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ABSTRACT: Ultrawide bandgap (UWBG) semiconductors, including Ga,0O;, diamond,
Al Ga; N/AIN, featuring bandgaps greater than 4.4 eV, hold significant promise for solar-
blind ultraviolet photodetection, with applications spanning in environmental monitoring,
chemical/biological analysis, industrial processes, and military technologies. Over recent decades,
substantial strides in synthesizing high-quality UWBG semiconductors have facilitated the
development of diverse high-performance solar-blind photodetectors (SBPDs). This review
comprehensively examines recent advancements in UWBG semiconductor-based SBPDs across
various device architectures, encompassing photoconductors, metal—semiconductor-metal
photodetectors, Schottky photodiodes, p-n (p-i-n) photodiodes, phototransistors, etc., with a
systematic introduction and discussion of their operational principles. The current state of device
performance for SBPDs employing these UWBG semiconductors is evaluated across different
device configurations. Finally, this review outlines key challenges to be addressed, aiming to steer

future research endeavors in this critical domain.

1. INTRODUCTION

In the invisible region of solar spectrum, ultraviolet (UV)
radiation, constituting ~10% of the total solar energy, spans
wavelength ranging from 10 to 400 nm. UV light is generally
categorized into four subregions: extreme ultraviolet (EUV)
spectrum (10—100 nm), ultraviolet C (UVC) spectrum (100—
280 nm), ultraviolet B (UVB) spectrum (280—320 nm), and
ultraviolet A (UVA) spectrum (320—400 nm) (Figure la).
Prolonged exposure to UV radiation has been linked to genetic
mutations and carcinogenic effects.’ Fortunately, most UV
radiation from sunlight can be absorbed by the stratospheric
ozone layer and the earth’s atmosphere. Notably, UV radiation
with wavelength shorter than ~280 nm (UVC and EUV spectra)
cannot penetrate the atmosphere and reach the earth’s surface.
The UV spectrum within the wavelength range of 200—280 nm
is commonly referred to as solar-blind spectrum region (also
called deep-UV, DUV). In the recent decades, spurred by rapid
advancements of semiconductor industry, UV light detection,
particularly solar-blind DUV photodetection, has garnered
substantial interest due to the significant applications across
diverse fields, including ozone-hole monitoring, chemical
analysis, missile tracking, flame detection, arc detection, wireless
communications, etc.”

Solar-blind photodetectors (SBPDs) were conventionally
constructed by using low bandgap semiconductors, such as Si.
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However, photodetectors based on low bandgap semiconduc-
tors usually exhibit a broadband spectral response. Conse-
quently, optical filters are necessitated for solar-blind detection,
permitting the transmission of UV light while obstructing the
visible portion of the solar spectrum.’ Such filters incur both
financial costs and operational limitations due to visible light
leakage over time. As a result, attention has shifted toward wide
bandgap (WBG) semiconductors with a bandgap surpassing
traditional semiconductors (~3.1 eV) but smaller than that of
insulators (~7 V), for UV photodetection. WBG semi-
conductors, like SiC, GaN, GeS,, and II-VI compounds
(ZnO etc.), typically featuring bandgaps surpassing ~3.1 eV,
exhibit rapid photoresponse speed and are blind to visible light
(Figure 1b—e).” In addition, the high thermal conductivity of
these WBG semiconductors permits operation in harsh
environments (high temperature and high power). For the
case of solar-blind optoelectronics, ultrawide bandgap (UWBG)
semiconductors with a bandgap greater than 4.4 eV,
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Figure 1. Ultraviolet radiation and wide bandgap semiconductors for
photodetection. (a) UV spectral region and its subregions. (b—e)
Crystal structures of WBG semiconductors, including (b) 4H-SiC, (c)
GaN, (d) ZnO, and (e) GeS,. The dash lines represent the unit cells. (f)
Comparison of physical properties of WBG semiconductors.

corresponding to a wavelength below 280 nm, are particularly
suitable. This category of materials includes Ga,0;, diamond,
II-nitride compounds (Al,Ga,_,N and BN), and Mg,Zn,_,O.
In recent years, significant strides have been made in the
development of high-performance SBPDs based on UWBG
semiconductors. These detectors exhibit exceptional responsiv-
ity, high rejection ratios, rapid response speeds, and low noise.’

In this review, we present a comprehensive summary of the
recent advancements on UWBG semiconductors for solar-blind
photodetection. We first provide a brief introduction of
prevalent device geometries utilized in contemporary SBPDs,
detailing their working mechanisms, pros/cons, and key
performance parameters. Subsequently, we systematically
present and discuss the endeavors and notable advancements
in diverse categories of SBPDs constructed from various UWBG
semiconductors, focusing on Ga,0j3, diamond, and Al,Ga, N.
At the end, we present open challenges and the future outlook to
guide future research directions in this field.

2. BASICS OF PHOTODETECTOR

A photodetector is a device capable of converting an optical
signal to an electrical one. Generally, the operation of the
optoelectronic devices involves the following three processes
(Figure 2): (i) generation of photoexcitons (electron—hole
pairs) by incident light; (ii) separation and transport of
photogenerated excitons; and (iii) charge carrier extraction at
end electrodes to provide the output electrical signal.” The light
absorption depends on the absorber properties, such as the
bandgap, the absorption coeflicient, and the thickness. The
energy of the absorbed photons must be equal to or greater than
the bandgap of the absorber material. For solar-blind
optoelectronics, because of large absorption coefficient of
DUV light, DUV light can be completely absorbed within a

Electrical field

¢ 1

Electrode

Electrode

Figure 2. Illustration of the mechanism of photodetectors. The electric
field can be induced by the built-in potential in the junction or the
external bias supply.

few micrometers of the material. Therefore, the absorber
materials can adopt diverse configurations, including wafers,
thin films, or nanostructures.

2.1. Device Geometries. In the currently reported SBPDs,
diverse device architectures have been devised, including
photoconductors, metal—semiconductor-metal (MSM) photo-
detectors, Schottky photodiodes, p-n (p-i-n) junction photo-
detectors, avalanche photodiodes (APD), and phototransistors.”
In this section, we will discuss the working principles and pros/
cons of these various device configurations.

2.1.1. Photoconductors. The photoconductor device com-
prises a semiconductor layer as a channel with two ohmic
contacts attached at both ends of the channel (Figure 3a, left
panel). Photoconductors have attracted considerable attention
for a long time due to their simple fabrication process, high
responsivity, and low-cost merits. Its working principle hinges
on the augmentation of conductivity owing to the generation of
excess free carriers by photon absorption in the semiconductor
(Figure 3a, right panel). Specifically, in the absence of light, the
semiconductor hosts a low concentration of carriers, allowing
only a small current (dark current, I;,4) to flow through the
channel under an applied bias voltage. Upon illumination, the
semiconductor absorbs photons with energy larger than its
bandgap to generate electron—hole pairs, which are sub-
sequently separated by the applied electric field. The resulting
free electrons and holes migrate in opposite directions toward
the electrodes, where they are collected.

The channel conductivity strongly depends on the intensity of
incident light. Notably, the photocurrent (Iph) is written as

Loh = Dighe = Tgank (1)

where Iy, is the channel current under illumination. The high
dark current is detrimental to device performance. The
photoconductive gain (G) is defined as the ratio of the number
of photoexcited charge carriers collected by the electrodes to the
number of photons absorbed in the semiconductor.

L e(u An + ypAp)EA e(u An + ypAp)E

B eP, /hv B egV egl

(2)
where P, hy, ¢, E, L, A, and V are the energy of absorbed
photons per second, the photon energy, electronic charge,
electric field intensity, channel length, the cross-sectional area of
device, and the channel volume (V = LA), respectively, g is the
carrier generation rate [equal to P,,/(hvV)], u, and p,, are the
electron and hole mobility, respectively, An and Ap are the
photogenerated electron and hole concentration, respectively.
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Figure 3. Various device geometries for photodetectors as well as their operational mechanisms. (a) A photoconductor has a conducting channel
where the conductance changes with the incident light and ohmic contacts provide no barrier for photogenerated carriers. (b) An MSM photodetector
is a planar device with two back-to-back Schottky contacts usually in an interdigitated configuration. (c) A Schottky photodiode employs a Schottky
barrier at the metal—semiconductor interface to reduce the dark current. (d) A p-n junction photodiode offers a built-in potential to separate
photogenerated carriers. A p-i-n junction photodetector has an intrinsic semiconducting layer that acts as the light absorber. The barriers between
different doped regions cut back the diffusion of the carriers, thereby giving a fast response speed. (e) An avalanche photodiode has an electron
accelerating region induced by a high external electric field. In this region, impact ionization occurs to provide the avalanche multiplication of
photoexcited carriers. (f) A phototransistor can modulate the photo response by controlling the carrier density through a gate voltage.

