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Recent Progress in Solar-Blind Deep-Ultraviolet 
Photodetectors Based on Inorganic Ultrawide Bandgap 
Semiconductors
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Due to its significant applications in many relevant fields, light detection 
in the solar-blind deep-ultraviolet (DUV) wavelength region is a subject 
of great interest for both scientific and industrial communities. The rapid 
advances in preparing high-quality ultrawide-bandgap (UWBG) semicon-
ductors have enabled the realization of various high-performance DUV 
photodetectors (DUVPDs) with different geometries, which provide an 
avenue for circumventing numerous disadvantages in traditional DUV 
detectors. This article presents a comprehensive review of the applications 
of inorganic UWBG semiconductors for solar-blind DUV light detection 
in the past several decades. Different kinds of DUVPDs, which are based 
on varied UWBG semiconductors including Ga2O3, MgxZn1−xO, III-nitride 
compounds (AlxGa1−xN/AlN and BN), diamond, etc., and operate on different 
working principles, are introduced and discussed systematically. Some 
emerging techniques to optimize device performance are addressed as well. 
Finally, the existing techniques are summarized and future challenges are 
proposed in order to shed light on development in this critical research field.
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extreme ultraviolet (EUV) spectrum 
(from 10 to ≈120  nm).[3,4] As most UV 
radiation including UVB, UVC, and EUV 
light can be absorbed by the earth’s atmos-
phere and the stratospheric ozone layers,[4] 
UV radiation from the sunlight with wave-
length shorter than ≈280 nm cannot pene-
trate the atmosphere and reach the surface 
of the earth, for which the 200–280  nm  
is typically referred to as solar-blind 
spectrum region.[5] In the past decades, 
benefiting from the advance of semicon-
ductor industry in leaps and bounds,[6,7] UV 
light detection, solar-blind deep-ultraviolet 
(DUV) photodetection in particular has 
been a subject of grand interest in recent 
years because of the significant applica-
tions in a variety of fields including remote 
control, chemical analysis, flame detection, 
missile warning system, and secure space-
to-space communications.[5,8–12]

Traditionally, the detection of UV light 
is dominated by the photomultiplier tubes (PMTs), thermal 
detectors, narrow bandgap semiconductor photodiodes, or 
charged-coupled devices (CCDs).[8,13] The PMTs hold advan-
tages of being highly sensitive to UV photons while being 
“blind” to photons with wavelengths longer than the cutoff 
wavelength of the detectors. However, being bulky and heavy, 
they usually require high voltage (>100 V) for operation, which 
results in high power consumption and inconvenient use. 
Thermal detectors including pyrometers and bolometers that 
are normally employed for calibration in the UV region have 
proved to be as useful as absolute radiometric standards. Nev-
ertheless, their response is very slow and wavelength inde-
pendent, rendering them unsuitable for rapid and wavelength 
selective UV light detection. In comparison, semiconductor 
photodiodes and CCDs require only moderate voltages for 
operation. What is more, small, lightweight, and low cost semi-
conductor photodiodes usually exhibit good linearity and sensi-
bility as well as capability for high-speed operation. In spite of 
these outstanding characteristics, there is no denying the fact 
that these devices have their own weaknesses. Since Si pos-
sesses a narrow bandgap of 1.12  eV, costly high-pass optical 
filters are required to block out visible and infrared photons, 
leading to a significant loss of effective area of the system. In 
addition, device aging is inevitable due to exposure to radiation 

Ultrawide-Bandgap Semiconductors

1. Introduction

Ultraviolet (UV) radiation refers to the electromagnetic radia-
tion with typical wavelength range from 10 to 400  nm, which 
constitutes ≈10% of the total solar spectrum.[1,2] According to 
the definition recommended by the International Commis-
sion Illumination (ICE), UV radiation is commonly divided 
into the following subregions: ultraviolet A (UVA) spectrum 
(320–400 nm), ultraviolet B (UVB) spectrum (from 280 to 320 nm), 
ultraviolet C (UVC) spectrum (from 100 to 280  nm), and 
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with energy much higher than the semiconductor bandgap. 
Moreover, due to light absorption by the surface passiva-
tion layers, typically Si oxide, quantum efficiency in the DUV 
range is greatly reduced. The passivation layers are also easily 
degraded by UV illumination. Finally, for highly sensitive UV 
photodetection, the detectors need to be cooled to reduce dark 
current; the cooled detectors, however, behave like cold traps 
for contaminants which degrade the detectivity.

In the past two decades, the emergence of UV photodetectors 
based on wide-bandgap (WBG) semiconductors has opened 
up an avenue to circumvent the above-mentioned dilemma. 
The WBG semiconductors such as SiC, GaN, and some group 
II–V compounds, typically have bandgaps exceeding ≈3.10 eV, 
enabling room-temperature detectors to possess fast response 
speed, and offering intrinsic visible-blindness (response cutoff 
wavelength: ≈400  nm).[14–16] Moreover, these semiconductors 
generally possess significantly higher thermal conductivity 
than Si, which renders them suitable for operation in harsh 
environments (e.g., high temperature and high power). The 
electron velocity of these materials at large electric fields is gen-
erally higher than that of common semiconductors, although 
WBG semiconductors exhibit relatively lower electron and hole 
mobilities. Compared with the abovementioned conventional 
WBG semiconductors, ultrawide-bandgap (UWBG) semicon-
ductors, as the next generation of semiconductor materials 
with bandgaps significantly wider than the 3.4 eV of GaN, are 
particularly suitable for solar-blind DUV light detection.[17–20] 
This class of materials normally includes Ga2O3, MgxZn1−xO, 
III-nitride compounds (AlxGa1−xN/AlN and BN), diamond, 
and some other emerging semiconductors.[21] Based on these 
UWBG semiconductors, a number of high-performance DUV 
photodetectors (DUVPDs) with high responsivity, high rejection 
ratio, fast response speed, and low noise have been developed 
in recent years.[8–11,13,22]

In this paper, we provide a comprehensive review of the fab-
rication of inorganic UWBG semiconductors for solar-blind 
DUV photodetection in the past decades. As UV photodetectors 
operating in UVA and UVB regions have been summarized 
previously,[4,6,7,23,24] they will not be discussed in detail here. We 
first give a brief introduction to common device geometries nor-
mally adopted by current solar-blind DUVPDs, along with their 
working mechanisms, pros/cons and important performance 
parameters. Then, the efforts and significant development in dif-
ferent kinds of solar-blind DUVPDs based on a variety of UWBG 
semiconductors including Ga2O3, MgxZn1−xO, III-nitride com-
pounds (AlxGa1−xN/AlN and BN), diamond, etc., are introduced 
and discussed systematically. Some emerging techniques to 
optimize device performance are also included in this paper. In 
the last section, summaries of the existing techniques and chal-
lenges are provided to guide future research activity in this field.

2. Device Geometries and Performance Parameters

2.1. Device Geometries

According to previous reports, numerous types of device 
structures involving photoconductors, metal–semiconductor–
metal (MSM) photodetectors, Schottky photodiodes, avalanche 
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photodiodes, and p–n (p–i–n) photodiodes have been developed 
for solar-blind DUVPDs. These devices usually have different 
working mechanisms and possess respective advantages and 
limitations for DUV photodetection. In this section, we will 
classify the current solar-blind DUVPDs architectures on the 
basis of their working principles and pros/cons.
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2.1.1. Photoconductors

A photoconductor that is structurally characterized by a 
semiconductor layer as a channel with two Ohmic contacts 
affixed to opposite ends of the channel constitutes one of the 
most common device architectures for DUV detection.[25] 
The working principle relies on the process in which photon 
absorption by the semiconductor produces excess free carriers 
and gives an increase in conductivity. In the darkness, only a 
small current (dark current, Idark) is allowed to flow across the 
channel under a bias voltage. Under illumination, the semicon-
ductor can absorb photons with energy higher than its bandgap, 
which generates electron–hole pairs. The electron–hole 
pairs are then separated by the applied voltage, and the free 
electrons and holes drift oppositely toward electrodes. This 
process gives rise to a change in channel conductivity, which 
depends strongly on the intensity of the incident radiation. It 
is worth noting that the photocurrent (Iph  = Ilight  − Idark, Ilight 
is the channel current under illumination) is primarily contrib-
uted by the photoexcited majority carriers since they are free 
to travel across the Ohmic contacts. However, the presence 
of minority carriers also has a profound influence on the photo-
current. Because of the presence of injection barriers between 
minority carriers and electrodes, minority carriers will pile up 
at one of the contacts. To maintain charge neutrality, additional 
majority carriers are then supplied from the other contact and 
circulate in the channel until the minority carriers recombine. 
This process can produce “photoconductive” gain (G), which 
depends mainly upon the ratio of the minority carrier life-
time to the majority carrier transit time across the channel. A 
longer minority carrier lifetime is thus preferable to achieve a 
larger gain. However, the response time related to the carrier 
recombination process is also determined by the minority car-
rier lifetime. A larger gain will slow down the response time. To 
achieve a reasonable overall performance, a tradeoff should be 
made between gain and response speed in a photoconductor. 
An undesirable drawback of photoconductors is the relatively 
high dark current. Nonetheless, due to the simple device archi-
tecture 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 are also planar devices that basically con-
sist of a poorly-doped semiconductor layer with two Schottky 
metallic contacts deposited on the surface to form back-to-back 
connected Schottky barrier junctions.[26] Usually, the metal 
contacts take the configuration of interdigitated fingers, which 
allows for a large photosensitive surface area while keeping a 
short distance between the fingers. The operational mechanism 
resembles that of the photoconductors. However, due to the 
presence of Schottky barriers, a sufficiently high applied voltage 
is often required to separate the photocarriers and drive them 
as quickly as possible to the electrodes. Owing to the rectifying 
nature of the contacts, MSM devices normally display relatively 
lower dark current compared with photoconductors. In addi-
tion, given the intrinsically low capacitance per unit area, MSM 

photodetectors usually possess fast response speed limited by 
the carrier transit time. High photoconductive gain is also pos-
sible in MSM photodetectors, which could be explained by the 
following reasons. First of all, photoconductivity is caused by 
long lifetime traps at the semiconductor surface between the 
channels. The photocarriers trapped at the surface create an 
asymmetric electric charge distribution, which modifies the 
potential distribution at metal-semiconductor contact and even-
tually induces additional carrier injection from the electrode 
via tunneling process. The second reason is associated with 
the minority carrier piling up or trapping in the vicinity of one 
electrode, which induces injection of majority carriers from 
another electrode through the tunneling process. Under a suf-
ficiently high electric field, the gain due to impact ionization 
in the semiconductor could also be observed. In addition, due 
to the electrode shadowing effect, MSM photodetectors usu-
ally show relatively lower external quantum efficiency (EQE), 
constituting the main limitation that can be mitigated through 
some strategies like optimizing the width and pitch of electrode 
fingers and using semitransparent electrodes. With the good 
device performance, simple device structure, and ease of 
manufacturing, MSM photodetectors are extremely attractive 
for monolithic integration with other components on optoelec-
tronic circuits.

