blind/visible and solar-blind/UV
rejection ratio at different bias [48]. (d) Cross-sectional view of the photodetector based on Ga,;0s3:Ge homoepitaxial film grown on the bulk n* Ga,03 substrate

and optical image of the top view of the vertical Schottky junction. (e) Spectral
characteristics at room temperature for the Ni/Au/f-GayO3 photodetector. (g)

sponding to EQE of 0.5% [50]. (h) and (i) Time-dependent photoresponse of j-

response of the Pt-Ga,03:Ge vertical Schottky junction [49]. (f) Photo and dark I-V
Spectral response versus wavelength at zero bias in log scale (self-powered) corre-
Ga,03 thin film deposited without and with HSL, respectively [51].
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evaporated on the GajOs film to form Schottky and Ohmic contact
electrodes, respectively (Fig. 9(d)). The Pt/Gay03.Ge/nt-Gay03 (010)
Schottky junction photodetector shows a maximum responsivity of
about 0.09 A/W at 0 V (Fig. 9(e)). The solar-blind/UVA rejection ratio
(R230 nm/R350 nm) of the device exceeds four orders of magnitude, which
indicates the excellent selectivity of the photodetector (Fig. 9(e)).
Inspired by the above study, in 2018, Pratiyush et al. used Ni/Au elec-
trode to create a Schottky junction photodetector (Fig. 9(f)) [50].
Thanks to the large barrier height and built-in electric field at the
Ni/Au/Gay03 junction, the device exhibits a spectral responsivity of 1.4
mA/W at 255 nm with a response time of 1.1 s/0.3 s and a PDCR of about
103 at 0V (Fig. 9(g)). To promote the industrialization of the GayO3--
based Schottky junction photodetector, Ga;O3 needs to be prepared on
regular Si-substrates. However, the large lattice and thermal expansion
coefficient mismatch between Si and Ga;O3 degrades the device’s per-
formance. Arora et al. [51] grew highly crystalline f-GagO3 films on
silicon substrates using RF magnetron sputtering and high-temperature
seed layers (HSL). HSL plays an essential role in the growth of highly
crystalline GayOj3 films, and the photodetector without HSL shows a
constant photoconductivity effect (PPC) and large dark currents, while
the photodetector with HSL shows a fast response speed and low dark
current (Fig. 9(i)).

One of the major drawbacks of the conventional Schottky type solar-
blind photodetectors is the small photo-detectable effective area. To
solve the problem, in 2020, Xu et al. used an edge-defined film fed
method to grow a lager square-shape (7 mm x 7 mm) unintentional
doped $-GagOs crystal, then deposited Ti/Au and Au metal on the
opposite via electron beam evaporation to form a Schottky junction
photodetector (Fig. 10(a)) [52]. The photodetector exhibits a maximum
responsivity value of 9.78 A/W at 212 nm, a high solar-blind to UVA
rejection ratio of about 10%, and a specific detectivity of 3.92 x 10'*
Jones at 0 V. Thanks to the low dislocation density ( < 10* em™2) of the
crystal, the photodetector exhibits a super-fast response speed of about
5 ps (Fig. 10(b)). Recently, laser-induced graphene (LIG) electrodes were

@
Ni
Au 5 nm semi-transparent

uD (-201)

n=3.1X10"7cm=3
Ti (Ohmic)
Au

-

7mm

Symmetric Schottky junction
(c) (©>®,, 1,>1,)

electrons
@, \e @ @@ o,

LIG-1 LIG-2

—l‘

(b)

Materials Today Physics 28 (2022) 100883

used to form Schottky contact with Ga;O3 [53]. Laser-induced graphene
(LIG) is a straightforward, eco-friendly, cost-effective, and mask-free
process for creating different forms on a flexible substrate in situ. By
controlling the work function of LIG, a self-powered photodetector with
a PDCR of about 200 and excellent mechanical flexibility was obtained
(Fig. 10(c) and (d)).

4.2. Semiconductor-graphene Schottky junction

Although semiconductor-metal Schottky junction photodetector has
many advantages, the strong light absorption and reflection of tradi-
tional film-type metal upper electrodes weakened its detection perfor-
mance. To solve this problem, transparent and conductive graphene
electrodes have been proposed as a substitute [54]. Due to its greater
work function of graphene (~4.6 eV) than the n-doped GazO3 (~4.0 eV),
graphene forms a Schottky contact with GazO3. Meanwhile, a monolayer
graphene film exhibits about 95% transmittance at the solar-blind re-
gion with hole mobility as high as 8800 cm?/V-S[55,56]. In 2018, Kalita
et al. transferred a monolayer graphene on the Sn-doped -Gay03 crystal
to build a Schottky junction solar-blind photodetector (Fig. 11(a)) [57].
The photodetector shows a response time of 0.62/0.67 s at a zero bias
(Fig. 11(b) and (c)). In 2019, Chen et al. prepared a solar-blind gra-
phene/p-Gay03 Schottky junction photodetector by transferring a
monolayer graphene onto the $-GayOs crystal (Fig. 11(d)) [58]. The
photodetector exhibits a fast response time of 2.24 ps and a responsivity
of 10.3 mA/W at 0 V. The fast response and high sensitivity can be
attributed to the high mobility of the graphene electrode’s and the low
defect density of the $-Gap0s3 film (Fig. 11(e)).