In addition, An = Ap as the excess carriers are generated in pairs.
At steady state, the carrier generation rate must be equal to the
recombination rate. Therefore,

An =gz, (©)

where 7, is the lifetime of minority electrons in a semiconductor
(assuming p-type semiconductor). By combining formula 2 and
3, we can get

(4, + 1 )E W, H
=1+

L AN ()

where 7, = L/(u,E) is the transit time for the minority electrons
to transport between two electrodes. A larger G can be
achievable by a longer lifetime of minority carriers. Nevertheless,
the response time, associated with the carrier recombination
process, is further influenced by the lifetime of minority carriers.
An increased G tends to prolong the response time. Thus,
achieving a satisfactory overall performance necessitates striking
a balance between G and response speed in a photoconductor.
An undesirable drawback of photoconductors is the relatively
high dark current. Nonetheless, due to the simple device
architecture and ease of fabrication, photoconductors are useful

for applications where fast response and low dark current are not
necessities.

2.1.2. MSM Photodetectors. MSM photodetectors feature a
straightforward device architecture akin to that of photo-
conductors, characterized by a low-doped semiconductor layer
with two metallic contacts on the surface, forming two
interconnected back-to-back Schottky barrier junctions (Figure
3b). To enhance the output current signals, the electrodes
typically adopt an interdigitated configuration, offering a large
photosensitive surface area while maintaining a short distance
between the fingers. The operational mechanism mirrors that of
photoconductors, where, in the absence of illumination, one
Schottky junction is reverse-biased while the other is forward-
biased due to the rectifying nature of the contacts, resulting in
relatively low dark current compared to photoconductors.
Under illumination, the presence of Schottky barriers
necessitates a relatively high applied bias for effective separation
and transport of photogenerated carriers. Due to the low
junction capacitance of the planar geometry, MSM photo-
detectors generally exhibit fast response speeds. Additionally,
MSM devices typically demonstrate high photoconductive gain,
attributed to several factors. First, photoconductivity stems from
long-lifetime traps of photocarriers at the semiconductor surface
between the electrodes, inducing an asymmetric electric charge
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distribution and facilitating additional carrier injection from the
electrode via tunneling. Second, minority carriers may
accumulate or become trapped near one electrode, leading to
majority carrier injection from the other electrode through
tunneling. Moreover, impact ionization under high electric fields
contributes to photoconductive gain. However, MSM photo-
detectors typically exhibit relatively lower external quantum
efficiency due to the electrode shadowing effect. This limitation
can be mitigated by optimizing the width and pitch of electrode
fingers and utilizing semitransparent electrodes. Overall, MSM
photodetectors offer excellent performance, simple structure,
and easy manufacturing, rendering them ideal for monolithic
integration in optoelectronic circuits.

2.1.3. Schottky Photodiodes. The structure and fabrication
of Schottky photodiodes are relatively simple, primarily relying
on the Schottky junction formed at the metal—semiconductor
interface, with the other metal—semiconductor contact serving
as an ohmic contact (Figure 3c). These photodiodes can operate
under zero bias thanks to the presence of built-in potential at the
Schottky junction interface. The underlying principle involves
that upon illumination with photon energy greater than the
semiconductor bandgap, photon absorption occurs in the
semiconductor, generating electron—hole pairs. These elec-
tron—hole pairs are either produced within the depletion region
or migrate to it via diffusion, where they are subsequently
separated by the built-in electric field. Furthermore, applying an
appropriate reverse bias can reduce the dark current, augment
the built-in electric field, and broaden the depletion region to
enhance the photon absorption and the carrier separation,
thereby promoting device performance. In comparison to
photoconductors and MSM photodetectors, Schottky photo-
diodes offer several advantages, including high quantum
efficiency, high signal-to-noise ratio, and rapid response speed.

2.1.4. p-n (p-i-n) Junction Photodetectors. The architec-
tures of homo/heterojunction photodetectors are predom-
inantly characterized by p-n and p-i-n junction structures. In p-n
junction photodetectors, two semiconductors with opposite
doping types are geometrically arranged (Figure 3d, upper
panel). At the p-n junction interface, charge diffusion occurs to
align their Fermi levels, leading to the formation of a depletion
region (also called space charge region) and the creation of a
built-in electric field. Eventually, the drift (induced by the built-
in electric field) and the diffusion of carriers reach an equilibrium
state. The operational principle relies on the photovoltaic effect,
where photons with energy higher than the bandgap are
absorbed by semiconductors, generating electron—hole pairs.
These pairs diffuse from the junction to the depletion region
within a diffusion length and are subsequently separated by the
built-in electric field, causing photoexcited electrons and holes
to move toward opposite electrodes. Such photodiodes can
function under zero bias or reverse bias. Under zero bias, the
relatively low dark current can improve specific detectivity (D*)
and sensitivity of the device. Under reverse bias, the expansion of
the depletion region reduces carrier transit time and diode
capacitance, thereby improving response speed. As a variant of
p-n junctions, p-i-n photodiodes incorporate an intrinsic layer
between p*-type and n'-type contact layers, with one layer
typically being transparent (Figure 3d, bottom panel). In this
case, the intrinsic layer facilitates light absorption. This
configuration has garnered significant attention due to its
potential for optimizing quantum efficiency (QE) and response
speed through precisely controlling the thickness of depletion
region.

pn (p-i-n) photodiodes usually exhibit many advantages,
including a low or zero working bias, a high input impedance,
and a high working frequency. The fabrication process of p-n (p-
i-n) photodiodes is notably intricate compared to photo-
conductors, MSM photodetectors, and Schottky photodiodes. It
involves depositing semiconductor thin films with different
doping types to construct the p-n (p-i-n) junctions. In particular,
effective bipolar doping in UWBG semiconductors such as
Ga,0;, diamond, and Al ,Ga;_ N presents a bottleneck,
necessitating the growth of various materials to form
heterojunctions. Achieving precise control over growth
processes is crucial for heterojunction epitaxy, ensuring high-
quality interfaces and desired electronic properties. Considering
factors such as lattice mismatch, strain, and doping profiles
across the heterojunction interface, optimizing the epitaxy
conditions to minimize defects, such as dislocations and stacking
faults, plays an essential role in maintaining the integrity and
functionality of the heterojunctions.

2.1.5. Avalanche Photodiodes. The APD devices typically
exhibit structures similar to Schottky photodiodes or p-n (p-i-n)
photodiodes (Figure 3e). The operational mechanism of APD
primarily relies on the avalanche multiplication to provide
internal current gain for the detection of low-density radiation.
Under sufficiently high reverse bias, during the migration of
photogenerated carriers to electrodes, electrons possess enough
energy to initiate impact ionization, creating additional
electron—hole pairs from the lattice. The number of created
charge carriers will increase exponentially with distance. In
general, APDs demonstrate fast response speed, high sensitivity
to weak UV signals, and large current gain. However, the
attainment of high gain often accompanies increased noise
levels.

2.1.6. Phototransistors. The device configuration of photo-
transistors closely resembles that of conventional transistors,
with the distinction that the channel region is left open for
photon absorption (Figure 3f). The channel conductivity is
tuned by the field effect through a gate electrode that is
electrically isolated from the channel by a thin dielectric layer. By
applying a gate voltage (V(), the carrier density can be
electronically controlled via field-effect modulation, thereby
facilitating the suppression of dark current by operating the
device in the depletion regime. The incident light creates
photoexcited carriers to activate the channel conductance,
leading to a photoconductive gain akin to the case of
photoconductors. Compared to photodiodes, phototransistors
typically demonstrate higher responsivity and sensitivity due to
the increased photoconductive gain. However, they often exhibit
slower response speeds than photodiodes.

2.2. Key Performance Parameters. In order to
quantitatively compare the device performance of different
photodetectors, several key performance parameters are used to
evaluate the device characteristics as below:

(1) Cutoff wavelength (4,): The long wavelength limit of light
the photodetector can detect. Usually measured in
nanometers (nm)

1 =2
T E, s)

where E;, h, and c are the bandgap of the absorber
semiconductor, the Planck’s constant, and the light speed,
respectively.
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Figure 4. UWBG semiconductors and their physical properties. (a—c) Crystal structures of UWBG semiconductors, (a) #-Ga,0;, (b) diamond, and
(c) AlGaN. The dashed lines represent the unit cells. (d) Comparison of physical properties of UWBG semiconductors.