2.1.3. p–n (p–i–n) Photodiodes

p–n photodetectors are normally geometrically composed of 
junctions with opposite doping types.[27] The working mecha-
nism relies essentially on the photovoltaic effect: due to the dif-
ference in work functions, charge transfer takes place between 
two semiconductors until their Fermi levels align. In the 
meantime, a region of free charges (the space charge region) 
is depleted near the interface and a built-in electric field is 
created. As a result, an energy barrier preventing the flow of 
charge carriers across the junction is formed because of the 
discontinuity in allowed energy states of the two semiconduc-
tors at equilibrium state. Therefore, p–n photodiodes normally 
exhibit rectifying behavior, that is, an asymmetric current–
voltage characteristic in the darkness. Upon illumination, pho-
tons with energy higher than the bandgap are absorbed by the 
semiconductors, which creates electron–hole pairs in the mate-
rial on both sides of the junction. The electrons and holes gen-
erated within a diffusion length from the junction travel to the 
space charge region, where they are separated by the built-in 
electric field and then propelled toward opposite directions. The 
minority carriers are easy to accelerate and become the majority 
carriers on the other side of the junction. If the photodiode is 
short-circuited, the photoexcited carriers flow across the external 
circuit and generate a sizeable photocurrent (short-circuit cur-
rent, ISC). Nevertheless, open-circuit will lead to accumulation of  
electrons and holes on the opposite sides of the junction pro-
duce a photovoltage (open-circuit voltage, VOC). The p–n photo
diodes can operate at two modes: 1) photovoltaic (operation 
at zero bias) and 2) photoconductive (operation under reverse 
bias). At the first mode, a photodiode usually has an improved 
specific detectivity (D*) and maximum linearity and sensitivity 
due to relatively low dark current. Under reverse bias, the 
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depletion region will be widened and the photodiode can have 
a faster response speed thanks to the reduced transit time and 
lowered diode capacitance.

As a derivative of p–n photodiodes, p–i–n photodiodes have 
an intrinsic absorbing layer between a p-type, highly doped and 
transparent contact layer and an n-type, highly doped contact 
layer. This structure has been widely explored because it is 
feasible to optimize the quantum efficiency and the response 
speed by tailoring the depletion layer thickness (the intrinsic 
layer). The primary drawback of photodiodes is that they 
normally have a maximum gain of unity, smaller than that 
of photoconductors and MSM photodetectors.

2.1.4. Schottky Photodiodes

Schottky photodiodes share some similarities with p–n (p–i–n) 
photodiodes in that both devices exploit the photovoltaic 
effect.[28] The simplest Schottky photodiode is basically made 
up of a metal layer in contact with a semiconductor, whose 
work function is quite different from that of a metal. Upon illu-
mination with photon energy larger than the bandgap, optical 
absorption occurs in the semiconductor and the general char-
acteristics of the devices are very similar to those of p–n (p–i–n) 
photodiodes. Alternatively, Schottky photodiodes can explore 
the internal photoemission process. For smaller photon energy, 
the photoexcited electrons in the metal can have a chance to 
surmount the Schottky barrier and contribute to the photo-
current. However, in practical application, the quantum effi-
ciency from the internal photoemission is usually very low 
(typically less than 1%). Due to the fact that the dark current of 
Schottky photodiodes is dominated by the thermionic emission 
of majority carriers which does not suffer from charge storage 
of minority diffusion current, Schottky photodiodes normally 
possess a faster response speed than p–n (p–i–n) photodiodes. 
Another advantage lies in that high-temperature processing 
for diffusion or implantation annealing is not required in the 
fabrication of Schottky photodiodes.

2.1.5. Avalanche Photodiodes

Under sufficiently large reverse bias, photogenerated electrons 
can have sufficient energy to initiate impact ionization, which 
causes avalanche multiplication in photodiodes (avalanche photo-
diodes), and thus provides internal current gain. The criteria 
with regard to the quantum efficiency and response speed for 
avalanche photodiodes are similar to those for nonavalanching 
photodiodes like p–n photodiodes. Usually, avalanche photo
diodes hold the advantages of high response speed, high sensi-
tivity, and large current gain. However, high gain often comes at 
the expense of noise. That means, for some special application, 
the noise should be appropriately taken into consideration.

2.1.6. Phototransistors

A phototransistor is typically a three-layer semiconductor 
device, whose geometry resembles normal transistor except 

for the absence of base terminal ,a much larger area of the 
base and collector regions in the case of the phototransistor.[25] 
Compared with photodiodes, phototransistors can have higher 
responsivity and sensitivity owning to the current gain. How-
ever, they usually display slower response speed than photo-
diodes. For solar-blind DUV light detection, heterojunction 
phototransistors are often employed. This type of devices has 
a typical geometry consisting of double layers of a heterojunc-
tion, where one layer serves as the light absorbing media and 
another layer acts as the charge carrier transport channel. 
Under DUV illumination, electron–hole pairs are produced 
in the light absorbing layer, and subsequently, one type of car-
rier drifts toward the transport channel, leaving another type of 
carrier trapped in the optical absorbing layer due to the align-
ment of energy band levels between two materials. The photo-
carriers are then collected by source–drain electrodes at the 
opposite ends of the channel, giving rise to the generation of 
photocurrent.

Since the working mechanisms of solar-blind DUVPDs 
discussed in this review paper are based on the photoelectric 
effect, the long detecting wavelength limit (λ), which is usually 
named as cutoff wavelength, is directly related to energy transi-
tion (ΔE) in the device operation with the following equation: 

1240
(eV)

(nm)λ = Δ = Δ
hc
E E , where h is the Planck’s constant and c is the 

speed of light.[25] In most cases, the energy transition ΔE is 
the bandgap of the semiconductors. However, it can also be 
the barrier height for Schottky photodiodes or transition energy 
between an impurity (defect) level and the band edge for 
devices where photocarrier excitation stems from the impurity 
(defect) level within the bandgap of the semiconductors. There-
fore, for the majority of DUVPDs discussed in this paper, their 
cutoff wavelength values are determined by the bandgap of the 
UWBG semiconductors.

2.2. Performance Parameters

Hitherto, a large number of solar blind DUVPDs have been 
realized by using different UWBG semiconductors (Figure 1). 
Even though these device geometries vary from one device 
to another, their photoresponse capability should be assessed 
in order to compare the device performance in a quantitative 
way. Table  1 summarizes some key performance parameters 
that are often used to evaluate the performance of solar-blind 
DUVPDs.[29,30]

3. Ga2O3

Ga2O3, an important semiconductor oxide, which was first 
reported in the 1950s, has recently emerged as a promising 
candidate for a range of power electronic devices with capa-
bilities beyond existing technologies.[9] Considering the dif-
ference in atomic arrangement, there are seven commonly 
identified polymorphs (i.e., different forms or crystal structures)  
of Ga2O3, which are usually referred to as amorphous, poly-
crystalline, corundum (α), monoclinic (β), defective spinel (γ), 
orthorhombic (ε), and orthorhombic (δ) phases.[31–33] Among 
these phases, the monoclinic β-gallia (β-Ga2O3) is the most 
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stable crystal structure under normal conditions, and thus 
has been extensively explored. Due to its appealing properties 
including wide bandgap exceeding ≈4.6  eV at room tempera-
ture, large dielectric constant of 10.2–14.2 and high breakdown 
field strength of 3.5 MV cm−1, β-Ga2O3 has found a wide range 
of applications such as solar-blind DUVPDs, gas sensors, solar 
cells, catalysis, and transparent conducting electrodes for a 
variety of optoelectronic devices.[34,35] Moreover, this material 
has high chemical and thermal stabilities, making it extremely 
attractive for applications in high temperature and harsh envi-
ronments. Besides β-phase, other metastable polymorphs 
including ε-Ga2O3 and γ-Ga2O3 have also been explored 
for DUV photodetection, which exhibit good device perfor-
mance.[36] In this section, we will introduce the development 
of various types of solar-blind DUVPDs assembled primarily 
from β-Ga2O3 with different structures including thin films, 
nanostructures, and bulk crystals.

3.1. Photoconductors

3.1.1. Ga2O3 Thin Films

Photoconductors based on β-Ga2O3 have been widely studied 
by many groups for the simple device structure and ease of fab-
rication. β-Ga2O3 thin films are usually grown on sapphire sub-
strates via various synthetic methods. The reported approaches 
by far include pulsed spray pyrolysis,[37] the sol–gel method,[38] 
molecular beam epitaxy (MBE, plasma-assisted MBE, laser 
MBE, etc.),[39–44] precursor oxidation,[45] metalorganic chemical 
vapor deposition (MOCVD),[46–49] low-pressure chemical vapor 
deposition (LPCVD),[50] and magnetron sputtering.[51–54] During 
these preparation processes, high temperature annealing 
(500–1200  °C) is usually needed to guarantee a good crystal-
line quality. Using ethanol solution of gallium trichloride as a 
precursor, β-Ga2O3 thin films have been deposited by pulsed 
spray pyrolysis in air.[37] The films exhibited an optical bandgap 
of ≈5.16  eV and a high optical transmittance exceeding 80% 
for λ  > 275  nm, and were strongly sensitive to 254  nm DUV 
radiation. Kokubun et al. reported the synthesis of polycrystal-
line β-Ga2O3 films through a sol–gel method, during which 
heat treatment at different temperatures greatly affected the 
bandgap and the photoresponse properties of the films.[38] As 
shown in Figure  2a,b, with the temperature increasing from 
600 to 1200 °C, the bandgap increased from 4.9 to 5.6 eV. The 
peak spectral response turned out to shift toward a shorter 
wavelength. However, the responsivities were very low, with 
the maximum value of only 8 × 10−5 A W−1. It should be 
mentioned that the barrier heights between UWBG semicon-
ductors and metals are large and not easy to achieve reliable 
Ohmic contact. To resolve this issue, researchers have tried 
different electrode materials such as Au, Al/Ti, Ni/Au, Ti/Au, 
and Cr/Au.[37–44,46–51]

Later on, the MBE technique also proved to be a rational 
approach to grow β-Ga2O3 films with improved crystalline 
quality. Thin films with a sharp absorption edge at ≈5.0  eV 
have a small dark current of 1.2 nA at a bias of 10 V.[39] Under 
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Figure 1.  Schematic illustration of various types of solar-blind DUVPDs 
based on a variety of UWBG semiconductors.

Table 1.  Performance parameters of solar-blind DUVPDs.

Quantity Symbol Unit Definition

Responsivity R A W−1, V W−1 The ratio between the photocurrent or photovoltage and the incident  

optical power on the photodetector.

External quantum efficiency/internal 

quantum efficiency

EQE/IQE Unitless In a photodiode, the ratio between the number of electron–hole pairs with contribution 

to the photocurrent and the number of incident/absorbed photons.

Photoconductive gain G Unitless In a photoconductor, the ratio between the number of electrons collected  

by the electrode and the number of incident photons.

Dark current Idark A Current flowing in the photodetector in the absence of light illumination.

Response speed τr, τd s Rise time (τr) and decay time (τd) are defined as the time needed for the photoresponse 

to increase from 10% to 90% or drop from 90% to 10% of its peak value.

Noise current Inoise A Hz−1/2 The random root mean square fluctuation in current when bandwidth  

is limited to 1 Hz.

Noise-equivalent power NEP W Hz−1/2 The minimum impinging optical power required to achieve a signal-to-noise  

ratio of unity in a 1 Hz bandwidth.

Specific detectivity D* cm Hz−1/2 W−1 [Jones] A parameter for comparing the sensitivity between photodetectors with different  

device area A and bandwidth B. D* = (AB)−1/2/NEP.