The Gay03-graphene Schottky junction photodetector can operate in
photovoltaic mode, while most reported Schottky junction photodetec-
tors operate under bias to perform well. For example, Ai et al. reported a
graphene/f-Gap0s3 Schottky junction photodetector (Fig. 12(a)) [59]. At
10 V bias, the photodetector shows a photocurrent ratio of 88.28
(I254/I4ark) With a responsivity of 9.66 A/W (Fig. 12(b)). Kong et al.
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Fig. 10. (a) Cross-section schematic of the vertical f-Ga,03 Schottky junction photodetector. (b) Response decay time and capacitance as a function of reverse bias
[52]. (c) Schematic diagram of the self-powered LIG/Ga;03 photodetector. (d) I-t curve of the LIG/Ga,03 photodetector [53].
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Tllustration of the device design and material characterizations for the graphene/a-Ga,O3 photodetector. (f) I-V curves of the graphene/a-Ga;O3 photodetector with

both linear and logarithmic scales in the dark [61].

fabricated a graphene/$-GapOs solar-blind photodetector by trans-
ferring a monolayer graphene on a GayOgs substrate (Fig. 12(c)) [60].
The responsivity and detectivity of the device at 20 V are 39.3 A/W and
5.92 x 103 Jones, respectively (Fig. 12(d)). In 2020, Wang et al.
fabricated a flexible photodetector based on a graphene/amorphous
GapOs structure. The photodetector exhibits a respectively of 2.75 A/W
with a detectivity of 8.4 x 10'2 Jones under a bias voltage of 5 V (Fig. 12

(e) and (f)) [61].

5. Heterojunction type GayOs based self-powered
photodetectors

Due to the difficulty of the p-type doping of Gay0s, it is challenging
to construct a pn or pin $-GayOs homojunction for opto-/electronic
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applications. Hence, choosing a p-type semiconductor or a larger band
offset n-type semiconductor to build a pn or nn heterojunction is an
alternative method to fabricate the GapO3 based self-powered photo-
detectors. The band alignment between the semiconductor and GazO3
should be considered first to construct a heterojunction type self-
powered photodetector. Up to now, GayOs3 heterojunction type photo-
detectors have been reported by combining with other inorganic semi-
conducting materials, including GaN, ZnO, diamond, etc., as well as
organic materials, including PEDOT: PSS and Spiro-MeOTAD.

5.1. All-inorganic type heterojunction

Nb doped SrTiOs single crystals (NSTO) have a large bandgap (3.2
eV) and can form a type II heterojunction with Gap03 [62-64]. In 2016,
our group built a f-Gap03/NSTO heterojunction photodetector (Fig. 13
(a) and (b)) [65]. The device exhibits the solar-blind photoelectric
properties at zero bias with a maximum PDCR of 20 under solar-blind
light illumination. Compared with NSTO, diamond has a larger
bandgap (5.5 eV) and is a natural solar-blind material. In 2018, Chen
et al. constructed the diamond/p-GayO3 heterojunction photodetector
by depositing a Ga;Oj3 epitaxial film on a CVD-grown diamond substrate

(a) (b)
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[66]. The device’s I-V curves show typical rectification characteristics,
suggesting that the heterojunction was effectively created. The photo-
detector exhibit a cutoff responsivity wavelength of 270 nm, and a
UV/visible rejection ratio exceeded two orders of magnitude at 0 V
(Fig. 13(c) and (d)). To develop photodetectors, 2D layered transition
metal dichalcogenides (TMDs) are a good choice because of their unique
atomic thickness, stacking utilizing van der Waals forces, and being
devoid of surface chemical dangling bonds on the surface [67-73]. In
2018, Zhuo et al. built a -Gap03/MoS; heterojunction self-powered
photodetector (Fig. 13(f)) [74]. The MoSy/f-Gaz03 heterojunction
photodetector had a responsivity of 2.05 mA/W and a specific detec-
tivity of 1.21 x 10! Jones at zero bias, with a cutoff wavelength of 260
nm and a high rejection ratio of 1.6 x 10° ((Fig. 13(e) and (f)). In 2021,
Wang et al. created solar-blind photodetectors by mixing stacked GaSe
flakes with GayOs epitaxial films [75] ((Fig. 13(g)). The GaSe/Gaz03
heterojunction photodetector shows a high sensitivity with a respon-
sivity of 0.19 A/W and a quick rise/fall time of 0.32/52.6 ps at 0 V
(Fig. 13(h) and (i)).

A large lattice and thermal expansion coefficient mismatch may
decrease the device’s performance. Due to suitable energy band offsets
and small lattice mismatch (<5%) between ZnO and Gay03, ZnO/Ga503
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Fig. 13. (a) Schematic illustration of f-Ga;03/NSTO heterojunction photodetector. (b) Schematic energy band diagrams of the -Ga;03/NSTO heterojunction [65].
(c) Schematic illustration of -Ga;0s/diamond heterojunction photodetector. (d) Energy band diagrams of the diamond/f-Ga,03 photodetector [66]. (e) A schematic
illustration of a -Gaz03/MoS; heterojunction device. (f) Energy band diagrams of the -Ga;O3/MoS; heterojunction under solar blind light illumination [74]. (g) A
schematic illustration of a $-GayO3/GaSe heterojunction device. (i) Energy band diagrams of the $-Ga;03/GaSe heterojunction under solar blind light illumina-

tion [75].
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heterojunction photodetectors are promising designs. In 2017, Zhao
et al. used simple one-step chemical vapor deposition to synthesize a
highly crystallized ZnO-Gay03 heterojunction photodetector (Fig. 14(a))
[76]. Considering that the ZnO (900 °C) and GayOs (1100 °C) have
different growth threshold temperatures, the synthesis of the Zn0-Gay03
heterostructure could be performed in one continuous temperature-rise
reaction (Fig. 14(b)). The device shows an ultrahigh responsivity (9.7
mA/W) with a sharp cutoff wavelength at 251 nm (Fig. 14(c)), a high
solar-blind/visible rejection ratio (R251nm/R400nm) of 6.9 % 102 (Fig. 14
(d)), and a fast response speed of 100 ps/900 ps(Fig. 14(e)) at 0 V which
is owing to the large AEy (0.32 eV) and AE, (1.85 eV) of the ZnO-Gay03
heterojunction (Fig. 14(f)).