(2) Dark current (I, ): The residual current that flows in the
photodetector without light irradiation, measured in
Amperes.

(3) Photoresponsivity (R): The ratio of generated photo-
current to incident light power, is expressed by

R = Ton — ighe = aanc

B, B, (6)

where Py, is the incident light power. Measured in Amperes per
Watt (AW™).

(4) Response time: The time it takes for the output to change
in response to changes in the input light intensity. It is
usually measured in two separate components, rise time
(7.) and decay time (74). Rise time and decay time are
defined as the time taken for the photocurrent to increase
from 10% to 90% and decrease from 90% of its peak to
10%, respectively. Alternatively, rise time and decay time
can be extracted by fitting the time-resolved photocurrent
curves.

(5) Noise-equivalent power (NEP): The minimum incident
light power required to achieve a signal-to-noise ratio of
unity at a bandwidth of 1 Hz. Measured in Watts per
square root Hertz (W Hz™'/?),

I
NEP =
R (7)

where I, is the current noise in Amperes per square root Hertz
(A Hz12),

(6) Specific detectivity (D*): The figure-of-merit of detection
sensitivity for photodetectors, i.e., how well a weak signal
can be detected compared to the detector noise. D* is
determined by

w VAR

B AY 2‘eIclark (8)

where A is the effective device area under illumination. It is
usually measured in Jones (cm Hz!/> W), Alternatively, it is
proportional to the reciprocal of NEP, expressed as

A Aeff Af
NEP ©)
where Af is the bandwidth.

(7) Quantum efficiency (QE): Ability of the photodetector to
convert the input light signal to an output signal,
containing two subcomponents, the internal and external
quantum efficiency (IQE/EQE). EQE represents the
ratio of the number of the charge carriers with

D* =
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contributing to photocurrent to the number of incident
photons, whereas IQE is the ratio of the number of the
charge carriers collected to the number of absorbed
photons. QE is measured in terms of percentages.
Generally, EQE is the preferred figure-of-merit in
photodetectors which can be measured directly and is

determined by
hcR
EQE = —
E= (10

where A is the wavelength of incident light.

Among these, photoresponsivity, response time, and specific
detectivity are generally considered as the most important
performance parameters.

3. MATERIALS

3.1.Ga,0s5. Gallium oxide (Ga,05) has recently emerged as a
promising candidate for the applications in solar-blind photo-
detectors and high-power electronic devices. Due to its diverse
crystal structures, Ga,O; is found in five polymorphs:
rhombohedral (@), monoclinic (), defective spinel (y), cubic
(8), and hexagonal (¢) phases.® Among these, #-Ga,0; stands
out as the most stable structure, with a formation energy ranking
of > &> a>6>y. This phase can be thermally converted from
other metastable-phase Ga(%O3 structures within a temperature
range of 300 to 870 °C.*" Notably, owing to its exceptional
chemical and thermal stability, f-Ga,O; has garnered significant
interest for applications in high-temperature and harsh environ-
ments. The B-Ga,O; structure exhibits a monoclinic crystal
arrangement under the C2/m space group, with lattice
parameters of a = 12.21 A, b = 3.04 A, c = 5.80 A, and § =
103.8° (Figure 4a).* Within the 8-Ga,Oj unit cell, there are two
crystallographically distinct Ga cations, situated at distorted
tetrahedral and octahedral coordination, alongside three distinct
O anions, comprising two types of 3-fold coordination and one
type of 4-fold coordination. This unique structural arrangement
engenders anisotropic physical properties, including optical,
thermal, and electrical characteristics.” The growth of f-Ga,0;
bulk crystals commonly employs methods such as edge-defined
film-fed growth (EFG), Czochralski (CZ), float zone (FZ), and
Bridgman methods, whereas -Ga,0j; films and nanostructures
can be synthesized through techniques including sputtering,
hydride vapor phase epitaxy (HVPE), metal—organic chemical
vapor deposition (MOCVD), molecular beam epitaxy (MBE),
pulsed laser deposition (PLD), and atomic layer deposition
(ALD)."

3.2. Diamond. Diamond, as a metastable allotrope of
graphene, constitutes a solid crystal where each carbon atom
forms tetrahedral covalent bonds with four neighboring carbon
atoms, resulting in a face-centered cubic crystal structure with a
lattice constant of a = 3.57 A under Fd3m space group (Figure
4b). Renown for its high carrier mobility, exceptional thermal
conductivity, low thermal coefficient of expansion, an ultrawide
bandgap, and chemical inertness, diamond boasts numerous
applications at the forefront of technology, particularly in
quantum sensing, solar-blind photodetection, DUV light-
emitting diodes (LEDs), and power electronics.'' The diamond
bulk crystals are commonly grown by high-pressure-high-
temperature method (HPHT) while chemical vapor deposition
(CVD) methods are typically utilized for the deposition of
diamond thin films."

3.3. AlGaN/AIN. ALGa;_ N (AlGaN) alloy, a II-nitride
compound, exists in the hexagonal wurtzite crystal structure

under P6;mc space group (Figure 4c). By adjusting the Al
composition from O to 1, the lattice constants vary from a = 3.19
A c=519Atoa=3.11 A, c=4.98 A, simultaneously altering the
direct bandgap from 3.4 to 6.2 eV."> When the Al content (x) is
larger than 0.4, the cutoff wavelength becomes smaller than 280
nm, suitable for solar-blind photodetection. Moreover, these
materials exhibit high electron mobility, saturation velocity, high
breakdown field, large absorption coefficient, and good thermal
stability and conductivity, endowing them suitable for
applications in high-power and high-speed electronics, blue/
UV LEDs, and UV/DUV photodetectors.14 AlGaN films can be
synthesized using various techniques, including direct nitrida-
tion, carbothermic, physical vapor transfer (PVT), CVD, MBE,
sputtering, and PLD methods."”

Among the trio of UWBG semiconducting materials
discussed, diamond emerges as the standout candidate, boasting
superior electron and hole mobilities, exceptional thermal
conductivity, and an ideal bandgap of ~5.5 eV (Figure 4d).
These attributes empower diamond for DUV photodetection
with rapid response even in demanding environmental
conditions. Nonetheless, due to the low carrier concentration
of intrinsic diamond, it exhibits insulating properties with a
resistivity exceeding 10'® Q cm, thereby necessitating efficient
doping. At present, boron can be introduced into diamond to
effectively realize p-type doping, while n-type doping remains
challenging due to the difficult incorporation of atoms (P etc.)
larger than carbon into the closely packed and rigid diamond
lattice. In addition, the unavailability of large-area, single-crystal
diamond poses a challenge for demonstrating device concepts
effectively. For AlGaN/AIN, tunable bandgaps over a wide range
by adjusting the Al content enable optimization for specific
photodetection wavelengths. Moreover, the relatively high
thermal stability makes it suitable for high-temperature
operation and harsh environments. However, there are still
some shortcomings or challenges for AIGaN/AIN in solar-blind
photodetection: (i) The commercial unavailability of large-area
AlGaN/AIN single-crystal substrates limits the device applica-
tions. (ii) High-quality epitaxy of AlGaN thin films remains
challenging due to the presence of high-density of defects and
cracks. (iii) Due to the high activation energy of acceptors,
effective p-type doping of AlGaN thin films is difficult to realize.
In contrast, significant progress has been made in the
development of large-area (4 in. or above), high-quality single-
crystal f-Ga,Oj substrates for epitaxy, with multiple commercial
suppliers such as Novel Crystal Technology, Inc. However, -
Ga, 0, faces two main drawbacks for device applications: (i) The
low thermal conductivity, potentially undermining its applica-
tions in high-temperature conditions. (ii) The absence of
efficient p-type doping, hampering the fabrication of p-n
homojunction devices.