Response rejection ratio Ra/Rb Unitless The ratio between responsivity at light wavelength a and that at light wavelength b.
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254  nm illumination, the device can exhibit a photocurrent 
of 3.7 µA, yielding a large Ilight/Idark ratio of ≈3.1 × 103. The 
responsivity reached 0.037 A W−1, with an EQE of 18%. In 
another study, Guo et  al. found that β-Ga2O3 film prepared 
by laser MBE was highly sensitive to 254  nm radiation while 
almost blind to 365 nm illumination.[40] Figure 2c shows a sche-
matic illustration of the detector. The photocurrent increased 
by more than 1 order of magnitude upon 254  nm illumina-
tion (Figure 2d). Interestingly, the device exhibited a faster rise 
edge (<1 s) and a relatively slower decay edge with two time 
constants of 1.02/16.61 s (Figure 2e), which could be explained 
by the presence of charge trapping/detrapping due to the deep 
trap states within the bandgap of β-Ga2O3, as illustrated by 
Figure  2f. Furthermore, the crystalline quality of β-Ga2O3 has 
been improved by introducing a β-Ga2O3 homo-self-templated 
buffer layer during MBE growth process[41] or employing a vac-
uum-annealed c-plane sapphire substrate.[42,43] It was revealed 
that DUVPDs made from β-Ga2O3 with buffer layer exhibited 
not only slightly enhanced photocurrent, but also significantly 
suppressed dark current.[41] As a result, the Ilight/Idark ratio 
increased by 10 times and reached 104. The responsivity and 
EQE values achieved in this work are 259 A W−1 and 7.9 × 104%, 
respectively. Further study found that once the sapphire sub-
strate was annealed, impurity scattering related to structural 
disorders was suppressed, as a result, the carrier mobility of 
the prepared β-Ga2O3 films was greatly enhanced.[42] Accord-
ingly, both currents in the darkness and upon 254 nm radiation 
increased significantly, leading to an enhanced responsivity 
from 44 to 153 A W−1. However, due to the reduction in the 
crystallographic defects impacting internal gain and car-
rier recombination, some degradations in Ilight/Idark ratio and 
response speed were observed.

The photoresponse can be further improved through some 
strategies such as impurity doping,[46,48,49,51,55–57] explora-
tion of the carrier multiplication process,[47] and adoption of 
Zener diodes.[44] It has been reported that implantation of Si 
ions followed by thermal annealing to activate the ions can 
facilitate the formation of Ohmic contacts between β-Ga2O3 
and Ti/Au electrodes, and greatly enhance the electrical 
conductivity of the films.[46,48] DUVPDs based on Si-doped  
β-Ga2O3 films can operate properly over a large tempera-
ture range from 25 to 350  °C.[48] Unlike thermal quenching 
in sensitivity observed in many photoconductors, the sensi-
tivity increased with high temperatures for detectors in this 
work. This effect could be ascribed to the presence of defect 
states within β-Ga2O3 bandgap, which enables photocurrent 
generation at high temperatures. As a result, the responsivity 
under 254  nm illumination increased from 5 to 36 A W−1 
over the above temperature range. Alema et  al. employed 
MOCVD method to grow Zn-doped β-Ga2O3 (ZnGaO) films 
with a cutoff wavelength of ≈260 nm, which is similar to that 
of undoped films.[49] Due to the presence of a high concentra-
tion of defects including oxygen vacancies and substitutional 
defects that afford large internal gain, the as-grown ZnGaO 
and β-Ga2O3 films displayed peak responsivities of ≈3.6 × 103  
and 1.7 × 104 A W−1, respectively. Once the sample was 
annealed, both currents in the darkness and under DUV illumi-
nation decreased drastically, resulting in significantly dropped 
responsivity values of 210 and 46 A W−1, respectively. Mean-
while, the photoresponse rejection ratio (R232/R320) increased 
dramatically from 103 to 5 × 104 and 2 × 104 for annealed 
ZnGaO and β-Ga2O3 detectors. The concentration of Zn 
dopant has a great influence on the crystal lattice spacing and 
the bandgap of β-Ga2O3 films.[51] In addition, due to decreased 

Adv. Funct. Mater. 2019, 29, 1806006

Figure 2.  a) Square of absorption coefficient as a function of photon energy for β-Ga2O3 films prepared at various temperatures. b) Spectral responses 
of the photoconductors based on β-Ga2O3 films prepared at various temperatures. Reproduced with permission from American Institute of Physics 
Publishing.[38] c) Schematic diagram of a photoconductor based on β-Ga2O3 thin film. d) Current–voltage (I–V) characteristics of the β-Ga2O3 photo-
detector in dark, under 365 and 254  nm light radiation. e) Experimental curve and fitted curve of the current rise and decay process to 254  nm 
illuminations. f) Schematic diagram illustrating the carrier transport mechanism in the β-Ga2O3 photodetector. Reproduced with permission.[40] 
Copyright 2014, Optical Society Publishing.
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concentration of oxygen vacancies, the Zn-doped β-Ga2O3 
device exhibited a lower dark current, a higher Ilight/Idark 
ratio, and a faster response speed. Recently, Hu et al. reported 
a high-gain photoconductor made from MOCVD-derived  
β-Ga2O3 films.[47] Upon ≈255  nm illumination, the Ilight/Idark 
ratio exceeded 5 × 103 and the responsivity was as high as 17 
A W−1. The relatively large electric field existing at the film 
surface covered by Au interdigital electrode greatly accelerated 
photocarriers, which impacted with the lattice of the Ga2O3 to 
release their kinetic energy and therefore provided additional 
electrons and holes. This carrier multiplication process was 
responsible for the high gain. In a recent work, Rafique et  al. 
have studied the effect of thermal annealing on photoresponse 
characteristics of DUVPDs based on LPCVD-grown β-Ga2O3 
films.[50] The annealing can help to reduce oxygen or oxygen-
related vacancies in the films, and therefore reduce trapped 
photocarriers to a great degree. As a consequence, the detector 
after annealing exhibited lower dark current decreasing by ≈2 
orders of magnitude and higher photocurrent increasing by 
10 times at 250 nm. Accordingly, the Ilight/Idark ratio increased 
significantly from 3.5 × 103 to 1.44 × 106. What is more, thanks 
to the reduced sub-bandgap defects, the photoresponse rejec-
tion ratio (R250/R370) was enhanced by 2–3 orders of magnitude.

In addition, α-Ga2O3 or Sn-doped α-Ga2O3 thin films have 
been prepared by laser MBE technique and utilized for DUV 
photodetection.[18,58,59] The α-Ga2O3 possesses a bandgap of 
≈5.15  eV that is slightly larger than that of β-Ga2O3.[58] Detec-
tors made from α-Ga2O3 film exhibited high sensitivity to 
254  nm DUV radiation, while they were virtually blind to 
365  nm illumination. The bandgap of Sn-doped α-Ga2O3 
decreased linearly with Sn content’s increasing, which made it 
possible to tune their DUV photoresponse.[18] Photodetectors 
based on Ga1.8Sn0.2O3 films have achieved an Ilight/Idark ratio of 

1.4 × 102 and a maximum responsivity of 9.55 × 10−2 A W−1. 
Furthermore, Zhao et  al. found that the oxygen partial pres-
sure had a pronounced effect on the crystal lattice spacing and 
electrical conductivity of the films.[59] By reducing the impurity 
altitude compensation effect originating from mixture valence 
of Sn2+ and Sn4+ ions, increased dark current and photocurrent, 
along with diminished relaxation time constants were observed 
in DUVPDs based on α-phase Ga1.4Sn0.6O3 films.

3.1.2. Ga2O3 Nanostructures

Apart from Ga2O3 thin films, low-dimensional Ga2O3 nanostruc-
tures including nanowires (NWs),[60–66] nanobelts (NBs),[67–69] 
nanosheets/nanoflakes,[70,71] and nanoflowers (NFs)[72] have also 
been explored for solar-blind DUV photodetection. By virtue of 
significant size/surface effect and quantum confinement effect, 
these nanostructures usually demonstrated attractive advantages 
of enhanced optical absorption, improved carrier separation and 
collection, more surface states to interact with surroundings, 
etc.[23,73] β-Ga2O3 NWs have been successfully grown by some 
techniques such as CVD method by using Ga metal placed  
onto alumina substrate[60,65] or a powder mixture of Ga2O3 
and graphite as sources,[61] and heating the GaN/sapphire 
template.[62,64] The growth temperature was critical to the density, 
average length, and diameter of the NWs, and high growth tem-
perature was apt to obtain high crystalline quality NWs. Detec-
tors based on individual NW usually exhibited the dark current 
on the scale of several to hundreds of picoamperes, but once 
illuminated by DUV light (254 or 255 nm), the current increased 
drastically by maximum 3 orders of magnitude. Li et al. reported 
a high-performance DUVPD using bridged β-Ga2O3 NW as 
building blocks (Figure  3a–c).[61] The as-fabricated nanodevice 
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Figure 3.  a) Schematic diagram of the bridged NW structure showing the electrodes made of thick β-Ga2O3 NW layers and the bridged NWs crossing 
the gap between the NW electrodes. b) A scanning electron microscopy (SEM) image of the bridged β-Ga2O3 NW structure. c) A magnified view of 
the bridged β-Ga2O3 NWs crossing the gap. d) I–V characteristics of the bridged β-Ga2O3 NWs in dark (squares), under 365 nm light (triangles), and 
under 254 nm light (circles). e) Time-dependent photoresponse of the bridged β-Ga2O3 NWs measured in dry air under UVC (≈2 mW cm−2 at 254 nm) 
illumination at a bias voltage of 50 V. f) Spectral response of the bridged β-Ga2O3 NWs revealing that the device is blind to solar light. The dashed line 
indicates the lowest wavelength of the solar spectrum on earth. Reproduced with permission.[61] Copyright 2010, Wiley-VCH.
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possessed an extremely low dark current of only ≈0.2 pA even 
at a large voltage bias of 50 V (Figure 3d). Under 254 nm illu-
mination, the detector exhibited a stable and reproducible 
photoresponse with a high Ilight/Idark ratio of ≈3 × 104 and a fast 
response speed (decay time <20 ms) (Figure 3e). What is more, 
the photoresponse rejection ratio (R250/R280) can reach as high 
as ≈2 × 103, as shown in Figure 3f. It was also revealed that the 
variation in synthetic parameters exerted a great influence on 
the photoresponse properties. With decrease of the growth tem-
perature, both dark current and photocurrent increased gradu-
ally, which gave an enhanced responsivity by several orders of 
magnitude. However, the response speed and photoresponse 
rejection ratio inevitably decreased. Such a dependence was 
understandably related to the varied concentration of defects 
in NWs grown at different temperatures, which dominated the 
density and lifetime of carriers. Afterward, β-Ga2O3 NBs have 
been synthesized and utilized as building blocks for DUV photo-
detection by using CVD methods.[67–69] In comparison with an 
individual NW-based device, the NB detectors exhibited superior 
performance in terms of lower dark current, larger Ilight/Idark 
ratio, and higher responsivity. For instance, Zou et al. presented 
a DUVPD with an ultralow dark current (below the detection 
limit of 10−14 A), an extremely high Ilight/Idark ratio exceeding 106, 
and fast response speed less than 0.3 s. The responsivity in this 
work was as high as ≈851 A W−1.[68] In order to further enhance 
the photoresponse, Tian et  al. used In atoms to dope Ga2O3 
NBs.[69] It was observed that In-doped devices can achieve higher 
Ilight/Idark ratio (≈103), responsivity (5.47 × 102 A W−1), EQE 
(2.72 × 105%) and faster response speed (rise/decay time: 1/0.6 s)  
than undoped devices. Recently, 2D or quasi-2D β-Ga2O3 
nanosheets/nanoflakes have been successfully produced by 
oxidation of 2D GaSe or directly exfoliated from β-Ga2O3 bulk 
crystals.[70,71] The oxidized nanosheets are polycrystalline with 
thickness less than 10 nm, while ≈400 nm thick exfoliated nano-
flakes can maintain the single-crystalline property of the bulk. 
Photoresponse characterization revealed that detectors made 
from both nanosheets and nanoflakes were highly sensitive to 
254  nm DUV radiation. Specifically, the latter detectors exhib-
ited an ultrahigh responsivity of 1.8 × 105 A W−1, which was the 
highest value ever reported.[71] Such excellent responsivity can 
be explained by the reduced dark current and increased electric 
field due to modulation of gate voltage. Another possible reason 
is associated with the advantage resulting from the quasi-2D 
structure including an increased number of surface trap states 
that afforded a large photoconductive gain, and shortened car-
rier transit time.