In 2017, our group studied the photoelectric properties and physical
mechanisms of ZnO-Gaz03 heterojunction photodetectors by sputtering
a f-Gay0s layer on a ZnO crystal substrate (Fig. 14(g)) [77]. The typical
characteristic rectifying I-V curves confirm the photovoltaic behavior in
the device (Fig. 14(h)). At zero bias, the heterojunction photodetector
exhibits a PDCR of about 14.8 under 254 nm light (Fig. 14(i)). However,
due to many defects and dislocations in the obtained GayOj3 films, the
photoelectric performance was non-ideal. To improve photodetector
performances, the p-GapOs/Ga: ZnO-based photodetector was con-
structed (Fig. 14(j)) [78]. The device exhibits an optimized performance
with a notable responsivity of 0.763 mA/W and a PDCR of 127 at 0 V
(Fig. 14 (k) and (1)).

GaN, a third-generation semiconductor material, has a hexagonal
wurtzite structure [79,80]. Previous studies have shown that
high-quality GaN can be epitaxially grown on (201) f-Ga03 structure
due to the matched lattice [81]. The O atoms on the (501) plane of
p-Gag0s is arranged in a triangle with a distance between adjacent O
atoms ranges 0.286-0.304 nm while the Ga and N atoms on the (0001)
plane of GaN are also arranged in a triangle with a distance between
adjacent Ga atoms about 0.319 nm. Although the mismatch between
them is 4.7-10.3%, the experimental results show that the Ga atoms,
which are exposed on the GaN surface, can easy to combine with O
atoms to form (201) oriented $-GasOs. In 2017, GaN/p-GayO3 hetero-
junction photodetectors were studied [82]. As shown in Fig. 15, the
energy difference between the Fermi level and the valence band
maximum (VBM) of p-GaN and n-GayOs is about 1.58 eV and 4.05 eV,
respectively. Therefore, the valence band offset, and conduction band
offset of GaN/Gay0s3 heterojunction is calculated to be 0.78 and 0.74 eV,
respectively. When p-GaN and n-GapOj3 are in contact, the Fermi levels
line up due to the carrier transmission. As a result, a pn junction
depletion layer is formed near the GaN/Gay03 interface. The respon-
sivity, response speed, and PDCR of the self-powered solar-blind
photodetector under 254 nm light are 28.44 mA/W, 0.14/0.07 s, and 74,
respectively. The larger the potential barrier (qV), the better perfor-
mance of the photodetector. If Ga;O3 is doped with tetravalent elements,
the Fermi level can approach the conduction band and the built-in po-
tential barrier in GaN/GayO3 heterojunction increases. Therefore, the
solar-blind photoelectric performance of the GaN/Sn: GayO3 detector
improves substantially [83]. At 0 V, the photodetector has a responsivity
of 3.05 A/W, which is the greatest value recorded to date. Because of the
higher number of free carriers in the Sn-doped GayOs3 than that in pure
Gay03, the Fermi level of GaN/Sn: Gay0s3 is closer to the conduction
band, and the built-in potential barrier exceeds that of the GaN/Gas03
junction (Fig. 15 (f)). The larger built-in potential barrier is more
effective in separating and transferring the photogenerated carriers.

The low hole mobility of GayO3 can seriously alter the response time
of the photodetectors. To improve the performance of photodetectors,
scientists combined GayO3 with hole transport materials. Inorganic hole
transporter materials including NiO, CuO, CuO, Cul, CuSCN, CuCrOo,
and CuGaO, were selected to form the built heterojunction with Ga;03.

Copper(I) thiocyanate (CuSCN) is a p-type material with a high hole
mobility of 0.01-0.1 em?/V-S and widely used in optoelectric devices
like light-emitting diodes, solar cells, and photodetectors [84-91]. In
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2019, a n-Gay03/p-CuSCN core-shell structure photodetector was con-
structed via immersing a f-GaxO3 single-crystal microwire into a solu-
tion of p-type CuSCN (Fig. 16 (a)) [92]. At 0 V, the photodetector exhibit
a responsivity and detectivity of 98 pA/W and 9.7 x 10'* Jones,
respectively (Fig. 16 (b)). Meanwhile, the n-Gay;O3/p-CuSCN hetero-
junction shows a response speed of 0.19/0.16 s. Cul is another low-cost
and stable copper-based p-type semiconductor, which can be used as
hole conductor material. Similar to CuSCN, Cul has high p-type con-
ductivity (238 S/cm), and it is solution-processable with a high hole
mobility (43.9 cm?/(V-s)) [93,94]. In 2019, Ayhan fabricated a
c-Cul/p-Gay03 heterostructure-based photodetector. The photodetector
exhibit a high open circuit voltage of 0.706 V and a photocurrent of 2.49
mA/W under a 254 nm light at zero bias [95] (Fig. 16 (d)-(f)). In 2020, a
p-Gaz03/Cul core-shell heterostructure photodetector was constructed
using a facile immersion method. The exfoliated -Ga;O3 microwire was
used as both photon absorber and reactor, while the solution-processed
Cul film was selected to form the built-in field and serve as
hole-transport layer [96]. Its responsivity, detectivity, PDCR, and
rise/decay times are 8.46 mA/W, 7.75 x 10! Jones, 4.0 x 10° and
97.8/28.9 ms, respectively, under 254 nm light at zero bias (Fig. 15 (g)
and (h)). The first-principle calculations were used to better understand
the underlying self-powered and carrier transfer physical mechanisms.
In the 3D differential charge density of the GayOs (100)/Cul (111)
interface (Fig. 16 (i)), the charge-producing (yellow) and
charge-depleting regions (cyan) are near the interface even without the
applied bias, which indicates that the charge redistribution of the
diffusion occurs at the interface and causes the formation of an electric
dipole. The existence of a charge depletion region near the interfacial Ga
atoms and a charge obtained region surrounding the interfacial Cu
atoms indicates that the GapOs is positively charged while Cul is nega-
tively charged. The delafossite semiconductor materials CuGaO, and
CuCrO; have become well-known because of their wide bandgap and
fast hole diffusion coefficient, widely used in solar cells and catalysts
[97-107]. CuGaOy and CuCrO, can form a type II staggered band
alignment with n-type -Gay0s. In addition, the fast hole diffusion co-
efficients of CuGaO; and CuCrO; can guarantee the transport of holes.
However, highly crystalline CuMO, is challenging to obtain via con-
ventional synthesis methods, including solid-state reactions and
vacuum-deposition techniques. In 2020, we prepared solar-blind pho-
todetectors based on CuMO,/4-Gay03 (M = Ga>*, Cr**) heterojunction
[108]. At zero bias, the CuGaO,/f-Gay0O3 and CuCrOy/f-GaO3 pn
photodetectors show photoresponse time of 0.14 s/0.06 s, a high PDCR
of 2.3 x 10*/3.5 x 10* and a high rejection ratio (R2s4 nm/R365 nm) of
2.0 x 10%/2.8 x 10* (Fig. 16 ()-(I)).