4. GA,0;-BASED PHOTODETECTORS

4.1. Photoconductors. Photoconductors based on f-
Ga,0; have garnered considerable attention owing to their
straightforward device architecture. Typically, f-Ga,O; thin
films are grown on sapphire substrates for device fabrication.'®
Notably, the Schottky barriers between UWBG semiconductors
and metallic electrodes are not easily diminished to achieve
reliable ohmic contact. The commonly used electrode materials
include Au, Al/Ti, Ti/Au, Ni/Au, and Cr/Au. Kokubun et al.
successfully prepared 8-Ga,O; thin film on sapphire substrate by
sol—gel method for solar-blind photodetection with a cutoff
wavelength of 270 nm.'® However, the low quality of the f-

https://doi.org/10.1021/acsomega.4c02897
ACS Omega 2024, 9, 25429—-25447


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c02897?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Ga, 0y thin film limited the photoresponsivity to 8 X 107> A
W', Oshima et al. employed plasma-assisted MBE to grow /-
Ga,0; thin film containing @-Ga,0; and rotational domains,
achieving a photoresponsivity of 0.037 A W' and a quantum
efficiency of 18%."°" In addition, Hu et al. designed a #-Ga,0;
photodetector with interdigitated electrodes on a sapphire
substrate by MOCVD.'*° Owing to the avalanche multiplication
by the large electric field underneath the gold electrodes, the
photoresponsivity of the photodetector reaches 17 A W™/,
corresponding to a quantum efficiency of 8228% under a bias
voltage of 20 V. To improve the quality of #-Ga,O; by reducing
the scattering or/and trapped centers of photoexcited carriers,
Zhang et al. introduced N, O as reaction gas to grow thin film."*
Consequently, the resulting SBPD exhibits a high photo-
responsivity of 26.1 A W', a large ratio of photocurrent to dark
current (PDCR), and fast response speed (7, = 0.48 s and 7, =
0.18 s). Moreover, a 3-Ga,0; homoself-templated buffer layer
was preintroduced for the growth of #-Ga,O; thin film by MBE,
leading to an improvement in the crystalline quality of $-Ga,O;
thin film.'*® As a result, a photodetector with a small dark
current of 0.04 nA, a high PDCR of 10% a large photo-
responsivity of 259 A W™, and a high EQE of 7.9 X 10* % was
realized under a bias of 20 V. The high quantum efficiency is
possibly ascribed to the avalanche multiplication.

Furthermore, a high concentration of the intrinsic oxygen
vacancies (Vp) in Ga,O; thin film typically hampers the
photodetection performance, resulting in a large dark current,
low specific detectivity, and tardy response speed. Photo-
detectors often exhibit high photoresponsivity, but with the
persistent photoconductivity (PPC) effect due to the capture of
minority carriers on Vi, defects, leading to slow response speed.
Postannealing under an oxygen atmosphere and element doping
are commonly employed to mitigate the effect of V, defects on
the photodetection performance.'” The postannealing treat-
ment under an oxygen atmosphere can significantly decrease the
concentration of V defects, suppressing the dark current
(visible light res7ponse) to enhance the PDCR (out-of-band
rejection ratio).'”* Additionally, reducing the concentration of
oxygen vacancies can realize the transition of metal—semi-
conductor contact from ohmic to Schottky to reduce the
response time.'”" Zinc doping is also effective in decreasing the
concentration of oxygen vacancies to improve the photo-
detection performance, such as low dark current, high PDCR,
and fast response speed.'””® By combing the Zn doping and
postannealing methods, the device exhibits a peak photo-
responsivity of 210 A W' at 232 nm and an out-of-band
rejection ratio (Ry3; pm/R320 nm) Of S X 10%, which are five times
and three times higher, respectively, than the parameters of as-
grown f$-Ga,0; photodetector.l7f

Despite Ga,Oj5 thin films, low-dimensional Ga,O; nanostruc-
tures, such as nanowires (NWs), nanobelts (NBs), nanoribbons
(NRBs), nanodots (NDs), and nanosheets, have been explored
for SBPD fabrication."® Compared to the photodetectors of
Ga,0; thin films, those based on Ga,O; nanostructures
generally exhibit lower dark current, larger PDCR, and faster
response speed. For instance, Li et al. developed an efficient
bridging method to assemble }-Ga,O; NWs into SBPDs,
demonstrating a high 250-to-280 nm rejection ratio (~2 X 10?),
low photocurrent fluctuation, and a ultrafast decay time (< 20
ms).'** Moreover, the device based on multilayer (100) facet-
oriented }-Ga,O; NRBs exhibits an ultralow dark current
(<107 A), a high photoresponsivity (851 A W'~), and a fast
response speed (<0.3 s)."*" Feng et al. successfully synthesized

two-dimensional -Ga,O; nanosheets by directly oxidizing few-
layer GaSe in air. The photodetector based on f-Ga,0,
nanosheets shows a fast and stable photosensitivity to 254 nm
light with a decent photoresponsivity of 3.3 A W', a high
detectivity of 4.0 X 10'* Jones, and a large EQE of 1600%."* Li
et al. synthesized Ga,0; NBs and investigated the dependence
of the photoresponse parameters of the device on the light
intensity, the environment and the nanobelt size."*" With the
increase of light intensity, the photocurrent increases, while
quantum efficiency remains almost unchanged at ~180%. The
quantum efficiency exceeding 100% is governed by hole traps.
Once the light intensity increases to the critical intensity, the
number of available hole-traps will decrease, leading to the
saturation and even decrease of the quantum efficiency due to
the increasing chance of recombination of photogenerated
electron—hole pairs. Additionally, Tian et al. reported a
photodetector based on In-doped Ga,O; nanobelts, exhibiting
a higher photoresponsivity, a higher quantum efficiency (2.72 X
10°%), and a faster response speed than that of the undoped
device.'"® The excellent performance of the device may be
attributed to the chemically pure, high-quality single crystals, the
large surface-to-volume ratio, short channel length, and low
recombination barrier. Very recently, Zhou et al. synthesized Sn-
doped f-Ga, 0 microbelts (MBs) to fabricate SBPD arrays with
superior photodetection performance, including a dark current
of 0.5 pA, response time of 38.8 us, a PDCR of 10% and a
photoresponsivity of 300 A W1,

4.2. MSM Photodetectors. Compared to the photo-
conductor architecture, the metal—semiconductor interfaces in
MSM photodetectors present Schottky barriers that benefit
photodetection performance by reducing dark current and
enhancing response speed.'” Typically, reducing the concen-
tration of oxygen vacancies in #-Ga,O; can increase the Schottky
barrier. By delicately controlling the oxygen flux during the
growth process, the concentration of oxygen vacancies can be
effectively reduced to suppress the deep-level defects and
increase the Schottky barrier.'”*" Additionally, nitrogen doping
can also decrease the concentration of Vg in Ga,O; thin films.'*
Recently, the insertion of a graphene monolayer in a W Schottky
contact can induce the reduction of the interfacial state density
and the strong suppression of metal Fermi-level pinning,
resulting in an ideal Schottky barrier height (0.53 eV), thereby
promoting the performance with a high photoresponsivity
(14.49 AW™"), a high EQE (7044%), and a fast response speed
(z,=0.139 s and 74 = 0.2 5).""8

The performance of Ga,0O; MSM photodetectors can be
improved by controlling the growth temperature, annealing, and
growing seed layer (SL).”” For example, the $-Ga,Oj thin films
prepared by low-cost sol—gel method at the annealing
temperature of 700 °C has a high RCDR and fast response
speed.”” Moreover, Chen et al. grew a single-crystal f-Ga,O;
nanoparticle SL, suppressing the deep-level defects and
increasing the Schottky barrier, to improve the photodetection
performance.”’" Intriguingly, the SBPD of -Ga,O; thin film
fabricated on a cost-effective Si substrate using a high-
temperature SL-assisted method can operate in a self-powered
mode, attributed to differing Schottky barrier heights at two
ends.”*" Transparent optoelectronics are pivotal for next
generation “see-through” electronic and optoelectronic devices,
facilitating integration with transparent components, such as
transparent memories, display panels, and batteries. To realize
transparent SBPDs, transparent conductive electrodes, such as
indium zinc oxide (IZO), indium tin oxide (ITO), and
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graphene, are used instead of traditional metal electrodes.”