3.2. MSM Photodetectors

On account of the intrinsic lower dark current and faster 
response speed, MSM photodetectors based on β-Ga2O3 
have attracted grand interest and been extensively studied 
recently.[74–85] Heretofore, various electrode materials including 
Ti/Au, Ni/Au, indium zinc oxide (IZO), and graphene have 
been utilized to form Schottky barrier contacts with β-Ga2O3. 
It is not strange that nearly identical electrode materials can 
form either Ohmic contact or Schottky contact with β-Ga2O3 
in different reports considering the fact that the surface states 

on β-Ga2O3 are crucial to the contact.[9,86] Taking Ti/Au, for 
example, Guo et  al. found that Ti/Au electrodes can form 
Ohmic contacts with laser MBE–grown β-Ga2O3 films, but this 
metal–semiconductor structure would become Schottky con-
tact once the films were subject to thermal annealing in oxygen 
atmosphere.[74]

To date, β-Ga2O3 films suitable for MSM photodetector appli-
cation are usually prepared through mechanic exfoliation,[87–89] 
laser MBE,[74,81,83,90–92] MOCVD,[47,75,79] oxidation of GaN 
films,[78] thermal evaporation,[93,94] pulsed laser deposition 
(PLD),[80] magnetron sputtering,[54,95,96] etc. These DUVPDs 
typically exhibited low dark current in the range of 10−13–10−9 A,  
large Ilight/Idark ratio with the maximum value exceeding 105, 
and large photoresponse rejection ratio as high as 105. It has 
been reported that surface passivation played a pivotal role in 
determining the photoresponse performance.[81] For instance, 
once MSM detectors based on plasma-assisted MBE-grown 
β-Ga2O3 films were passivated with atomic layer deposition–
derived Al2O3, the dark current reduced dramatically by tens of 
times, while the photocurrent under DUV light only suffered 
from negligible degradation. Similar to the strategies employed 
in β-Ga2O3 photoconductors, optimization in temperature 
during the growth process and the post thermal annealing have 
also been adopted for improving the performance of β-Ga2O3 
MSM photodetectors.[75,80] For example, Yu et al. observed that 
β-Ga2O3 films prepared by PLD method at higher tempera-
tures (800–1000  °C) possessed single crystalline phase with 
remarkably reduced vacancies and defects than those grown at 
lower temperatures.[80] Due to higher crystal quality and fewer 
oxygen vacancies, MSM detectors grounded on 800  °C-grown 
films exhibited reduced dark current by maximum 
3 orders of magnitude, and a higher responsivity increasing 
from 0.359 to 0.903 A W−1, in comparison with devices made 
from 600 °C-grown films. Annealing β-Ga2O3 films prepared 
by low-pressure MOCVD (LP-MOCVD) in the atmosphere or in 
nitrogen environment has also led to suppressed dark current 
and improved photoresponse, while annealing in oxygen envi-
ronment has yielded an entirely contrary result.[75]

Wei et al. presented highly transparent β-Ga2O3 MSM photo-
detectors using IZO as electrodes.[79] Because of the high chem-
ical and thermal stabilities of β-Ga2O3, the devices can operate 
properly under significantly different oxygen concentration in 
ambient condition, and at working temperatures as high as 
700 K. The results indicated excellent reliability and robust-
ness of the devices and great potential of β-Ga2O3 DUVPDs for 
use in harsh environments. Graphene has also been employed 
as transparent electrodes for β-Ga2O3 MSM photodetectors 
in recent reports.[97] Kong et  al. reported a highly sensitive 
DUVPD, which was basically composed of multilayer graphene 
on top side of single-crystalline Sn-doped β-Ga2O3 wafer and Cr/
Au electrode at back side of the wafer (Figure 4a,b).[82] Thanks to 
the asymmetric contacts, the device exhibited obvious rectifying 
behavior in darkness. Interestingly, it was found that the for-
ward current of the device increased considerably by ≈103 when 
the graphene electrode side was shined with 254  nm DUV 
illumination, while the current remained almost unchanged 
to 365 nm radiation (the graphene side with positively applied 
voltage is defined as forward bias), as illustrated in Figure 4c. 
The responsivity and specific detectivity attained were as high 
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as 39.3 A W−1 and 5.92 × 1013 Jones, respectively (Figure  4d). 
What is more, the devices can operate property under periodi-
cally switched DUV radiation even after one month storage in 
air condition, suggesting excellent reproducibility and stability 
of the detectors. Asymmetric graphene electrodes in contact 
with laser MBE–grown β-Ga2O3 films,[83] or exfoliated single-
crystalline β-Ga2O3 microflakes[98] to form MSM photodetectors 
have also been demonstrated. The devices achieved Ilight/Idark 
ratio of ≈83 and responsivity of 9.66 A W−1, respectively, in 
the first report. Specifically, the Ilight/Idark ratio, responsivity, 
photoresponse rejection ratio (R254/R365), and specific detec-
tivity reached as high as 1.18 × 104, 29.8 A W−1, 9.46 × 103, and 
1.45 × 1012 Jones, respectively, for devices in latter work. These 
values exceeded those of similar devices with Ni/Au electrodes 
by 2–4 orders of magnitude, suggesting great potential of using 
graphene transparent electrodes in solar-blind DUV optoelec-
tronics. The working mechanism of these devices relies on the 
DUV light modulation of Schottky barrier at graphene/β-Ga2O3 
interface. Actually, the Schottky barriers were very sensitive 
to oxygen in air. In darkness, the oxygen molecules absorbed 
on Ga2O3 surface can capture the free electrons in β-Ga2O3, 
forming negatively charged oxygen ions. Upon DUV illumi-
nation, electron–hole pairs were generated in the β-Ga2O3, 
and were then separated by the local built-in electric field at 
Schottky contact, leading to increased free carrier density. The 
photogenerated holes in the depletion region will discharge 
the negatively charged oxygen ions via electron–hole recombi-
nation, which reduced the Schottky barrier height and width. 
Therefore, the current increased considerably upon DUV illu-
mination. After switching off the illumination, the photogen-
erated electrons will recombine with holes through either 

recombination centers or band-to-band annihilation process, 
recovering the Schottky barrier. More recently, highly integrated 
MSM β-Ga2O3 photodetector arrays of 32 × 32, 16 × 16, 8 × 8, 
and 4 × 4 have been reported by Peng et  al.[99] The photode-
tector array displayed high sensitivity to 254 nm DUV radiation 
with a high Ilight/Idark ratio exceeding 105, a large responsivity 
of 0.89 A W−1, and a reasonable DUV/visible rejection ratio 
(R250/R400) close to 103. In addition, the photoresponse parame-
ters of unit cells from a 4 × 4 photodetector array were relatively 
uniform, and the standard deviation of the responsivities was 
only 12.11%, suggesting great potential of such β-Ga2O3 photo-
detector arrays for DUV imaging applications.

Compared with the crystalline polymorphs, the amorphous 
Ga2O3 thin film usually derived from low-temperature magnetron 
sputtering or PLD methods has proved to be ideal building block 
for DUVPD as well.[100] For instance, Qian et  al. developed an 
ultrahigh-responsivity, rapid-recovery, solar-blind photodetector 
by using highly nonstoichiometric amorphous gallium oxide that 
was obtained by a radio frequency (RF) magnetron sputtering 
approach.[101] The responsivity is as high as 70.26 A W−1, because 
of the high internal gain and extrinsic transitions. Besides, the 
rejection ratio (R250/R350) and specific detectivity can exceed 105 
and 1.3 × 1014 Jones, respectively, which are highly competi-
tive even compared with other β-Ga2O3 film devices. By directly 
depositing amorphous gallium oxide film on polyethylene naph-
thalate substrate via a room-temperature RF magnetron sput-
tering process, Cui et  al. recently developed a highly sensitive 
and flexible MSM DUVPD with a responsivity of 0.19 A W−1.[102] 
Interestingly, the as-assembled devices have comparable perfor-
mance with the rigid ones, and no obvious degradation in per-
formance was found during fatigue and bending measurement.

Adv. Funct. Mater. 2019, 29, 1806006

Figure 4.  a) Schematic diagram of a graphene/β-Ga2O3/metal MSM photodetector. b) A digital photograph of the device. c) I–V characteristics 
of the device in dark and under 254 nm light radiation, the inset shows the I–V curves on a logarithmic scale. d) Both responsivity and detectivity of the 
DUVPD under light illumination with different intensities. Reproduced with permission.[82] Copyright 2016, Wiley-VCH.
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3.3. Heterojunction Photodiodes

3.3.1. Ga2O3 Thin Films

In this part, we will introduce Ga2O3/semiconductor hybrid 
structure, another equally important geometry for DUV detec-
tion. Up to now, a variety of semiconductors that have been 
combined with Ga2O3 to form heterojunction photodiodes 
include GaN,[103–105] SiC,[106,107] Nb:SrTiO3 (NSTO),[108] Si,[109–112]  
ZnO,[113–118] SnO2,[119] diamond,[120] CuGaSe2,[121] and so 
forth. For example, heterojunctions can be formed by coating 
β-Ga2O3 films on 6H-SiC or GaN substrates through gallium 
evaporation in oxygen plasma.[104,106] The as-assembled hetero-
junction exhibited obvious photovoltaic behaviors under DUV 
illumination, and the current increased linearly with increasing 
light intensity. The responsivities reached the maximum values 
of 0.07–0.18 A W−1 at the wavelength of ≈225  nm, which 
decreased rapidly when light wavelength exceeded 280  nm. 
Moreover, the response speed of these photodiodes was in the 
order of milliseconds or sub-milliseconds, much faster than the 
aforementioned photoconductors and MSM photodetectors. 
Remarkably, the operation of β-Ga2O3/GaN photodiodes can be 
switched between solar-blind and visible-blind modes by simply 
changing the applied working bias.[103]