NiO is another p-type hole-transport material with superior thermal
and chemical stability [105-113]. Due to the low-cost, easy synthesis,
NiO thin films have been widely studied, and several NiO/Gay03 het-
erojunction photodetectors were reported. In 2020, a radio-frequency
(RF) reactive magnetron sputtering system was used to fabricate an
all-oxide NiO/Gay03 heterojunction at room temperature [114]. Thanks
to the novel design, the photodetector exhibits a photoresponse time of
0.34 s and a PDCR of 122 under 254 nm light at zero bias (Fig. 17 (a) and
(b)). The valence band offset and conduction band offset at the NiO/-
Gay03 heterojunction were calculated to be 3.02 and 1.82 eV, respec-
tively, which indicates that a type II heterojunction was formed (Fig. 17
(c)). The photodetector shows a faster response speed and lowers
photocurrent under vacuum conditions than in a pure oxygen environ-
ment. These observations can be explained by surface defects such as
oxygen vacancies that can act as trapping sites. In the dark, O, mole-
cules, which were absorbed in these sites, form 02’[02 + e =0%].
Furthermore, when the films are exposed to light, the photogenerated
holes migrate to the surface and recombine with negatively charged O,
molecules, leaving unpaired electrons in the films that contribute to the
photocurrent. Yu et al. used the surface plasmon effect of Pt nano-
particles to improve the GayO3/NiO heterojunction’s photoresponse
performance (Fig. 17 (d)) [115]. The use of surface plasmons is an
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Fig. 14. (a) The schematic diagram of the growth process of ZnO-Ga;O3 core-shell microwire. (b) The schematic diagram of the ZnO-Ga5O3 core-shell heterojunction
photodetector device. (c) The photoresponse spectrum of the device at 0 V and (d) its spectrum in a log coordinate. (e) The time response under the excitation of 266
nm pulse laser at 0 V. (f) The energy band diagram of the ZnO-Ga,03 core-shell heterojunction device [76]. (g) Schematic illustration of f-Gaz03/ZnO heterojunction
photodetector. (h) -V characteristic curves of the f-Ga;03/ZnO heterojunction photodetector in dark and under 365 nm light. (i) Time-dependent photoresponse of
the $-Gay03/ZnO heterojunction photodetector [77]. (j) Schematic representation of atoms arrangement on the f-Gay03/Ga:ZnO heterojunction. (k) The C-V
characteristics of the -Gap,03/Ga:ZnO heterojunction under dark. (1) Time-dependent photoresponse and the corresponding exponential fitting of the heterojunction

under 254 nm illumination at zero-bias [78].
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essential technique for improving the performance of photodetectors
because of the interaction that takes place between surface plasmons
and light at the interface between metal and dielectric [116-119]. The
Pt NPs modified photodetector exhibits enhanced performances with a
high PDCR of 1492, a high responsivity of 4.24 mA/W, and a fast
response speed of t,/t4 about 4.6 ms/7.6 ms at 0 V (Fig. 17 (e)). Pt NPs
enhanced the Ga;03/NiO photodetector photoresponse for the following
reasons 1) Without light, Pt NPs can form a Schottky barrier with GapO3
to inhibit the electron transport, which reduces the dark current. 2) For
solar-blind light illumination, Pt NPs can trap a large amount of light
and excite localized surface plasmon resonance (LSPR) and strong local
electromagnetic fields. The recombination rate of photogenerated car-
riers may be decreased by the combined impact of LSPR and local
electromagnetic fields, which can also improve the interaction of
incoming light with Pt NPs. 3) Pt NPs accelerate the generation rate and
separation speed of charges by increasing the absorption cross-section of
the GayOg3 layer.

Because the behavior of the carrier is essential to the process of
photoelectric conversion, charge-carrier engineering might be a feasible
technique for developing high-performance photodetectors. In 2022, the
VOy/Gaz03 heterojunction-based photodetector was built using a
solution-processed method [120]. It was shown that the VOy films
showed variable conductivities at various annealing conditions, which
were due to changes in the regulation of crystallinities and phase
structures. These changes, in turn, affected the VOx/Ga03 photode-
tectors, causing variable photodetection characteristics. The modulated
photodetector achieved an improved PDCR of 1.08 x 108, an Ross
nm/R400 nm rejection ratio of 3.12 x 104, and a responsivity of 28.9
mA/W (Fig. 18(a)-(c)). In addition, Gax03/SrSn0O3 heterojunction-based
photodetector was also constructed [121]. SrSnO3 was annealed in an
oxygen atmosphere and doped with Y elements to remove oxygen va-
cancies and increase conductivity to increase carrier transportation
effectiveness. After treatment, the oxygen vacancy in SrSnO3 annealed
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under oxygen fell from 54.2% to 22.8%, while the conductivity in
Y-SrSnO3 improved by roughly one order of magnitude. The photode-
tector exhibits excellent photoelectrical performances with a PDCR of
4.3 x 10° and a detectivity of 1.3 x 102 Jones (Fig. 18 (d)-(f)).