Zhang et al. developed a fully transparent MSM-architecture
Ga,0; SBPD with embedded ITO electrodes, demonstrating an
excellent performance with an ultralow dark current (1.6 pA), a
high UV-to-visible rejection ratio (1.3 X 10'?), a large
photoresponsivity (74.9 A W), and a high specific detectivity
of (7.4 x 10" Jones) at a bias of 10 V.>'* In addition, the
integration of exfoliated f-Ga,O; microlayers with graphene
yields MSM-structure SBPDs with a high responsivity (~29.8 A
W), a high PDCR (~1 X 10*), and a high detectivity (~1 X
10" Jones).*'"

4.3. Schottky Photodiodes. Analogous to the MSM
architecture, dissimilar contact configurations are employed in
P-Ga,0; Schottky photodiodes, comprising one Schottky
contact and one ohmic contact at opposing ends. The
fabrication typically involves the use of Ti/Au electrodes for
achieving ohmic contact, while Schottky junctions with Ga,0;
are formed using Au, Pt, Ni/Au, and two-dimensional (2D)
materials.”> Generally, vertically stacked devices incorporate a
transparent metal layer (<10 nm) at the Schottky side. Oshima
et al. prepared Ni/Au and Ti/Au electrodes to establish
Schottky and ohmic contacts on two surfaces of a (100)-
orientated ff-Ga,O, substrate (thickness: 400 ym), respective-
ly.”** The resulting photodetector demonstrates substantial
photoresponsivity of 2.6—8.7 AW~ at the wavelengths of 200—
260 nm, coupled with a high PDCR of higher than 10°.
Armstrong et al. employed deep-level optical spectroscopy
characterization to reveal the roles of self-trapped holes (STHs)
in the high photoconductive gain.”*” The accumulation of STHs
above the valence band of Ga,0j; is spatially localized near
Schottky contact, leading to a reduction of the Schottky barrier
and a significant increase in reverse leakage current, thus
contributing to a large photoconductive gain. Similarly, Peng et
al. devised a self-powered SBPD based on a Pt/f}-Ga,0;
Schottky barrier diode, delivering a notable PDCR of 1 X 10,
and rapid response speed (7, = 65 ms and 74 = 15 ms) at zero
bias.”** Moreover, leveraging a 2D/3D graphene/PtSe,/f-
Ga, 03 Schottky junction, the device achieves a high responsivity
of 762 mA W, a large PDCR of ~10%, a remarkable specific
detectivity of ~10"® Jones, and ultrashort response time of 12
us.”*? Furthermore, Xu et al. realized a fast-speed and self-
powered Au (S nm)/f-Ga,0j; vertical Schottky SBPD with a
large detection area (7 X 7 mm?), showcasing a peak
photoresponsivity of 9.78 A W™ and a corresponding specific
detectivity of 3.29 X 10'* Jones at 212 nm, and shortest response
time of <5 ys in self-powered operational mode.”** On the basis
of a laterally planar Ti/Ga,0;/Au device geometry with
interdigitated electrodes, the Schottky photodetector can
operate in avalanche mode at a reverse bias of 60 V, exhibiting
a high responsivity of 9780.23 AW™', an ultrahigh PDCR of 1.88
X 107, a high specific detectivity of 9.48 X 10'* Jones, and a high
EQE of 4.77 X 10%.**" Overall, in Ga,0O;-based devices
employing MSM structures or Schottky photodiodes, the
substantial photocurrent gain and elevated quantum efficiency
are frequently attributed to the presence of STHs, which serve to
reduce the Schottky barrier height, or alternatively, to avalanche
multiplication facilitated by impact ionization.”

4.4, p-n (p-i-n) Junction Photodetectors. -Ga,0; is an
intrinsically n-type UWBG semiconductor since the oxygen
vacancies act as shallow donor centers. At present, successful p-
type conductivity in $-Ga,O; has not been achieved by doping
with Mg, Zn, etc., usually acting as deep acceptors, due to the
almost flat valence band maximum, inducing high effective mass

of holes.””** The quest for suitable p-type semiconducting
substrates that are combined with f-Ga,O; to form p-n
junctions is crucial for SBPDs with minimal dark current and
ultrafast response speed. Various materials, including SiC, Si,
ZnO, Nb:SrTiO;, NiO, Cu,0, GaN, SnO,, and graphene, have
been explored for their potential to form p-n junctions with f-
Ga,0;. In fact, the majority of the above p-n junction
photodiodes can only work under bias voltage.”** For example,
Nakagomi et al. demonstrated a f-Ga,O; layer on a 6H-SiC
substrate, yielding a -Ga,0;/6H-SiC heterostructure photo-
diode sensitive to 260 nm ultraviolet light with millisecond-level
response time under reverse bias.”>* Based on graphene/f-
Ga,0; heterojunction, the reported device by Kong et al.
demonstrates a large photoresponsivity of 39.3 A W', and a
high specific detectivity of 5.92 X 10" Jones under a bias of 20
V.>*" In addition, the SBPD based on Sn0,/f-Ga,0;4
heterojunction can operate in an avalanche mode with excellent
photodetection performance at 254 nm.”>™

Up to now, zero-power-consumption Ga,0Oj;-based p-n
heterojunction SBPDs have been realized.*® Highly crystallized
B-Ga,0; is important for fabricating high-performance self-
powered SBPDs. Guo et al. developed a SBPD device based ona
P-Ga,03/Nb: SrTiO; heterojunction for the first time, enabling
self-powered solar-blind detection with a low photoresponsivity
of 2.6 mA W', and a relatively fast response speed in the order
of tens of milliseconds.”*® Zhao et al. developed a ZnO-Ga,O,
core—shell heterostructure microwire for solar-blind photo-
detection, showing a low responsivity of 9.7 mA W™/, a high
UV/visible rejection ratio of 6.9 X 10%, and short response time
in submillisecond under zero bias.”*® To further promote the
performance of self-powered photodetectors, doping $-Ga,0;
with Sn, Ta etc,, is an effective approach for enhancing the built-
in electric field in p-n heterojunction and improving the
conductivity of f-Ga,O;. By depositing a Sn-doped n-type
Ga,0; thin film onto a p-type GaN thick film, the SBPD based
on a GaN/Sn:Ga,0; p—n junction exhibits a low dark current of
18 pA, a large photoresponsivity of 3.05 AW~ (254 nm), a high
PDCR of ~10* an ideal detectivity of 1.69 X 10" Jones, and a
short response time of 18 ms under zero bias.”® In addition,
Chen et al. grew a f-Ga,O; thin film with a Ta doping
concentration of 0.23 at. % on a porous p-type GaN substrate,
yielding a high photoresponsivity (1.88 A W™'), a high PDCR
(2.3 X 10%), a high detectivity (2.7 X 10'* Jones), and a short
rise/decay time (0.15/0.14 s) under 222 nm light illumina-
tion.”"

Moreover, the construction of a p-i-n junction can increase
the SCR width, facilitating the separation and transport of
photogenerated carriers.”” Chen et al. developed a p-GaN/i-
Ga,05/n-Ga, 05 heterojunction for solar-blind detection (248
nm), showcasing a decent responsivity (72 mA W™'), a PDCR
(18 800), a high specific detectivity (3.22 X 10" Jones), and a
fast response speed (7, = 7 ms and 74 = 19 ms), without an
external power supply.”’* Recently, a p-i-n heterojunction SBPD
based on a Ta doped n-Ga,0;/i-Ga,0;/p-GaN structure
demonstrates an excellent photodetection performance under
222 nm UV light illumination, including a high photo-
responsivity of 8.67 A W', a high detectivity of 1.08 X 10"
Jones, and short rise/decay time (86/50 ms).”’ Additionally,
Kan et al. fabricated p-graphene/y-Ga,O; NDs/n-SiC photo-
detectors, demonstrating a decent gerformance with 250 nm
light illumination under zero bias.”’
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5. DIAMOND-BASED PHOTODETECTORS

5.1. Photoconductors. Because of the absence of high
doping levels for diamond and large Schottky barriers between
diamond and most metal electrodes, it remains challenging to
obtain low-resistance ohmic contacts at the metal—diamond
junction. Currently, several electrodes, such as Au, Ti/Au, Ti/
TiN, and Ti/tungsten carbide (WC), have been reported to
obtain ohmic contacts to diamond. For planar diamond-based
SBPDs, interdigitated geometry of electrodes is commonly
adopted for the collection of photogenerated carriers.” Yu et al.
presented a UV photodetector based on CVD-grown poly-
crystalline diamond thin film, demonstrating a photoresponsiv-
ity of 0.63 A W™'.>* Moreover, based on a homoepitaxially
grown diamond thin film with unintentional boron doping, the
planar photoconductor exhibits a low dark current of around 1
pA,anda lar%e photoresponsivity of 6 AW~ at 220 nm under a
bias of 3 V.**" Instead of metal electrodes, Lin et al. used a laser-
induced graphitization method to prepare graphite electrodes
on a single-crystalline diamond wafer, forming an ohmic contact
with diamond.”* Under a bias of 50 V, the device exhibits a peak
photoresponsivity of 21.8 A W™, a large detectivity of 1.39 X
10'* Jones, and a large rejection ratio of ~10* at 218 nm. In
addition, Qiu et al. constructed 8 X 8 planar pixels with Ti/Au
electrodes on high-quality single crystal diamond for high-
performance photodetection with a low dark current (0.1—1
pA), a high PDCR (10°), a high photoresponsivity (22.6 A
W), a decent detectivity (4.2 X 10'* Jones), and a short
response time (13 ns) at 222 nm under a bias of 50 V.**

In addition, the construction of 3D electrodes is beneficial for
further enhancing carrier collection efficiency. Generally, the 3D
electrodes in diamond bulk can be fabricated through laser
writing, ion beam lithography, and down-top methods.'***’
Alemanno et al. used laser-induced graphitization to fabricate
graphite electrodes with diamond to form ohmic contacts for
nuclear radiation detection.””* Liu et al. reported the fabrication
of UV photodetector with 3D tungsten electrodes, revealing a
high responsivity of 9.94 A W' with a rejection ratio of 10* at
220 nm under a bias of 5 V.'** Notably, groove-shaped Ti/Au
electrodes are also designed for a diamond UV detector, leading
to 50% enhancement of photoresponsivity in DUV range
compared to planar structure device.”””