As a matter of fact, the majority of the above devices can 
only work with bias voltage. To reduce energy consump-
tion, a number of self-powered DUV photodiodes with device 

geometry of magnetron-sputtered β-Ga2O3 films on NSTO 
substrates,[108] laser MBE–grown β-Ga2O3 films on Ga-doped 
ZnO (Ga:ZnO) substrates,[113] magnetron-sputtered β-Ga2O3 
films on seed layer–coated Si substrates,[111] and plasma-
enhanced CVD (PECVD)–derived β-Ga2O3 films on diamond 
substrates have been developed.[120] At zero bias, β-Ga2O3/
NSTO heterojunctions exhibited relatively faster response 
speed in the order of tens of milliseconds, however, with much 
lower responsivity of 2.6 mA W−1.[108] It was found that when 
applying a working bias (10 or −10 V), the responsivity values 
increased significantly to 10.43 or 43.31 A W−1, while the 
response speed suffered from a severe degradation (several to 
tens of seconds) (Figure  5a–e). Similar phenomenon has also 
been perceived in β-Ga2O3/Ga:ZnO heterojunctions.[113] The 
increased responsivity can probably be related to the internal 
gain due to the photoconductive effect, while the carrier trap-
ping/releasing process because of the existence of defects 
like oxygen vacancies is responsible for the slower response 
speed at an applied bias. In addition, β-Ga2O3/Si heterojunc-
tions achieved good DUV photoresponse at zero bias, in terms 
of a high Ilight/Idark ratio of >103, a record low dark current of 
1.43 pA, fast response speed in milliseconds, with high stability 
and reproducibility.[111] At a bias of 5  V, the responsivity was 
as high as 96.13 A W−1 at 250  nm illumination. Significantly, 
a prototype device of DUV imaging system has been dem-
onstrated by employing β-Ga2O3/diamond photodiode as a 
sensing pixel.[120] It was found that the optical pattern of hollow 
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Figure 5.  a) Schematic illustration of a β-Ga2O3/NSTO heterojunction photodetector. b) I–V curves of the β-Ga2O3/NSTO heterojunction photodetector 
in the dark and under 254 nm light illumination with various light intensities; the inset is the enlarged view of the fresh dark I–V curve. Time-dependent 
photoresponse of the heterojunction detector illuminated by 254 nm light at a bias of c) 0 V, d) −10 V, and e) 10 V, respectively. Reproduced with permis-
sion.[108] Copyright 2017, American Chemical Society. f) Schematic illustration of the imaging system employing the diamond/β-Ga2O3 heterojunction 
photodetector as a sensing pixel under 0 V bias (left panel). The image of the object with letters “UV” on a black paper (top right panel). Image obtained 
from the imaging system (bottom right panel). Reproduced with permission.[120] Copyright 2018, Royal Society of Chemistry.
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letters “UV” can be readily recognized by the sensor and can 
be presented as an image with sharp boundaries and low back-
ground (Figure 5f), suggesting the high fidelity characteristics 
of the imaging system and further confirming that such het-
erojunction photodetectors can satisfy the requirement of the 
imaging system without an external power supply.

By exploring avalanche carrier multiplication effect, ava-
lanche photodiodes (APDs) based on heterojunctions of 
laser MBE–prepared β-Ga2O3 film on Si substrate or cation 
exchanged–grown β-Ga2O3 film on SnO2 film show superb 
photoresponse property.[109,119] At −3  V (reverse bias), a 
high responsivity of 370 A W−1 was achieved for β-Ga2O3/Si 
APD device, which corresponds to an EQE value exceeding 
1.8 × 105%.[109] Although the incident light with photon energy 
lower than bandgap of β-Ga2O3 can excite photocarriers in Si, 
the effective extraction of photocarriers is suppressed due to 
the much higher resistance of β-Ga2O3 than Si. However, for 
DUV light which can excite photocarriers in β-Ga2O3, the resist-
ance of β-Ga2O3 is thus significantly reduced and photocarrier 
extraction capability is greatly enhanced. This explains the 
excellent solar-blind DUV detecting property of the β-Ga2O3/
Si APD device. In another work, the cation exchange growth 
mechanism reduced the lattice mismatch along the inter-
face between two UWBG semiconductors.[119] The resultant  
β-Ga2O3/SnO2 APD showed high selectivity to 254  nm DUV 
light with excellent photoresponse characteristics with respon-
sivity, EQE, avalanche gain, detectivity, linear dynamic range 
(LDR), and response speed were 2.3 × 103 A W−1, 4.48 × 106, 
1.7 × 105, 1.7 × 1015 cm W−1 s−1, 126 dB, and 25 µs, respectively. 
The establishment of the avalanche multiplication process can 
be ascribed to the huge difference between the electron and hole 
energy barriers of the two UWBG semiconductors. Another 

strategy to improve the photoresponse performance was uti-
lizing p–i–n photodiodes.[110] An et  al. found that the dark 
current of p-Si/n-Ga2O3 photodiode can be greatly reduced by  
3 orders of magnitude by inserting an intrinsic SiC film that 
serves as an appropriate electron blocking layer.[110] Through 
further diminishing the oxygen vacancies via changing the 
oxygen pressure during thermal annealing, the photosensi-
tivity was found to increase from 3.4 × 104% to 5.4 × 105%.

3.3.2. Ga2O3 Microwires

Zhao et  al. presented the fabrication of a ZnO/Ga2O3 core/
shell heterostructure microwire for self-powered solar-blind 
DUVPD application (Figure 6a).[115] Figure 6b,c depicts a typical 
photograph of the core/shell microwire and a high-resolution 
transmission electron microscopy (HRTEM) image of the inter-
face between the core and shell portions. The heterostructure 
showed remarkable sensitivity to DUV illumination with a sharp 
cutoff wavelength at ≈266  nm (Figure  6d). The responsivity 
and DUV/visible rejection ratio (R251/R400) at zero bias were 
9.7 mA W−1 and 6.9 × 102, respectively, which could be signifi-
cantly enhanced to 11.1 A W−1 and 1.2 × 103 under an applied 
bias of −2 V, respectively (Figure 6e,f). The device also has a fast 
response speed with rise time less than 100 µs and decay time 
of 900 µs. Furthermore, such heterostructures can also operate 
as APD devices exploring carrier multiplication effect.[114] Under 
reverse bias, the dark current can retain an approximately linear 
increase (≈10−11 A) from 0.1 to 4.3  V, while it increased expo-
nentially (10−10–10−7 A) from 4.3 to 10 V, indicating a breakdown 
voltage of ≈4.3 V for the device at room temperature. The respon-
sivity reached 1.3 × 103 A W−1 at −6 V, which further increased 
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Figure 6.  a) Schematic diagram of a ZnO/β-Ga2O3 core/shell microwire heterojunction DUVPD. b) A photograph of the as-synthesized ZnO/β-Ga2O3 
core/shell microwires. c) A HRTEM image of the interface between the core and shell portions. d) I-V characteristics of the photodetector under dark 
(blue line) and illumination with 254 nm light with a power density of 1.67 mW cm−2 (red line). Spectral responsivity of the device at a bias of e) 0 V and 
f) −2 V, respectively. Reproduced with permission.[115] Copyright 2017, Wiley-VCH.
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to 5.18 × 103 A W−1 at −10 V. Furthermore, other photoresponse  
parameters including Ilight/Idark ratio, specific detectivity, 
response speed, DUV/visible rejection ratio (R251/R400), and 
LDR (at −5  V) are ≈106, 9.91 × 1014 Jones, 20/42 µs, 5 × 103, 
and 119.3 dB, respectively, at reverse bias of 6 V. Further perfor-
mance improvement has been realized by exploiting the pizeo-
phototronic effect of the ZnO/Ga2O3 core/shell heterostructure 
microwire (Figure  7a).[116] Under static strain of −0.042%, the 
DUV current response can be enhanced by ≈3 times (Figure 7b), 
which was attributed to the modulation of the energy band 
diagrams and charge carriers in the heterojunction area upon 
straining. However, it was observed that photoresponse under 
tensile strain did not increase as obviously as that under com-
pressive strain (Figure  7c). Such finding is reasonable in 
that under compressive strain, the introduced piezopotential 
strengthened the electron transport in ZnO core, enhancing 
the photocurrent obviously, whereas the opposite piezopotential 
was introduced under tensile strain, bringing about limited 
enhanced effect (Figure 7d–f).

Apart from the above work, direct combination of Ga2O3 with 
GaN can lead to sensitive solar-blind DUVPDs as well.[122–124] For 
instance, Jaiswal et  al. recently tried to deposit Ga2O3 on GaN 
epilayers using the microwave radiation technique. The hetero-
junction thin film–based device with Ni/Au contact displayed 
a peak spectral response at 230  nm and a good DUV/visible 
rejection ratio (R230/R400) of 103, which is expected to open up 
new opportunities for integrating solar-blind DUVPDs toward 
next generation high-performance optoelectronics.[123] In order 
to improve photoresponse of the Ga2O3/GaN photodetector, a 
surface plasmon resonance strategy using gold nanoparticles 
was developed.[125] It was revealed that upon covering of Au 
nanoparticles, the reverse leakage current decreased by more 
than 100 times. Meanwhile, the photoresponse rejection ratio 
(R250/R360) was increased by nearly 95-fold at 1 V applied bias.

3.4. Schottky Photodiodes

The preliminary β-Ga2O3 solar-blind DUV Schottky photo-
diode was fabricated by directly depositing Ni/Au electrode, 
followed by thermally annealing at 1100 °C in oxygen ambient 
to reduce oxygen vacancies and decrease the carrier concen-
tration near the surface.[126] The diodes showed a high rec-
tification ratio exceeding 106 in darkness, and obvious DUV 
response at reverse bias with responsivities of 2.6–8.7 A W−1 
at the wavelengths of 200–260 nm. These relatively high values 
can be associated with the carrier multiplication process occur-
ring at the highly resistive surface region that was subject to 
a very high electric field at a reverse bias. Postannealing has 
also proved to be effective on improving the electrical and 
optoelectrical properties of β-Ga2O3-based photodiodes. Suzuki 
et  al. found that annealing at temperature above 200  °C can 
improve the ideality factor of the diodes to near unity, while 
keeping the reverse leakage current almost unaffected.[127] 
Furthermore, annealing at 400  °C gave rise to a dramatic 
enhancement in responsivity by a factor of more than 102 with 
the maximum value exceeding 103 A W−1 in the region below 
260  nm, and a high photoresponse rejection ratio (R240/R350) 
of ≈106. In another study, the same group observed that 
inserting a sol–gel-derived high resistivity β-Ga2O3 cap layer 
in an Au/β-Ga2O3 Schottky photodiode can lead to solar-blind 
photoresponse in both forward and reverse biases, which was 
in contrast to conventional Schottky photodiodes.[128] The odd 
forward photoresponse can be ascribed to the photoconductive 
effect in the cap layer. In darkness, because of the high resis-
tivity, the cap layer supported a large fraction of the applied for-
ward voltage. Therefore, the voltage applied to the i–n junction 
barrier between the cap layer (i-region) and β-Ga2O3 substrate 
(n-region) was small, leading to a slight change of current 
with applied voltage unless the voltage was high enough to 

Adv. Funct. Mater. 2019, 29, 1806006

Figure 7.  a) Structure design of the ZnO/β-Ga2O3 core/shell microwire photodetector, showing the device under compressive and tensile strains, 
respectively. I–V characteristics of the photodetector under b) compressive and c) tensile strains upon 268 nm radiation, respectively. d) Schematic 
diagram exhibiting electron–hole pair separation and transfer in the ZnO/β-Ga2O3 heterostructure under 268 light illumination. The proposed model 
of the device under strains, that is, electron transport is modulated in ZnO core by the piezopotential and the color indicates the piezopotential 
distribution in the ZnO core under e) compressive and f) tensile strains. Reproduced with permission.[116] Copyright 2018, Wiley-VCH.



www.afm-journal.dewww.advancedsciencenews.com

1806006  (13 of 40) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

surmount the junction barrier. However, upon DUV illumina-
tion, the resistance of the cap layer decreased drastically due 
to the photogenerated carriers, and thus considerable forward 
bias was applied to the i–n junction. Consequently, the junc-
tion barrier decreased at a lower forward bias and the electron 
injection took place from the substrate to the cap layer. As the 
voltage further increased, the barrier disappeared, and a large 
number of electrons were then injected into the cap layer, pro-
ducing the large forward current.