5.2. Organo-inorganic hybrid type heterojunction

The preparation process of conventional all-inorganic photodetec-
tors is complicated and requires high temperatures, high vacuum, and
complex lithography, leading to expensive device manufacturing costs.
Moreover, inorganic materials’ fragile and hard properties limit their
application where large areas and flexibility are needed. Coincidentally,
the organic-inorganic heterojunction has become one of the most
promising designs after many years of progress. Organic self-powered
photodetectors made of solution-processable materials may be made
inexpensively and allow for large-area deposition. Organic-inorganic
hybrid heterojunctions maintain the benefits of the high conductivity
of the inorganic components and use the advantages of organic features
such as flexibility and biocompatibility. Thanks to the improved design,
various organic materials such as Spiro-MeOTAD, PANI, PEDOT: PSS,
and so on were used to fabricate organic-inorganic hybrid hetero-
junctions with a wide selection of inorganic semiconductors [122-131].

Polyaniline (PANI) is an excellent p-type conducting polymer with
large hole mobility under different doping concentrations. Wang et al.
realized a self-powered solar-blind UV photodetector by a facile com-
bination of a centimeter-sized single crystal f-GapO3 microwire and
polyaniline in 2020. Owing to the excellent organic/inorganic hybrid p-
n junction, the device shows an responsivity of 21 mA/W at 246 nm with
a sharp cut-off wavelength of 272 nm without an external power supply.
Moreover, the dark current is 0.08 pA and the UV/visible rejection ratio
reaches 10 at zero bias voltage [132].

PEDOT: PSS with high conductivity of 830 S/cm and hole mobility of
1.7 em?/V-S is a superb p-type conductive polymer [133,134]. In
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and CuCrO,/f-Gap03 pn junction [108].

addition, their simple fabrication process and commercial availability
made them the preferred organic material for photodetectors. Zhang and
co-workers spin-coated an organic conductive PEDOT: PSS on the Ga;O3
film to fabricate a high-performance PEDOT:PSS/Gay03/p-Si hetero-
junction photodetector for the first time in 2019 (Fig. 19 (a)) [135]. At0
V bias, the PEDOT: PSS/Gay03/p-Si hybrid solar-blind photodetector
shows an external quantum efficiency (EQE), which was higher than
that of the Ga;O3 photovoltaic devices reported previously. The device
shows a sensitive solar-blind spectral selectivity with a
solar-blind/visible rejection ratio (Rass nm/R405 nm) Of 450 (Fig. 19 (b)).
Unlike the previously reported heterojunction photodetectors, this de-
vice had two built-in electrical fields (PEDOT:PSS/Ga03 and Gay03/Si
junction), which can effectively enhance the separation efficiency of
photogenerated carriers in the space charge region of GapO3(Fig. 19 (c)).
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Inspired by the above work, researchers attempted to fabricate a
Gay0Os-based organic-inorganic heterojunction photodetector. GayOs
thin film deposited on a Si substrate shows a disordered growth orien-
tation and poor crystallization. This cause the hybrid photodetector to
suffer from a large dark current and noise, which could negatively affect
the photodetector’s detectivity. To overcome this problem, new PEDOT:
PSS/Gaz03 hybrid heterojunction photodetectors were reported by
Wang and our group, respectively. In 2019, Wang et al. built a PEDOT:
PSS/Gap03 microwires photodetector (Fig. 19 (c)) [136]. The Gag03
microwires were synthesized using a CVD with a length of 6-9 mm and
an average diameter of about 10 pm. Without a power source, the device
exhibits ultrahigh responsivity of 2.6 A/W at 245 nm with a sharp cutoff
wavelength at 255 nm (Fig. 19 (d)). The device exhibits an ultrahigh
solar-blind/UV rejection ratio (R24s nm/R280 nm) Of 10°. The depletion
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diagrams for isolated NiO and p-Ga,03 [115].

layer of the heterojunction is mainly on the Gay03 side, and the PEDOT:
PSS has no optical response at any wavelength in this study, so the
PEDOT: PSS/Gay03 photodetector has the same cutoff edge as the pure
Gay03 device and has a high rejection rate. In 2019, our group con-
structed a PEDOT:PSS/Gay03 heterojunction photodetector via a
cost-effective solution method (Fig. 19 (g)) [137]. The Gag0s3 films were
fabricated using a modified MOCVD system and treated using air plasma
to obtain a clean and hydrophilic surface. Therefore, uniform thick
PEDOT: PSS can be obtained using spin coating PEDOT: PSS solution on
Gay0s. Such a clean and uniform interface facilitates efficient charge
carrier transport. Furthermore, by employing the oxygen implantation
effect, the air plasma may eliminate the oxygen vacancy defects at the
surface of the GayOs film, improving photodetector performance. The
organic-inorganic hybrid photodetector shows excellent self-powered
detection performance in the solar-blind region with a large
R250nm/R360nm rejection ratio of 7 x 103, and a detectivity of 9.2 x 10'?
Jones at 0 V (Fig. 19 (h)). In addition, due to the positive effect of the
strong photovoltaic effect, the hybrid photodetector displays a high EQE
of 18.3%, excellent responsivity of 37.4 mA/W, and a superfast response
speed with rise time of 3.3 ps. The device’s V. is practically constant at
0.9 V, which is consistent with the idea that the maximum V,. of
photovoltaic devices is only dependent on interfacial energy-level
alignment. The V. of the PEDOT: PSS/Gay03 hybrid heterojunction is
much larger than that of previous Ga,O3-based heterojunctions (Fig. 19
().