5.2. MSM Photodetectors. To date, numerous MSM
diamond-based SBPDs have been explored by using Ti/Au, Al
Au, Pd, and WC as electrode materials, forming Schottky
contacts with diamond.” Binari et al. compared the device
performance of MSM photodetectors based on natural,
synthetic, and polycrystalline insulating diamonds, discovering
that natural diamond demonstrated the highest quantum
efficiency of 39% and the highest UV /visible response ratio of
10 at 200 nm.** The poor performance of synthetic diamond is
ascribed to the low-quality polycrystalline diamond crystals and
high impurity performance concentrations. With the develop-
ment of microwave plasma CVD (MPCVD) technique, Wang et
al. fabricated an MSM SBPD on a high-quality MPCVD-
deposited diamond thin film, demonstrating a high photo-
responsivity of 16.2 AW™! corres}fonding to a high EQE of 92%
at 220 nm under a bias of 6 V.>*” Nonetheless, the rise/decay
time is extended to 6/23 min, due to the trapping effect of
shallow levels. In addition, the reduction in electrode spacing
can enable the full depletion of the spacing at a low bias, thereby
significantly enhancing DUV photoresponsivity.‘?’oc’d

Localized surface plasmon (LSP) method can also provide
opportunities for further improving the performance of
SBPDs."'#%" By precisely tuning the size of Pd nanoparticles
(NPs), the diamond SBPD with 40 nm NPs exhibits the highest
photoresponsivity and UV/visible rejection ratio, 3250 and 34
times larger than that of pure diamond photodetectors,
respectively.”'® In addition, Shi et al. developed an LSP-
enhanced MSM SBPD by assembly of Al crescent-shaped arrays
on boron-doped homoepitaxial diamond thin films, demonstrat-
ing over 10-fold higher photoresponsivity than bare diamond
detector at 225 nm under a bias of 5 V.*'" Interestingly, Zhou et
al. fabricated a high-performance nanoplasmonic 1D diamond
UV photodetector by integrating boron-doped ultrananocrystal-
line diamond (UNCD) nanowires with Pt NPs, showing an
ultrahigh photoresponsivity of 388 A W™, a short response time
of 20 ms, and a decent UV /visible rejection ratio of 10° in a self-
powered operation mode." '

The introduction of hydrogen plasma surface treatment can
modulate the Schottky barrier at metal/diamond interfaces and
surface defect states of diamond, leading to the enhancement of
photodetection performance.’” Due to the traps of photoexcited
electrons by surface defect states and the reduction of Schottky
barrier height, the SBPD device at 220 nm under a bias of 13V
exhibits a fast photoresponse (0.16 us) with an ultrahigh
photoresponsivity of 524.9 A W', and a detectivity of 3.42 X
10'° Jones, which are the highest values among the reported
diamond-based SBPDs.*** By controlling the voltage of Al top
gate (Vg = —1.5 V) on a hydrogen-terminated diamond, the
phototransistor can work under an ultralow bias of 10 mV with
high performance (R and D* are 146.7 AW~' and 6.19 X 10"
Jones, respectively) at 213 nm.**

5.3. Schottky Photodiodes. Many materials, such as Ag,
Al, Au, Ru, WC etc,, have been utilized to construct Schottky
photodiodes.”® In 1996, Whitfield et al. reported planar
diamond photodiodes with gold Schottky and Ti/Ag/Au
ohmic contacts shows a sharp cutoft in photoresponse in DUV
with low dark currents under reverse biases.”**" To realize
thermally stable Schottky contacts with diamond, Koide
compared the rectifying characteristics of the metal contacts,
such as Ti, Mo, Cr, Pd, Co, WC, and hafnium nitride (HfN),
revealing that the Schottky electrode materials should not react
with diamond at elevated temperatures.***® The resulting
photodetectors exhibit a high DUV /visible rejection ratio of 10°
at a reverse bias of 2 V. In addition, the diamond-based
photodiode using WC Schottky contact can operate in self-
powered mode, achieving a DUV (210 nm)/visible rejection
ratio of 10° at zero bias.”*® To date, self-powered Schottky
photodiodes based on diamond have rarely been reported. Li et
al. used a spin-coated Ag NW network on a single-crystal
diamond to form a self-powered Schottky photodiode,
displaying a relatively high photocurrent (200 pA) at zero
bias.>*" Girolami et al. introduced an asymmetric contact
geometry with both Al/Au electrodes deposited on the two
surfaces of a diamond plate to fabricate a vertically structured
diamond-based SBPD, showing a photoresponsivity of 0.19 mA
W', and a detectivity of 1.91 X 10" Jones at 225 nm under zero
bias.”*® Recently, Liu et al. constructed self-powered SBPDs
based on vertical Ru/diamond Schottky diodes. The resulting
Semi and Mesh photodetectors exhibit low dark currents of 0.53
and 0.007 pA, relatively high photoresponsivities of 10.3 and
16.2 mA W™, high detectivities of 3.8 X 10'* and 5.2 X 10"
Jones, respectively at 220 nm under zero bias.>™"
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5.4. p-n (p-i-n) Junction Photodetectors. n-type doping
of diamond is essential to achieve diamond-based p-n (p-i-n)
homojunctions. To date, effective doping by P or S element has
been reported to achieve n-type doped diamond.'"*** In 2001,
Koizumi et al. successfully constructed a UV light-emitting
diode based on a diamond p-n junction with P-doped (n-type)
and B-doped (p-type) diamond layers.'" p-i-n diamond-based
SBPDs fabricated with B-doped, undoped, and P-doped
diamond layers has relativel?r high photoresponsivity of 10—30
mA W around 200 nm.****

Although all-diamond based p-n (p-i-n) homojunctions have
been successfully established, the device performance of these
SBPDs is mainly limited by the poor quality of n-type diamond.
Therefore, heterojunction photodetectors have attracted
extensive attention, by combing diamond with other materials,
such as ZnO, TiO,, NiO, Ga,0;, and graphene.“f’35 ZnO
materials possess notable advantages including a high exciton
binding energy (60 meV), excellent optical quality, and
favorable piezoelectric properties. However, the rapid recombi-
nation of electron—hole pairs limits their application in UV
photodetectors. To enhance UV detection performance, ZnO
nanorods (NRs) were integrated with boron-doped diamond to
form heterojunction photodetectors. The device displayed a
high PDCR of 143, with rise and decay times of 4.9 and 6.4 s,
respectively, at 365 nm under a reverse bias of 1 V.*>* Similarly,
Su et al. deposited ZnO films with different thicknesses on
diamond substrates to construct a heterojunction, and ZnO film
with thickness of 100 nm on a diamond substrate displayed a
high photoresponsivity of 308 A W™" at 270 nm under a bias of
30 V.5 TiO,, another wide bandgap semiconductor, can be
combined with diamond to enhance response and broaden the
spectral detection range. Liu et al. deposited TiO, (thickness:
450 nm) onto a diamond epitaxial layer and observed that the
device displayed an obvious photoresponse selectivity between
UV and visible light with the rejection ratio of ~10%7
Additionally, ultrathin TiO,/diamond UV photodetectors with
various thicknesses of TiO, showed that thinner TiO, films
absorb less UV light, leading to improved response perform-
ance.” To improve the quality of heterojunction between
graphene and diamond, Wei et al. transferred graphene onto the
smooth backside of peeled-off microcrystalline diamond to
construct a vertically structured photodetector, exhibiting high
responsivity and gain factor.>*® Via in situ KrF excimer, Li et al.
transformed sp® diamond to sp” graphite, developing an all-
carbon DUV detector with a diamond/graphite structure. This
detector demonstrated a high photoresponsivity of 15 mA W™
ani a short response time of 86 ys at 220 nm under a bias of 5
V.