Recently, by a simple partial oxidation process, Chen 
et  al. developed a self-powered solar-blind DUV photodiode 
based on Au–β-Ga2O3 NW array Schottky junction.[129] The 
device exhibited a good rectifying behavior with the dark cur-
rent of ≈10 pA at a large bias of −30  V. Under zero bias, the 
responsivity turned out to be only 0.01 mA W−1, which could 
be enhanced to 2.9 mA W−1 by increasing the operation voltage 
to −50 V. In addition, the detectors had a rapid response speed 
of rise/decay time of 1/64 µs. Such a fast response speed along 
with the excellent stability and good reproducibility renders the 
device potentially suitable for high-speed DUV optoelectronic 
application.

In summary, photoconductors based on β-Ga2O3 thin 
films show relatively good DUV sensitivity, with Ilight/Idark 
ratio ranging from 103 to 106, peak responsivities as high as 
104 A W−1, and photoresponse rejection ratio typically in the 
order of 103–104. Performance improvement has been real-
ized via some strategies including optimizing temperature 
during material preparation, high-temperature post thermal 
annealing, optimization of contact electrodes, introducing a 
buffer layer, annealing growing sapphire substrate, rational 
doping with impurity, surface passivation, exploring carrier 
multiplications process, etc. Thanks to the superior advan-
tages, MSM photoconductors made from β-Ga2O3 nano-
structures exhibit even higher peak responsivities exceeding 
105 A W−1, and ultralow dark currents below 10−14 A. In addi-
tion, β-Ga2O3 thin film–based MSM photodetectors usually 
have lower dark current in the range of 10−13–10−9 A, compa-
rable Ilight/Idark ratio exceeding 105, and higher photoresponse 
rejection ratio as high as 105. In particular, MSM photodetec-
tors with graphene transparent electrodes possess specific 
detectivity as high as 1013 Jones, which is several orders of 
magnitude larger than similar devices with metal electrode and 
suggests the great potential for weak DUV detection. On the 
other hand, heterojunction or Schottky junction photodiodes 
based on β-Ga2O3 thin films or micro-/nanostructures usually 
display faster response speed in the order of milliseconds or 
sub-milliseconds, however, with much lower peak responsivi-
ties (the maximum value is tens of A W−1). These photodiodes 
can work at zero bias voltage as self-powered photodetectors, 
exhibiting relatively low responsivities. Further optimization in 
device performance is achievable through some avenues like 
exploring avalanche carrier multiplication effect to form APDs, 
constructing devices with geometry of p–i–n photodiode, or 
exploiting the pizeophototronic effect. Nevertheless, challenges 
still remain. For example, the application of Ga2O3 to p–n 
(p–i–n) and Schottky junction photodiodes is largely hindered 
by the difficulty pertaining to realizing p-type doping of Ga2O3 
due to the high activation energy of acceptors and strong locali-
zation of holes.

4. MgxZn1−xO

The cutoff wavelength of photodetectors based on pure ZnO 
lies in the UV region exceeding 300 nm, making them unsuit-
able for DUV light detection.[6,7,130,131] However, many studies 
have shown that doping ZnO is a feasible way of tailoring its 
bandgap.[132] So far, the bandgap of ZnO has been successfully 
changed by alloying it with some group II and III elements 
such as Be, Mg, Ca, Cd.[133,134] Among these ZnO-based ternary 
metal oxides, MgxZn1−xO is the most widely studied one due to 
the comparable radius of Mg2+ ion (0.57 Å) with Zn2+ (0.60 Å) 
ion. More importantly, the incorporation of high bandgap of 
MgO (≈7.5  eV) can extend the bandgap to DUV wavelength 
region.[135] On this account, the tunable bandgap from 3.37 
to 7.5  eV, along with the excellent optoelectronic character-
istics inherited from ZnO renders MgxZn1−xO highly attrac-
tive for solar-blind DUV photodetection. Nevertheless, doping 
also changes lattice properties of the compound and phase 
separation appears with the increase of Mg content. In addi-
tion, the crystallinity of the compound is inevitably affected by 
the solubility of MgO in MgxZn1−xO, which depends strongly 
on the preparation process and growth conditions. The above 
issues thus constitute the main challenge for the applica-
tion of MgxZn1−xO in solar-blind DUV photodetection. In this 
section, we will discuss the recent progress in MgxZn1−xO 
compound–based solar-blind DUVPDs.

4.1. Photoconductors

MgxZn1−xO alloy thin films with varied Mg contents have 
been successfully prepared with various techniques including 
PLD,[136–138] MOCVD,[139,140] magnetron sputtering,[141–145] 
plasma-assisted MBE,[146,147] etc. During the growing period, 
sapphire or quartz wafer are often employed as growing sub-
strates. However, in some special cases, Si can also be used 
as growing substrate, on which a thin SrTiO3 buffer layer was 
coated to overcome large lattice and thermal expansion mis-
match between Si and MgxZn1−xO.[136] The as-synthesized 
films had good crystalline quality and showed peak photo
response at ≈225  nm. In addition, some groups reported the 
usage of MgO or SiO2/Si substrates to prepare MgxZn1−xO 
films as well.[140,144] Photodetectors based on MOCVD-
grown Mg0.52Zn0.48O films on MgO substrates exhibited 
peak response at ≈238  nm and cutoff wavelength located at 
≈253 nm.[140] The responsivity at 15 V bias reached 129 mA W−1,  
and the DUV/visible rejection ratio (R240/R400) was as high as 
104. However, the presence of native defects such as oxygen 
vacancies at Au/Mg0.52Zn0.48O interface degraded the bar-
rier effect, which led to relatively large dark current and the 
undesirable visible response at wavelength region exceeding 
450 nm.

The bandgap of MgxZn1−xO films can be readily tuned by 
changing the atomic ratio of Mg/Zn during preparation pro-
cess. According to a previous study, MgxZn1−xO films prepared 
on c-plane sapphire with Mg content <37% has a hexagonal 
wurtzite crystal structure (h-MgxZn1−xO), while pure cubic-
phase MgxZn1−xO (c-MgxZn1−xO) appeared when Mg con-
tent exceeded ≈62%.[136] With Mg content between 37–62%, 
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MgxZn1−xO films usually had a mixed phase with undefined 
bandgaps. Ju et  al. have obtained MgxZn1−xO films with dif-
ferent Mg contents by changing the molar ratio of Zn and 
Mg precursors during MOCVD process.[139] With Mg content 
decreasing from 0.70 to 0.50, the absorption cutoff edge of the 
MgxZn1−xO films shifted gradually from 220 to 260 nm, which 
corresponded to the change of bandgap from ≈5.64 to ≈4.77 eV 
(Figure  8a,b). What is more, no multiabsorption edge was 
observed for all films, confirming no phase separation in these 
samples. In another study, by adjusting the composition of the 
MgxZn1−xO ceramics as precursor targets, MgxZn1−xO films 
with Mg content from 0.70 to 0 were successfully prepared 
via magnetron sputtering.[141] Similar tendency of gradually 

enlarged bandgap with increasing Mg content has also been 
observed. However, for x value of 0.5 and 0.55, the films had 
obvious double absorption edges, suggesting the appearance 
of phase separation. The exact reason for the different find-
ings in the two works was not clear, but it might be related to 
the fact that MOCVD was a nonequilibrium growth technique, 
and at relatively low growth temperature, it is kinetics, rather 
than thermodynamics that dominates the growth process. 
That means most radicals did not have enough time to reach 
their energy-minimum sites, and thus were unable to form 
single-phased MgxZn1−xO films. It has also been reported that 
the absorption cutoff edges of MgxZn1−xO films shifted to long 
wavelengths after thermal annealing treatment, and the shift 
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Figure 8.  a) Transmission spectra of MgxZn1−xO thin films (x = 0.50, 0.52, 0.55, 0.62, and 0.70). The inset is a plot of (αhv)2 versus hv that gives the 
bandgaps of these films. b) Normalized response spectra of a MgxZn1−xO photoconductor with x = 0.50, 0.52, 0.55, 0.62, and 0.70. The inset shows the 
cutoff wavelength of the photodetector as a function of Mg content. Reproduced with permission.[139] Copyright 2008, American Institute of Physics 
Publishing. c) I–V characteristics of the m-Z0.67M0.33O, m-Z0.59M0.41O, and m-Z0.39M0.61O photodetectors in a dark condition and under DUV illumina-
tion. d) Peak responsivity of the m-Z0.67M0.33O, m-Z0.59M0.41O, and m-Z0.39M0.61O photodetectors as a function of bias voltage. e) Energy band diagram 
and carrier transport process of m-ZMO photodetector at different conditions: at thermal equilibrium (top panel), under bias in dark (middle panel), 
and under bias with UV illumination (bottom panel). Reproduced with permission.[147] Copyright 2015, American Chemical Society.
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was more obvious in films with higher Mg content.[143] The 
effect could be ascribed to the diffusion of Zn atoms gathering 
at the film surface during the thermal treatment process, 
which led to the absorption of DUV light occurring mainly at 
the film surface. Photodetectors based on annealed wurtzite 
Mg0.445Zn0.555O and cubic Mg0.728Zn0.272O films showed peak 
responsivities of 17 mA W−1 at 275  nm and 0.53 mA W−1 at 
250 nm, respectively.

Phase separation in MgxZn1−xO films usually resulted in an 
extra response band, in addition to the main response peak. 
For example, Jiang et al. observed the appearance of a shoulder 
in the response spectrum at ≈265  nm besides the dominant 
peak at ≈225 nm for photodetectors based on magnetron sput-
tering–grown cubic Mg0.70Zn0.30O films accompanied by a small 
amount of hexagonal phases.[142] However, due to the higher 
Mg content in h-MgxZn1−xO and small lattice mismatch of both 
ZnO and MgO with a-face sapphire, photodetectors made from 
mixed-phase MgxZn1−xO films prepared on a-face sapphire 
substrates can also show only one response peak.[146,147] As an 
example, Fan et  al. have prepared mixed-phased MgxZn1−xO 
films on a-face sapphire substrates via plasma-assisted MBE 
technique and systematically studied the Mg content–dependent 
photoresponse properties.[147] They found that at a bias of 
40  V, with x value increasing from 0.33 to 0.41 and 0.61, the 
photodetector witnessed a gradual decrease in dark current 
from 78, 11, and 4 pA, respectively (Figure  8c). In addition,  
the corresponding peak responsivities also decreased from  
434 to 89.8 and 3.7 A W−1 (Figure 8d), while the specific detec-
tivity changed from 7.9 × 1013 to 3.5 × 1013 and 2.26 × 1012 Jones, 
respectively. The authors proposed an operation mechanism to 
interpret the low dark current and high responsivities achieved 
in this work. As shown in Figure  8e, c- and h-MgxZn1−xO 
were grown uniformly and dispersedly on the surface of the 
sapphire substrate. Therefore, the low dark current could be 
attributed to the inherently high resistance of c-MgxZn1−xO, 
and the presence of large amount of heterojunctions between 
c- and h-MgxZn1−xO. Electrons could be trapped at interfaces 
of these heterojunctions, which induced potential barriers that 
can impede the flow of electrons under an applied bias. On the 
other hand, the high responsivities arose from the internal gain 
due to the prolonged lifetime of photogenerated holes. Upon 
DUV illumination, electron–hole pairs were excited and partial 
photogenerated holes were trapped during the transport pro-
cess at c-/h-MgxZn1−xO interfaces or by interface defects and 
deep defects, prolonging their lifetime. What is more, devices 
based on these mixed-phase MgxZn1−xO films also exhibited 
fast response speed with decay times of 37, 30, and 0.7  ms, 
respectively.