Spiro-MeOTAD is another attractive hole-conductor polymer with
high-conductivity, nontoxic, and solution-processable and is widely
used in optoelectric devices like solar cells or LEDs [138-144]. In 2020,
Spiro-OMeTAD/Gay03 based self-powered solar-blind photodetector
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was formed (Fig. 20 (a)) [145]. The CB and the VB of GayO3 are higher
than the lower unoccupied molecular orbital (LUMO) and highest
occupied molecular orbital (HOMO) of Spiro-MeOTAD, respectively.
This band alignment is a benefit for carrier separation and transport.
Under solar-blind light illumination, photoinduced electron and hole
pairs were rapidly separated by the built-in electric field, and the elec-
trons transferred from the VB of Ga;03 to the HOMO of Spiro-MeOTAD
while the holes transferred from LUMO of Spiro-MeOTAD to the CB of
Gay03 subsequently (Fig. 20 (b)). The device exhibits a high responsivity
of 65 mA/W, an EQE of 32%, and a fast response speed of 2.98/28.49 s
at 0 V (Fig. 20(c) and (d)). Small-molecule hole transport materials
(SMHTMs) were also used to prepare organo-inorganic hybrid type
heterojunction photodetectors with GapOs. In the construction of pho-
todetectors with GapOs, four different types of SMHTMSs have been used,
and all of them exhibit self-powered characteristics with a PDCR of
about 10° [146]. Among them, the photodetector based on f-GayOs/-
TAPC heterojunction shows the best photoelectrical performances with
a dark current of about 20 fA, an Ion/Iog ratio of 5.9 x 10° and a
detectivity of 1.02 x 103 Jones at 0 V.

5.2.1. Phase junction type self-powered Gaz03 based photodetectors

Given the several polymorphic forms of GayOs, it is possible to create
Gay03 photodetectors based on different phases. The low lattice
mismatch between the two phases of GaO3 can ease the issue of poor
epitaxial film quality. In addition, the bandgap of the two phases is
comparable, which means that the spectral response of the created
junction will match the solar-blind region with a higher degree of
accuracy.

The a/f-Gaz03 phase junction has been investigated for application
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in solar-blind photodetectors. A low-cost hydrothermal and post-
annealing treatment technique is used to build the a/f phase junction
of GayOs vertically aligned nanorod arrays (NRAs) with a thickness-
controllable $-GaOs shell layer [147]. As shown in Fig. 21 (a), the
precursor GaOOH NRAs were generated using a simple hydrothermal
approach using FTO as the substrate, then annealed and dehydrated at
450 °C to yield porous sub-stable a-GapO3 NRAs (2GaOOH =
Gay03+H30). The seed layer thickness, solution concentration, and
development period may influence the density, diameter, and length of
a-Gaz03 NRAs. When the porous a-Ga;O3 NRAs are placed in the700 °C
furnace, the a-phase Ga;O3 on the surface layer is instantly changed into
p-phase GayOs. Because GayOs has a low thermal conductivity, the
temperature of the inner layer of the NRAs rises slowly, allowing the
a-phase to persist (Fig. 21 (b) and (c)). Utilizing the a/3-GazO3 NRAs,
our group developed solar-blind photodetectors with graphene-silver
nanowire hybrid conductive electrodes, as illustrated in Fig. 21 (d)
[148]. Thanks to the small lattice mismatch (<3%) as well as the high
conductivity and optical transmittance of the top electrode, the photo-
detectors show a high PDCR of about 2000 and a high rejection ratio
(R254 nm/R365 nm) of 2.7 x 10% at 0 V (Fig. 21 (e) and (f)).

Mitra report on the synthesis of novel core-shell amorphous gallium
oxide nanoparticles (NPs) (a-GapOx/GaOx NPs) that have not been
previously obtained. The amorphous gallium oxide NPs were synthe-
sized from gallium nitride using the femtosecond laser ablation in liquid
technique. Transmission electron microscopy and electron energy-loss
spectroscopy measurements revealed the amorphous NP nature with a
Ga-rich core and oxide-rich shell. The amorphous gallium oxide NPs
were used as an active layer in a solar-blind DUV photodetector with a
responsivity of 15.3 mA/W in the self-powered mode.

5.2.2. Photoelectrochemical type self-powered Gaz03 based photodetectors

To avoid blocking solar-blind light by the electrode, Zhang et al.
designed a novel PEC self-powered photodetector using a new counter
electrode as the light-receiving surface for hydrothermally synthesized
a-Gaz03 NRAs to enable the detection of solar-blind UV light [149]. As
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shown in Fig. 22 (a), quartz glass with strong deep ultraviolet light
transmittance is utilized to receive optical signals and enable wave-
lengths below 300 nm to pass through, while Pt serves as the counter
electrode by covering half of the quartz glass. The enhanced device re-
sponds from 246 to 300 nm at zero bias, with a maximum response of
0.212 mA/W at 260 nm and an Rag nm/R400 nm rejection ratio of about
34. When ultraviolet light passes through the quartz and reaches the
Gay03 nanorods, electron-hole pairs will be created because the nano-
rods will absorb photons with an energy that is greater than the gap in
their bandgap. The photogenerated electron-hole pairs are separated
using the built-in electric field at the interface between the a-Gag03
electrode and the electrolyte as the driving force. After that, the pho-
togenerated holes in the a-GapO3 material flow into the electrolyte, and
the negative charges that were separated are collected by the FTO along
the nanorods, then introduced into the external circuit. On the other
hand, the positive holes carried to the surface are captured by the hy-
droxide ions and go through redox processes that form redox molecules
(h" + OH —>OH"). After that, the redox molecules travel to the surface
of the Pt electrode, where they are reduced to hydroxide ions with the
assistance of electrons that have been brought back into the system from
the external circuit (e + OH*—~OH™). When compared to the hydro-
thermal approach, the water bath method does not need circumstances
of high temperature and high pressure. It also has the benefits of having
a lower cost, a more straightforward procedure, and a quicker devel-
opment rate, among other benefits. A unique photoelectrochemical-type
self-powered solar-blind ultraviolet photodetector was built in 2021 by
Huang et al. [150] (Fig. 22 (c)). Using the water bath process, they
directly produced a-GayOs3 nanorod arrays without a seed layer. The
device displayed a high PDCR, responsivity, and detectivity, with
respective values of 1.01 x 103, 11.34 mA/W, and 2.68 x 10! Jones.
The p-GapO3 NRAs PEC self-powered solar-blind photodetector dem-
onstrates superior photoelectric performance with a responsivity of
3.81 mA/W, a PDCR ratio of 28.97, and a photoresponse decay time less
than 0.2 s (Fig. 22 (d)-(f)) [151].