6. ALGAN/ALN-BASED PHOTODETECTORS

6.1. Photoconductors/MSM Photodetectors. Ti/Au or
Ti/Al/Ti/Au electrodes are usually used for the formation of
ohmic contacts with AIGaN/AIN, whereas other materials often
form Schottky contacts with AlIGaN/ AIN.*° In 2004, Lebedev et
al. constructed a solar-blind Al 5;Gay 4N photoconductor with
an Al ¢,Gay 33N integrated filter, obtaining a high solar-blind
response with a narrow wavelength range.’** The device exhibits
a peak photoresponsivity of ~0.2 A W~ and short response time
of ~30 ms at 258 nm under S V bias.>*" Moreover, Nikishin et al.
introduced AIN/GaN period superlattices to reduce the density
of inversion domains (IDs) in AIN layers. The photodetector
with ID density of 10° cm™ exhibits an ultralow dark current of

50 fA under a bias of 30 V, and a peak photoresponsivity of 0.08
A W' at ~202 nm under a bias of —10 V.**

An AlGaN MSM SBPD based on high temperature AIN
epitaxy fabricated by Xie et al. shows an ultralow dark current
(fA).>*! Localized surface plasmon and 3D electrodes also were
adopted to further improve the performance of MSM structured
AlGaN photodetectors. Bao et al. constructed an AlGaN-based
SBPD using Al NPs, displaying a peak photoresponsivity of
0.288 AW ! at 288 nm under a bias of 5 V, two times higher than
that without Al NPs, due to the localized surface plasmon
resonance effect of Al NPs.’*® Chen et al. fabricated an AlGaN
MSM photodetector with low-temperature AIN cap layer and
inductively coupled plasma recessed 3D electrodes, demonstrat-
ing an ultralow dark current of 1.12 pA, a peak photoresponsivity
0f0.129 AW, and alarge PDCR of 6.4 X 10*at 320 nm under a
bias of § V.**' In addition, an AIN spacer layer was introduced
into a AlGaN-based SBPD between the high-Al barrier layer and
the low-Al channel layer to suppress the dark current as well as to
improve response. The device exhibits a low dark current of <1
pA, a PDCR of >10® at 205 nm, and a peak photoresponsivity of
1.2 X 10° A W! at 234 nm under a bias of 5 V.>*®

On the basis of MSM device geometry, AlGaN photo-
transistors have attracted extensive attention recently.”” In 2021,
Zhang et al. demonstrated a high-performance solar-blind
phototransistor based on AlGaN/GaN high-electron mobility
transistor (HEMT) configuration.””* The device exhibits a high
responsivity of 3.6 X 107AW™La large EQE of 1.7 X 10%%, and a
detectivity of 6.5 X 10'® Jones at 265 nm under the gate-source
and drain-source voltages of —8.2 and 8 V, respectively.
Moreover, Lu et al. constructed a solar-blind phototransistor
based on a quasi-pseudomorphic AlGaN heterostructure,
showing a superhigh photoresponsivity of 2.9 X 10° A W™, a
record high detectivity of 4.5 X 10*' Jones, and an ultrafast
response speed at the nanosecond level under the illumination of
213 nm light.37b By introducing double 2D electron gas
channels, a UV photodetector based on an AlGaN/GaN
double-channel HEMT exhibits a high photoresponsivity of
2.1 X 10" A W™, and a high specific detectivity of 1.7 X 10"
Jones at 360 nm.””

6.2. Schottky Photodiodes. The structure of Schottky
photodiodes consists of two asymmetric contacts with a
Schottky contact and an ohmic contact.”® In 2008, Osinsky et
al. first reported an AlGaN Schottky UV photodiode with Pd
metals for Schottky contact and Ti/Al/Ti/Au electrodes for
ohmic contact, which exhibits a peak photoresponsivity of 70
mA W' at 290 nm under zero bias.>** In addition, a lateral
geometry Schottky photodiode composed of In—Si-codoped
AlGaN with Pd Schottky contact has a peak responsivity of 33
mA W', and a large rejection ratio (R,;5/Ry) of >10* at 275
nm under zero bias.*®” With a transparent indium—tin-oxide
Schottky contact, the AlGaN SBPD exhibits a low dark current
of <1 pA (20 V), a peak photoresponsivity of 44 mA W' (a
reverse bias of 50 V), and short rise time of 13 ps.”** Recently,
Gu et al. reported a self-powered AlGaN-based MSM SBPD
with one side of metal/semiconductor Schottky contact.**’
When operated under zero bias, the device presents an ultralow
dark current of 0.78 pA, a high peak photoresponsivity of 40 mA
W', and a corresponding detectivity of 3.1 X 10'* Jones at ~275
nm. Guo et al. realized a self-powered MSM solar-blind AlGaN
photodetector by in-plane polarization modulation, exhibiting a
peak photoresponsivity of 0.2 A W™ at 230 nm under zero bias,
and a PDCR of over 10°.**
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Figure S. Performance comparison of the current scenario in UWBG semiconductor based SBPDs with various device configurations, (a)
photoconductors, (b) MSM photodetectors, (c) Schottky photodiodes, and (d) p-n (p-i-n) junction photodetectors. The data point without a bias in
(c) and (d) represents the performance parameters of the device operated in self-powered mode.

6.3. p-n (p-i-n) Junction Photodetectors. Unlike the p-n
junction, the thickness of the i-type layer in p-i-n junction is
important due to the trade-off between light absorption and
response speed. So far, AlGaN based p-i-n junction SBPDs have
been extensively investigated.” In 1999, an AlGaN-based p-i-n
SBPD on laterally epitaxial GaN template shows a low dark
current density of 10 nA cm™?, and a peak photoresponsivity of
50 mA W' at 285 nm under a reverse bias of 5 V.*** In 2004,
McClintock et al. reported an AlGaN-based back-illuminated p-
i-n SBPD with a peak photoresponsivity of 136 mA W'~ at 282
nm without bias.*”" Through optimization, they fabricated an
AlGaN SBPD array on sapphire substrate, demonstrating a peak
photoresponsivity of ~176 mA W™, and a large EQE of ~80% at
275 nm under zero bias.’” Interestingly, an SBPD based on
quantum-disk NWs with p-i-n AlGaN heterostructures by
introducing surface passivation exhibits a low dark current of
6.22 nA, a large photoresponsivity of 0.95 A W™, and a decent
detectivity of 6.4 X 10" Jones at 265 nm under a bias of —4 V.***

7. PERFORMANCE COMPARISON OF SBPDS BASED
ON VARIOUS UWBG SEMICONDUCTORS WITH
IDENTICAL DEVICE GEOMETRY

Due to their appealing properties, inorganic UWBG semi-
conductors, including Ga,0;, diamond, and AlIGaN/AIN, have
provided ideal platforms for solar-blind photodetection. On the
basis of them, various device geometries, i.e., photoconductors,
MSM photodetectors, Schottky photodiodes, p-n (p-i-n)
junction photodetectors, avalanche photodiodes, and photo-
transistors, have been extensively investigated and employed. At
present, the reported SBPDs can typically attain decent
photoresponse performance in terms of low dark current, high
photoresponsivity, large PDCR, and rapid response speed.
Figure S compares the performance parameters (photo-