In addition to thin films, photodetectors based on MgxZn1−xO 
nanostructures have also been realized.[148] By using a chemical 
solution method, Wu et al. successfully grew vertical MgxZn1−xO 
nanorod arrays with good uniformity on glass substrates. They 
found that aluminum-doped zinc oxide (AlZnO) can form good 
Ohmic contacts with MgxZn1−xO nanorod array film, due to the 
high carrier density resulting from the existence of defect states  
including oxygen vacancies and zinc interstitials. The photo
detector assembled from the MgxZn1−xO nanorod array 
exhibited a decent responsivity and DUV/visible rejection ratio 
(R260/R360) of 2.01 A W−1 and 6.24 × 102, respectively.

4.2. MSM Photodetectors

As a supplement to photoconductors, MSM photodetectors 
based on MgxZn1−xO films have also received wide research 
interest.[149–159] To overcome phase separation in MgxZn1−xO 
films with high Mg content, some strategies have been devel-
oped such as using a ZnO buffer layer during MBE growth or 
adopting relatively high substrate temperature and low growth 
rate during magnetron sputtering.[149,150] MSM photodetectors 
made from single-phase h-Mg0.46Zn0.54O films showed peak 
responsivity of 31.1 A W−1 at 70 V bias with a cutoff wavelength 
of 280 nm and an internal gain of 148.[150] Such a large internal 
gain was attributed to the trapping of photogenerated holes at 
deep energy levels, as evidenced by the deep-level transient spec-
tral measurement. Furthermore, by employing a relatively low 
growth temperature and oxygen-rich conditions during MOCVD 
growth process or using lattice matched ZnO substrates as 
growth substrates during reactive magnetron cosputtering, 
single-crystalline MgxZn1−xO films were successfully pre-
pared.[153,154] The corresponding MSM photodetectors exhibited 
the maximum responsivity of 396 mA W−1 upon 246 nm DUV 
illumination, and a low dark current density of 1.5 × 10−11 A cm−2, 
at 10  V bias.[153] When using ZnO substrates, the response 
from ZnO could be suppressed by increasing thickness of the 
MgxZn1−xO films.[154] Devices with 2  µm thick films showed 
responsivity of 304 mA W−1 at 260 nm, and photoresponse rejec-
tion ratio (R260/R365) exceeding 5 × 102, at a bias of 10 V. Interest-
ingly, when cubic MgO films were used as growing substrates, 
the surface roughness of MOCVD-grown Mg0.58Zn0.42O films 
can be reduced dramatically from 38 to 1.6 nm.[155] However, due 
to the smoother surface with fewer defects and reduced absorp-
tion probability for sub-bandgap light, DUVPDs showed lower 
sub-bandgap photoresponse than the ones made from films with 
rougher surface. In addition, the devices also exhibited low dark 
current of 0.16 pA at 15 V, thanks to the high crystal quality. The 
maximum responsivity was 15.8 mA W−1, and the DUV/visible 
rejection ratio (R240/R400) was as high as 104.

The performance of MgxZn1−xO-based DUVPDs can be fur-
ther improved by reasonable design of electrode structures or 
doping of MgxZn1−xO.[156–158] Wang et  al. observed that com-
pared with the DUV devices that used conventional electrode, 
MSM photodetectors utilizing semicircular and triangular 
electrodes displayed a 20.5% and 100% increase in photo-
current, respectively.[156] Furthermore, by using asymmetric 
Schottky barrier and electrode area, the dark current of MSM 
photodetectors can be reduced by 20 times and 1.3 times, 
respectively, without a noticeable loss in photocurrent.[158] The 
n-type conduction of MgxZn1−xO films can be overwhelm-
ingly improved by 2 orders of magnitude through employing 
triethylgallium as the dopant source during MOCVD growth 
process.[157] In sharp contrast with undoped samples, the 
responsivity of MSM photodetectors made from Ga-doped 
films increased by ≈50 times from ≈1 to ≈50 mA W−1 under 
265 nm illumination at 10 V bias. On the strength of theoret-
ical simulation, such improvement could be ascribed to higher 
electrical field intensity in the effective layer of Ga-doped 
devices resulting from the narrower depletion region under 
the sample applied bias that could facilitate more efficient 
separation of carriers.

Adv. Funct. Mater. 2019, 29, 1806006



www.afm-journal.dewww.advancedsciencenews.com

1806006  (16 of 40) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

4.3. Hetero-/Homojunction and Schottky Photodiodes

DUV photodiodes rooted in MgxZn1−xO/Si heterojunctions 
have been successfully fabricated by depositing high-quality 
MgxZn1−xO films on p-type Si substrates, on whose surface a 
thin BeO layer was coated to provide an excellent template for 
high-Mg-content MgxZn1−xO growth.[160] The heterojunctions 
had a large rectification ratio of ≈300 in darkness and peak 
responsivities of ≈11 mA W−1 at 240–275 nm. Due to the efficient 
block of photogenerated holes in Si by the large valance band 
offset, no visible photoresponse was observed, which contrib-
uted to a sharp cutoff wavelength at ≈280 nm. Recently, through 
depositing the vertically aligned dense doped polyaniline (PANI) 
on MgxZn1−xO films, Chen et  al. realized a self-powered DUV 
photodiode based on the organic/inorganic hybrid p–n hetero-
junctions (Figure 9a).[161] Upon a relatively weak 250 nm DUV 
illumination (130 µW cm−2), the photodetectors achieved a high 
Ilight/Idark ratio of ≈104, giving rise to a maximum responsivity 
of 160 µA W−2, at 0 V bias, as depicted in the Figure 9b,c. What 
is more, the DUV/visible rejection ratio (R250/R400) can reach as 
high as ≈104 (Figure 9d). Even at a bias of −1 V, the device still 
possessed a low dark current of 0.44 pA and a decent specific 
detectivity of 1.5 × 1011 Jones. These results suggested that such 
self-powered photodiodes signified great potential for energy-
efficient weak signal detection in solar-blind DUV region. By 
doping MgxZn1−xO with Be atoms, it is possible to achieve 
MgxBeyZn1−x−yO films on p-Si substrate. It was observed that 
inserting an Al-doped ZnO interfacial contact layer can remark-
ably improve the peak responsivity from 0.003 to 0.11 A W−1 

at 0  V bias, which accords with a high EQE value of 53% at 
270 nm.[162] Such an improvement was likely to happen due to 
the significantly enhanced carrier collection efficiency. Through 
changing the stoichiometry spatial gradient, novel DUV photo-
diodes on account of graded-bandgap n-MgxZn1−xO/i-MgO/p-Si 
heterojunctions were successfully constructed, another example 
was schematically shown in Figure  10a.[163] The considerable 
spatial gradient of the conduction band edge can supply a quasi-
electric force exerted on the electrons, which promoted efficient 
separation of photogenerated electron–hole pairs in MgxZn1−xO 
layer (Figure 10b). The quasielectric fields also impelled the gen-
eration of multiple carriers through impact ionization under 
ultralow threshold bias voltage. As a consequence, the detec-
tors achieved good DUV response performance in terms of a 
high peak responsivity approaching 1200 mA W−1 with an acute 
cutoff wavelength at ≈280  nm, and DUV/visible rejection ratio 
(R240/R600) of ≈102, at −6 V bias (Figure 10c).

DUV photodiodes composed of MgxZn1−xO Schottky junc-
tions have also been reported.[164] MgxZn1−xO films grown via 
plasma-assisted MBE on Sn-doped β-Ga2O3 substrates, and 7 nm 
Pt semitransparent electrode was chosen as Schottky barrier con-
tact. It was observed that MgxZn1−xO grown on an MgO buffer 
layer possessed a rocksalt lattice structure, while the film without 
buffer layer entertained a mixed phase of rocksalt and wurtzite lat-
tice structures. Photoresponse analysis revealed that devices made 
from rocksalt MgxZn1−xO can present solar-blind response charac-
teristic with peak responsivity of 0.1 µA W−1 at 0 V bias, whereas 
the devices based on mixed-phase MgxZn1−xO was susceptible to 
incident illumination with wavelength as long as ≈370 nm.
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Figure 9.  a) Schematic diagram of a PANI/MgZnO heterojunction DUVPD operating without bias voltage. b) Time-dependent photoresponse of the 
heterojunction photodetector upon illuminations with different wavelengths. c) Spectral response of the PANI/MgZnO photodetector at 0  V bias 
along with a reference MgZnO photodetector at −1 V bias. d) Spectral response of PANI/MgZnO photodiode in logarithmic scale. Reproduced with 
permission.[161] Copyright 2016, Wiley-VCH.
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In conclusion, photoconductors in view of MgxZn1−xO 
thin films usually show summit responsivities ranging 
from 0.53 mA W−1 to 434 A W−1, while MgxZn1−xO thin 
film–based MSM photodetectors exhibit peak responsivities in the 
order of 1 mA W−1 to 31.1 A W−1, both of which are much lower 
than resembling devices made from β-Ga2O3 thin films. The 
photoresponse rejection ratio can reach 102–104. Moreover, tuning 
on the atomic ratio of Mg/Zn during material preparation pro-
cess affords additional degree of freedom to regulate the bandgap, 
and thus increasing efficiency of the DUV photoresponse prop-
erties of the detectors. Optimization of device performance is 
feasible by rational design of electrode architectures, and doping 
of MgxZn1−xO thin films. On the other hand, heterojunction 
and Schottky photodiodes made of MgxZn1−xO thin films show 
much lower responsivities in the order of 10−7 to 1 A W−1, and 
comparable photoresponse rejection ratio of 102–104. As is known 
to all, introducing an interfacial contact layer to the significantly 
enhancement of carrier collection efficiency has proved to be an 
efficient approach for improving performance of these devices. 
However, there still remains some challenges. One critical issue 
pertains to the extra response band as well as degradation in DUV 
light detection performance resulting from possible phase sepa-
ration in MgxZn1−xO alloys with moderate Mg content. Another 
challenge is realizing high-quality p–n (p–i–n) and Schottky junc-
tion photodiodes due to the difficulty in achieving effective n- and 
p-type doping of MgxZn1−xO.