PEC devices have an issue with interfacial charge recombination,
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band diagrams of the PEDOT:PSS/Ga,0O3 hybrid heterojunction [137].

which results in a loss of photogenerated electrons. Because of their
rapid carrier separation and injection into the photoanodes, semi-
conductor core-shell structures with type-II band alignment have
recently garnered a lot of attention as the fundamental building blocks
for the fabrication of next-generation electronics. Zhang et al. reported a
novel tree-like branched structure made of a-Gay03 covered by y-Al,O3,
which had been successfully fabricated by a simple two-step hydro-
thermal treatment and applied to the self-powered PEC solar-blind
photodetector [152] (Fig. 23 (a)). This structure was created success-
fully by using hydrothermal treatment. An energy barrier has been
established at the semiconductor/electrolyte interface due to intro-
ducing a layer of a-Al,03 with an ultra-wide bandgap to coat the outside
of a layer of a-GagO3(Fig. 23 (b)). This barrier has accelerated the sep-
aration of photogenerated carriers and suppresses interfacial charge
recombination. In addition, the tree-like branched structure obtained
significantly increases the contact surface area between the carriers and
the electrolyte. This helps shorten the charge transport distance,
improving response speed and bringing a larger specific surface area,
which increases light absorption. Under 254 nm, the a-Gay03/y-AloO3
heterojunction PEC photodetector shows an R of 0.17 mA/W, a PDCR
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ratio of 51.3, and a photoresponse decay time less than 0.1 s.

In our previous work, we found that a self-powered spectrum-
distinguishable PEC type photodetector may be created using an
a-GagOs nanorod array (NA)/CuO microsphere (MS) p-n junction [153]
(Fig. 23 (d)). At 0V, the photodetector exhibits an opposing direction of
photocurrent in response to 254 and 365 nm UV light irradiation due to
the combined effect of the built-in electric field of the p-n junction and
the semiconductor/electrolyte junction. The photodetector responds
with a responsivity of 0.42 mA/W when exposed to UV light with a
wavelength of 254 nm and 0.57 mA/W when exposed to 365 nm (Fig. 23
(d) and (e)).

5.2.3. Summary and perspective

Solar-blind detection has attracted considerable attention, owing to
its versatile applications in civilian infrastructures, military facilities,
and scientific research [154-160]. GagOs, with the characteristic of
ultrawide-bandgap, stable and low-cost, is an ideal candidate for
solar-blind photodetector. Constructing self-powered devices that can
independently, wirelessly, and energy-savingly is a significant research
direction for the next-generation photodetectors and has attracted
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Fig. 22. (a) Schematic diagrams of the a-Ga;O3 PEC photodetector. (b) Working principle for the improved structured PEC UV detector under 0 V bias [149]. (c)
Mechanism diagram of PEC self-powered ultraviolet photodetector based on a-Ga;O3 nanorod arrays [150]. (d) Structural diagram of Ga,O3 NRAs PEC photode-
tectors. (€) M — S and (f) EIS plots of a-Ga;03 and -GayO3 NRAs. [151].
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Fig. 23. (a) Schematic diagram for the formation of the tree-like branched structure. (b) Working schematic diagram of the PEC photodetector based on the a-Ga;O3-
7-Al;03 [152]. (c) Schematic diagrams of the a-Ga,03/Cu,0 PEC photodetector. (d) and (e) Schematic diagram of the a-Ga;O3/Cuz0 PEC photodetector [153].

Standard three-clectrode system in clectrohyte

research interest worldwide. Up to now, most of the reported GasO3 of self-powered solar-blind photodetectors based on Gas0Os. The

based self-powered photodetectors have been designed by utilizing the metal-semiconductor Schottky junction photodetector composed of
photovoltaic effect and can be divided into Schottky junction, hetero- Ni/Au/p-Ga03 Schottky junction shows the highest photoresponsivity
junction, phase junction, and PEC. Table 2 summarizes the parameters (9.78 A/W) at zero bias, followed by GaN/Sn: GayO3 heterojunction
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Table 2
Parameter list of Ga,O3-based self-powered solar-blind photodetectors.
Type Materials PDCR Responsivity (mA/W) Rejection ratio Detectivity (Jones) Response speed Ref
Schottky Junction Au/p-Gaz03 \ 0.01 Ross/Rago~ 11 \ \ [47]
Ross/Raoo ~ 38
Au/p-Gay03 \ Ra41/Raogo ~ 280 \ \ [48]
Ra41/Rago ~ 1080

Pt/Ge:f-Gay03 \ 0.09 Ra30/Raso ~ 10* \ \ [49]
Ni/Au/f-Gas03 ~10° 1.4 \ \ 1.1/0.3s [50]
Au/Gay03/Si ~10° \ \ \ 32.2/78 ms [51]
Ni/Au/p-Gaz03 \ 9.78 x 10° R212/Raso ~ 10* 3.92 x 10 5.19 ps [52]
LIG/Gay05 200 \ \ \ \ [53]
Grahene/Sn:f-Ga,03 \ \ \ \ 0.62/0.67 s [571
Grahene/f-Ga;03 \ 10.3 Ra35/R400 ~ 228 \ 2.24 ps [58]