25439

responsivity versus rise time) of representative SBPDs based
on UWBG semiconductors in various device configurations.
Obviously, #-Ga,0O; SBPDs have been explored much more
extensively and usually exhibit the highest photoresponsivity
values accompanying with short response time, while AlIGaN/
AlN-based devices normally suffer from low photoresponsivity.
In particular, AIGaN/AIN SBPDs based on Schottky photo-
diodes/p-n (p-i-n) junctions remain at a low level in response
performance, usually requiring external bias supplies. SBPDs
made from diamond display moderate performance. The
superior optoelectronic performance of }-Ga,0;-based SBPDs
can be attributed to several factors. First, f-Ga,O; has been
subject to thorough study and optimization, resulting in high-
quality material with minimal defect density. Additionally, the
availability of high-quality substrates and well-established
fabrication processes contribute to the exceptional performance
of p-Ga,0O5-based SBPDs. Despite its excellent material
properties, diamond-based SBPDs may exhibit moderate
performance due to challenges in doping and heterojunction
formation, which can introduce defects and degrade device
performance. AIGaN/AIN-based devices often encounter higher
defect densities, stemming from the significant lattice mismatch
between AlGaN/AIN and substrates such as sapphire. Mean-
while, the high-temperature epitaxy process of AIGaN/AIN can
induce stress due to the large thermal expansion mismatch with
substrates, leading to the formation of dislocations. Moreover,
SBPDs based on micro/nanostructures of UWBG semi-
conductors often exhibit better photoresponse performance
than those based on their thin film counterpart. Compared with
commercial UV-enhanced Si photodetectors, SBPDs based on
UWBG semiconductor usually show comparable or higher
photoresponsivity and specific detectivity values. However, the
response speed of these devices is difficult to match that of
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commercial detectors. However, SBPDs based on UWBG
semiconductors can operate at high temperatures and in harsh
environment. This merit paves the way for realizing highly
sensitive solar-blind photodetection in many practical applica-
tions, where traditional Si-based DUV photodetectors can
scarcely be applicable. Due to issues such as device
reproducibility and reliability, SBPDs based on UWBG
semiconductors can complement rather than replace Si
photodetectors at the current stage.

8. SUMMARY AND FUTURE OUTLOOK

Despite notable achievements, several challenges must be
addressed prior to the commercialization of UWBG semi-
conductor-based SBPDs (Figure 6a). In the case of f-Ga,05,

a
AIGaN/AIN
* Reliable p-type « Large-area single-
doping crystal substrate.
« Trade-off between R « High-quality epitaxial
and response time film s
« Effective p-type
doping
b

Design and
fabrication )
of novel

Figure 6. Future challenges and research directions. (a) The faced
challenges in SBPDs based on various UWBG semiconductors. (b)
Future research directions in the UWBG semiconductor-based SBPDs.

considerable progress has been achieved in bulk crystal growth,
epitaxial deposition, doping control, etc., providing a robust
foundation for developing high-performance SBPDs. However,
p-type doping of #-Ga,0; remains elusive, owing to the high
activation energy of acceptors and strong localization of holes
when simply doped with Mg, Zn, etc. In addition, a huge trade-
off exists between photoresponsivity and response time. These
two parameters are usually competing because trap states in -
Ga,0; can enhance photoconductive gain but slow response
speed induced by their prolonged lifetime. For diamond, a key
challenge is the limited size of commercially available diamond
substrates, which falls short of the requirements of the
semiconductor industry. Moreover, the quality of grown
polycrystalline diamonds is insufficient to date. However, it is
crucial to establish strategies for the realization of n-type doped
diamond, which poses a great challenge for applying diamond in
p-n (p-i-n) and Schottky junction photodetectors. In the case of
AlGaN/AIN, large-area AIGaN/AIN single-crystal substrates are
not readily available commercially. Growth of AlGaN thin films
on bulk AIGaN/AIN single-crystal substrates can alleviate severe
lattice mismatches encountered when using sapphire substrates.
Additionally, achieving high-quality epitaxy of high-Al-content
AlGaN alloys is challenging due to the presence of defects and
cracks during deposition. Effective p-type doping of AlGaN thin
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films is also problematic due to the high activation energy of Mg
dopants in high-Al-content AlGaN and resulting crystal quality
issues. Nanostructured UWBG semiconductors are garnering
increasing research interest for solar-blind photodetection due
to their cost-effectiveness and scalability. Nonetheless, as the
heterogeneity of nanostructured materials can significantly
impact the homogeneity of device performance, it is crucial
yet challenging to reliably control not only the diameter, length,
crystallinity, and orientation assembly of these materials, but
also the physical and chemical properties of these materials.

In spite of many obstacles in this field, there is much room for
the development of SBPDs based on UWBG semiconductors.
The future research will focus primarily on production of high-
quality UWBG semiconductors by growing single crystals and
depositing thin films, realization of effective n- and p-type doing
of these materials, and design and fabrication of novel device
structures (Figure 6b). In addition, to promote the commerci-
alization of UWBG-semiconductor based SBPDs, several
important future research directions are discussed below:

(i) High-quality single crystals and thin films of UWBG
semiconductors. The availability of large-area, high-
quality single-crystal substrates is crucial for the
fabrication of devices based on UWBG semiconductors.
Homoepitaxy on such substrates offers a promising
avenue for reducing defect density by leveraging lattice
matching. Additionally, achieving high-quality epitaxy of
thin films is pivotal for advancing the field of SBPDs based
on UWBG semiconductors. Reliable thin film epitaxy
methods ensure repeatability, reproducibility, and long-
term stability, thereby enhancing the performance and
durability of UWBG-semiconductor-based SBPDs. Ex-
panding the availability of high-quality single crystals and
thin films of UWBG semiconductors will further drive
innovation and development in this field.

(ii) Effective bipolar doping strategies. Since the advent of

semiconductors, precise doping with shallow donors and

acceptors has represented the pivotal step required to
transition semiconductor materials from scientific curi-
osity to technological significance. Realizing efficient
bipolar doping (both p-type and n-type) in UWBG
semiconductors holds paramount importance for the
development of p-n (p-i-n) homojunction-based solar-
blind photodetection devices. Homoepitaxial growth of

UWBG semiconductors with different doping types can

effectively reduce defect densities by circumventing lattice

mismatch issues compared to heteroepitaxial growth. At

present, challenges persist in achieving p-type doping in f-

Ga,0;, n-type doping in diamond, and p-type doping in

AlGaN, necessitating substantial research endeavors to

overcome these hurdles.

(iii) Large-scale production and integration. In light of the

anticipated advancements in the fabrication of large-area

(wafer-scale) substrates and thin films of UWBG

semiconductors in the foreseeable future, there arises a

pressing need to develop environmentally sustainable and

economically viable processing methodologies to enable
large-scale production and integration. Such advance-
ments are crucial for the realization of practical
applications, particularly in the realm of solar-blind
imaging, where the integration of individual components,
such as pixel devices, into focal plane arrays (FPAs) holds
immense promise. Leveraging existing mature semi-
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conductor processes in tandem with these advancements
offers a pathway to scale up production while mitigating
adverse environmental impacts and streamlining manu-
facturing costs. Leveraging existing mature semiconduc-
tor processes in tandem with these advancements offers a
pathway to scale up production while minimizing adverse
environmental impacts and reducing manufacturing costs.

(iv) Introduction of novel concepts. Some novel concepts
hold promise for enhancing device performance, reducing
power consumption, or catering to specific application
scenarios. Localized surface plasmonic effects offer a
pathway to further enhance the performance of SBPDs.
Exploring phenomena such as the photovoltaic effect,
piezophototronic effect, thermophototronic effect, and
photogating effect holds promise for improving device
functionality and achieving self-powered operation. The
next generation of “see-through” electronic and optoelec-
tronic technologies enables the seamless integration of
these devices into transparent or semitransparent
substrates. This integration allows users to simultaneously
access digital information or images while seeing through
the device. Transparent solar-blind photodetectors find
applications in smart glasses or wearable devices for
outdoor activities, facilitating real-time monitoring and
protection against UV radiation. In automotive contexts,
these detectors can enhance safety by detecting UV
signals from sunlight or oncoming vehicles without
obstructing the driver’s view. Moreover, in aerospace
and defense sectors, transparent solar-blind photo-
detectors serve surveillance, reconnaissance, and target
acquisition purposes, offering valuable information while
maintaining transparency for unobstructed viewing.

(v) Exploration of new UWBG semiconductors. While
AlGaN/AIN, diamond, and Ga,0O; are the UWBG
materials that have garnered significant interest in recent
years, it is important to note that all UWBG materials are
relatively immature, with numerous others warranting
exploration. For instance, materials such as Zn Mg, O,
MgGa,0, AL O3, and II-IV-N compounds like ZnSiN,
and MgSiN,, as well as various 2D materials such as h-BN,
hold promise for further investigation. In practical terms,
the selection of DUV sensing materials should align
closely with the requirements of target applications,
considering the significant variability in performance
exhibited by UWBG semiconductor SBPDs across
different metrics. Furthermore, the compatibility between
materials and fabrication processes, as well as operational
conditions, should be carefully considered when choosing
photosensitive materials. It is anticipated that continued
advancements in the field of UWBG semiconductor-
based solar-blind photodetection will address the
substantial demands across various applications in the
future.
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