Hetero-junction NSTO/Gay03 20 2.6 \ \ 0.21\0.07 s [65]
Diamond/Ga,03 37 0.2 R244/R400~135 6.9 x 10° \ [66]
MoS»/Gax03 670 2.05 Ras4/Rao0 ~ 1.6 x 10° 1.21 x 10! [74]
GaSe/Gay03 \ 0.19 \ 2.52 x 10 0.32/5.26 ps [75]
Zn0/Gay03 core-shell \ 9.7 Ras1/Rago ~ 6.9 x 102 6.29 x 10'? 100/900 ps [76]
7Zn0/Gay03 14.8 \ \ \ \ [771
Ga:Zn0/Gay0s 127 0.763 \ \ 0.179/0.272 s [78]
GaN/Ga03 74 28.44 \ \ 0.14/0.07 s [82]
GaN/Sn:Ga,03 6.1 x 10* 3.05 x 10° Rasa/Rago~ 6 x 10° 1.69 x 10'° 0.018s [83]
CuSCN/Gay03 \ 98 x 1072 \ 9.7 x 1010 \ [92]
Cul/Gay03 \ 2.49 \ \ \ [95]
Cul/Gay03 core-shell 4 x10° 8.46 Ra00/Reoo ~ 8.8 x 10° 7.75 x 101 97.8/28.9 ms [96]
CuGa0,/Gay03 2.3 x 10* 0.025 Rosa/Raes ~ 2.0 x 10* 0.9 x 10! 0.26/0.14 s [108]
CuCr0,/Gay03 3.5 x 10* 0.12 Rasa/Raes ~ 2.8 x 10% 4.6 x 101! 0.35/0.06 s [108]
NiO/Ga,03 122 0.057 \ 5.45 x 10° 0.34/3.65 s [114]
NiO/Ga,03 ~100 0.245 \ 0.189 x 10° 12/8 ms [115]
Pt NPs/NiO/Ga03 ~1000 4.27 \ 4.2 x 10° 4.6/7.6 ms [115]
V0,/Gay05 1.1 x 108 28.91 Ras4/Rags ~3.1 x 10* 1.1 x 10™ 0.05/0.07 s [116]
SnSr03/Gay03 1.7 x 10* \ Rosa/Rags ~2.1 x 10° 1.3 x 10%3 0.15/0.06 s [117]
PEDOT:PSS/Gay0s3 \ 29 Rass/Raos ~ 450 \ 0.06/0.088 s [135]
PEDOT:PSS/Ga03 ~10* 2.6 Rosa/Raso~9 x 10* 2.2 x 1013 0.34/3 ms [136]
PEDOT:PSS/Ga,03 \ 37.4 / 9.2 x 1012 3.31/71.2 ps [137]
Spiro-OMETAD/Gay03 ~10° 65 Raso/Rago ~ 3.6 x 10° 3.95 x 10! 2.98/28.49 s [145]
TAPC/p-Gay03 5.9 x 10° 1.41 / 10.2 x 102 0.27/0.05 s [146]

Phase junction a/p-Gay03 127 0.26 Rosa/Raes ~ 2.7 x 10° 2.8 x 10° 0.54/1.63 s [148]

PEC a-Gay03 NRAs / 0.21 Raso/Raoo ~ 33.74 / 0.076/0.056 s [149]
a-Gay03 NRAs 1011 11.34 Rasa/Raes ~ 207 2.68 x 10! 1.51/0.18 s [150]
a-Gay03 NRAs 6.19 1.44 / / 0.43/0.17 s [151]
$-Gay03 NRAs 28.97 3.81 / / 0.29/0.16 s [151]
a-Gaz03/7-Gaz03 51.3 0.17 R260/Ra00 ~ 34.8 / 0.1/0.1s [152]
a-Gay03/Cuy0 / 0.42 / / 10.3/10.1's [153]

photodetector (3.05 A/W). Compared with Schottky junction photode-
tector, the photodetectors based on heterojunction tend to have a lower
dark current and a higher PDCR [such as GaN/Sn: Ga;O3 (6.1 x 104),
CuCr0,/Gay03 (3.5 x 10%) and CuGa0,/Gaz03 (2.3 x 10M)]. The de-
vices based on both heterojunction and Schottky junction show fast
photoresponse speed. While the photodetector based on graphe-
ne/Gay03 Schottky junction exhibits the quickest response speed (2.24
ps), followed by Au/p-GapOs Schottky junction (5.19 ps), Spi-
ro-OMETAD/Gay03 (2.98/28.49 ps) and PEDOT: PSS/Gay0s3 (3.3/71.2
ps). In general, heterojunction-type photodetectors exhibit higher op-
toelectronic performance (for example, high responsivity, high detec-
tivity, and fast response time). However, some heterojunction
photodetectors respond to UVB or UVA bands, while the other devices
exhibit good spectral selectivity.

Although the photodetectors in the reported literature exhibit good
solar-blind photoresponse performance, many challenges still need to be
solved to commercialize. (1) P-type doping in GayOs is still difficult, and
homojunction pn type photodetector cannot be formed. Fortunately,
Fang et al. recently grew a high-quality p-type N-doped p-GapOs film.
This novel p-type GazOs film growth technique opens a new way to form
Gay03 homojunction self-powered photodetectors. (2) More work must
be done to enhance the response speed. Though the Ga;O3 based self-
powered solar-blind photodetectors have comparable responsivity and
specific detectivity performance compared with the commercial UV-
enhanced Si photodiodes, the response speed is hard to meet practical
demand. Currently, the fastest response speed of the reported GayO3
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based self-powered solar-blind photodetectors is about 2 ps, while the
faster response speeds, down to ns or ps, are desired. Hence, more effects
must be done to enhance the response speed. (3) The weak light
detection ability of the photodetectors needs to be further enhanced. The
ability to detect weak signals determines the application of GazO3 based
photodetectors. (4) Novel strategies should be developed to remarkably
reduce the size and weight of self-powered photodetectors. A flexible
device is also desired for some particular applications. However, up to
now, there are few reports on self-powered flexible devices. We look
forward to novel constructions and techniques to realize Ga;Os-based
self-powered flexible devices. It is expected that more achievements in
the Gay03 solar-blind DUV photodetection field will be attained to meet
the huge demands of various applications.
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