5. III-Nitride Compounds

III-nitride compounds refer to materials made of the group 
III elements (essentially B, Al, Ga, In) and the group V 
element, N.[165,166] Typically, they are immediate bandgap semi-
conductors with values varying from 0.7 eV for InN, 3.4 eV for 
GaN, 4.5–6.4  eV for BN, to 6.2  eV for AlN.[165,167] By alloying 

these compounds, ternary III-nitride semiconductors like 
InxGa1−xN, InxAl1−xN, and AlxGa1−xN can offer tunable bandgaps 
that cover the near-infrared (NIR)–visible–UV region. The chem-
ical bonding within III-nitrides is usually very strong, to a certain 
extent, it gives them high melting point, mechanical strength, 
and chemical stability, and renders them resistance to high-cur-
rent electrical degradation and radiation damage.[168] In addition, 
these materials hold advantages of high electron mobility and 
saturation velocity, high breakdown field, large absorption coef-
ficient, and good thermal stability and conductivity, making them 
extremely appropriate for high-power and high-speed electronics, 
blue/UV light-emitting diodes (LEDs) and laser diodes (LDs), 
and high-frequency transistors operating at high temperatures 
and in hostile environments.[165] Among this class of semicon-
ductors, AlxGa1−xN with a continuously tunable bandgap from 
3.4 to 6.2 eV is the most widely explored material for solar-blind 
DUV light detection.[8] Owing to the abovementioned distinctive 
features, we can infer AlxGa1−xN-based DUVPDs that can tolerate 
a large working bias voltage and operate at extremely harsh con-
ditions have been realized.[8] Besides, hexagonal BN (h-BN), the 
most stable crystalline form of BN, has also emerged as a prom-
ising candidate for solar-blind DUV photodetection, because of 
its extraordinary physical properties, in particular the large band-
edge absorption coefficient as high as 7.5 × 105 cm−1.[169] In the 
following section, we are going to discuss the research advances 
in solar-blind DUVPDs constructing its base elementarily on 
AlxGa1−xN and on h-BN reported in recent years.

5.1. Photoconductors

5.1.1. AlxGa1−xN/AlN

AlxGa1−xN epilayers suitable for solar-blind photoconductors 
application can grow on sapphire substrate by low pressure 
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Figure 10.  a) Schematic diagram of a DUV photodiode based on the graded-bandgap n-MgxZn1−xO/i-MgO/p-Si heterojunction. b) Schematic diagram 
showing the band alignment of the heterojunction under equilibrium condition (top panel) and under illumination (bottom panel) at reverse bias. 
c) Spectral responsivity of the photodiode under different reverse bias voltages. Inset shows the responsivity at 240 nm illumination under different 
reverse bias voltages. Reproduced with permission.[163] Copyright 2015, Optical Society Publishing.
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MOCVD.[170] The as-grown films had a good crystalline quality, 
as confirmed by the X-ray diffraction (XRD) analysis. Further 
optoelectronic characterization indicated that the as-fabricated 
AlxGa1−xN devices exhibited high sensitivity to DUV illumina-
tion. Notably, the cutoff wavelength of the devices can be briefly 
adjusted to as low as 271 nm, by tailoring the Al contents. After-
ward, large-area AlN layers (0.50 × 0.55 mm2) with different 
density of inversion domains (IDs) were synthesized on sap-
phire substrates by the usage of gas source MBE method.[171] 
Significant reduction in the ID density was achieved by intro-
ducing AlN/GaN short period superlattices after the growth of 
AlN nucleation layer. Photoconductors made of AlN layers with 
ID density of 106 cm−2 showed a very low dark current of 0.5 fA 
at zero bias, which still remained below 50 fA at a high bias of 
30  V. What is more, the devices displayed a peak responsivity 
of 0.08 A W−1 at ≈202 nm and a cutoff wavelength of 213 nm, 
with a large rejection ratio (R202/R285) exceeding 103.

5.1.2. h-BN

By using MOCVD technique, layers of h-BN have been epitaxi-
ally grown on sapphire substrates, prior to which 10 nm thick 
BN buffer layer serving as nucleation layer and also enhancing 
the adhesion of the subsequent h-BN epilayer was deposited.[172] 
Photoconductors based on such epilayers had a low dark cur-
rent of ≈10−11 A cm−2 at a large bias of 100  V, and exhibited a 
peak photoresponse at 217 nm with a fierce cutoff wavelength at 
≈230 nm, suggesting great potential for solar-blind DUV photo-
detection. Recently, 2D h-BN with thickness of several to tens of 
atomic layers that are ideal for solar-blind DUV photodetection 
have been successfully synthesized by PLD.[173,174] Besides, ion 
beam sputtering deposition can produce uniform and continuous 
h-BN layers over a large area of decimeter scale on Cu foils, which 
was transferable to other substrates and was therefore favorable 
for fabricating optoelectronic devices.[175] The substrate tempera-
ture during the growth process has a substantial influence on the 
density of grain boundary and crystalline quality, and thus the 
optoelectronic properties of the as-prepared h-BN layers. Photo
detectors made from optimal h-BN layers exhibited high photo
response characteristics with Ilight/Idark exceeding transcending 
103 at 212  nm DUV illumination and a steep cutoff wave-
length at ≈225 nm.[175] The responsivity, specific detectivity, and 
response speed are 0.1 mA W−1, 2.4 × 108 Jones, and 0.32/0.63 s, 
respectively. Due to their good thermal stability and conductivity, 
h-BN DUVPDs can operate properly with excellent features in 
stability and repeatability even at a working temperature as high 
as 400 °C, suggesting the great future for the use in some special 
applications where high temperature was required.[174]

5.2. MSM Photodetectors

5.2.1. AlxGa1−xN/AlN Thin Films

Due to the extremely wide bandgap and the presence of enor-
mous surface states, AlxGa1−xN can easily form Schottky con-
tact with most of metal electrodes. Therefore, the majority 
of AlxGa1−xN photodetectors with the geometry of two metal 

contacts affixed to opposite sides of the material can be 
regarded as MSM photodetectors. In general, the AlxGa1−xN 
layers for MSM device application grow on sapphire substrates 
via MOCVD,[176–189] MBE,[190,191] sputtering method,[192,193] and 
metal–organic vapor phase epitaxy (MOVPE).[194,195] In order 
to push forward with the growth of high-quality AlxGa1−xN 
layers and also to promote the adhesion between the layers 
and substrates, GaN or AlN layers with thickness of tens to 
hundreds of nanometers were often employed as buffer or 
nucleation layers.[178,180–182,184,187–189,191,193–195] It has been 
found that with the increase of x value, the peak response 
as well as the cutoff wavelengths of the MSM photodetectors 
manifested obvious blue transfer to shorter wavelength, an 
indicative of variation in the AlxGa1−xN bandgap. Meanwhile, 
the AlxGa1−xN MSM devices had dark current as low as tens 
of femtoamperes even at a very large operating bias voltage of  
300 V.[176,182,183,185] The Ilight/Idark ratio, responsivity, and photo
response rejection ratio achieved in these studies were usu-
ally in the range of 102–107, 100–400 mA W−1, and 102–104, 
respectively, which depended intensely on the operating bias 
voltage and DUV light intensity. In some cases, ultrafast DUV 
photodetection with 3 dB bandwidth as large as 150  MHz 
have also been realized.[182]

Li et al. have fabricated DUVPDs that consisted in MOCVD-
grown high quality AlN epilayers (Figure 11a,b), which demon-
strated a peak responsivity with maximum value of 0.4 A W−1 at 
200 nm and a very vigorous cutoff wavelength at 207 nm.[183] In 
addition, the device also possessed a low dark current of ≈100 fA 
at a large bias of 200 V (Figure 11c), and a large photoresponse 
rejection ratio (R200/R280) exceeding 104 (Figure 11d). The dark 
current depended strongly on the thickness of the AlN layers. 
In another study, we find MSM photodetectors based on 4.0 µm 
thick AlN layers had a dark current of ≈50 fA, while the cur-
rent value increased dramatically to ≈300 fA for 1.5  µm thick 
AlN-based device at a high voltage of 300 V.[185] Therefore, these 
results could be correlated with the distinguished density of the 
threading dislocation in AlN layers with different thicknesses, 
as confirmed by the XRD measurement, and suggested that 
improved sensitivity can be possible by constructing DUVPDs 
and exploiting thicker AlN layers.

Various studies have shown that the photoresponse of 
AlxGa1−xN MSM photodetector was determined not only by 
the Al content, but also by the properties of the buffer layer 
between AlxGa1−xN and substrates.[179,184] In a recent work, the 
authors found that, with the increase of Al contents (from 0.4 to 
0.6 in molar percentage), the cutoff wavelengths of AlxGa1−xN 
MSM photodetectors shifted gradually from 290 to 251 nm, and 
additionally, both peak and band-edge responsivities reduced 
monotonously.[179] Furthermore, by increasing the operational 
voltage from 3 to 20 V, the peak responsivity rose exponentially 
by more than 2 orders of magnitude from ≈0.1 to ≈12 A W−1, 
indicating the presence of an internal gain mechanism clearly.

Lu and co-workers reported the synthesis of large-
area Al0.4Ga0.6N epilayers on AlN buffer layers for solar-
blind DUVPDs, which revealed a low dark current density 
of 3.2 pA cm−2 under 20  V bias, and a breakdown voltage of 
up to 385 V.[188] When working at 150 °C, the dark current can 
keep almost invariant, while the photocurrent decreased by 
20–40% in comparison with those at room temperature.[178,189] 
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Such a degradation in photocurrent was likely to be caused 
by the enhanced carrier recombination at high temperatures. 
The relatively incredible device stability at high temperature 
and the exceptional high Ilight/Idark ratio of 107 upon 254  nm 
DUV illumination suggest the promising application in rig-
orous condition. Apart from AlxGa1−xN, AlN epilayers can be 
used to fabricate solar-blind DUVPDs for harsh electronics as 
well (Figure  12a).[192] The AlN photodetectors on Si showed a 
dark current as low as ≈1 nA even at an operating bias higher 
than 200 V. As shown in Figure 7b–d, the devices were capable 
of detecting DUV illumination up to 300  °C with the photo-
to-dark current ratio (PDCR, defined as (Ilight  − Idark)/Idark) 
decreasing from 63 at room temperature to 3.5, owing to the 
small levels of leakage current and high thermal stability of 
AlN at a high temperature. Nevertheless, further aggrandizing 
the temperature to 400 °C led to a substantial increase in dark 
current, which cannot be distinguished from the photocurrent, 
showing a sign that the devices cannot work properly. It is also 
worth noting that the devices exhibited fair radiation tolerance, 
and they can operate properly even after proton radiation expo-
sure with a 3 MeV proton fluence of 1013 cm−2. The excellent 
temperature tolerance and radiation hardness, together with 
the fast response speed of ≈110/≈80 ms confirmed that the AlN 
solar-blind DUVPDs hold great promise for the extremely harsh 
electronic applications, such as sensing, imaging, and intrachip 
optical interconnects in the space environment marked by high 
temperature and high radiation.

The device performance of the DUVPDs can be optimized 
by introducing Al nanoparticles (NPs), so that it can induce 
surface plasmon resonance under DUV illumination.[180,181] 
For example, by exploiting a nanosphere lithography tech-
nique, size-controlled Al NP arrays were decorated onto 

AlxGa1−xN-based MSM photodetectors. This decoration led 
to not only a reduction in dark current, but also an increase 
in photocurrent (Figure  13a,b).[181] As a consequence, the 
Ilight/Idark ratio risen dramatically from ≈102 to ≈106 at 269 nm 
under 20  V bias. Another point worthy of mention was that 
the peak responsivity was enhanced by more than 25 times, 
reaching 2.34 A W−1 (Figure 13c). The reduced dark current on 
one hand is put down to the suppression of carrier transport via 
conductive defect states by the surface-oxidized Al NPs that act 
as a passivation layer for AlxGa1−xN, while the improved photo-
current was due to the increased optical absorption by field 
enhancement and light scattering by Al NPs (Figure  13e), as 
well as the injection of hot electrons from the NPs to AlxGa1−xN 
layers (Figure 13d), according to theoretical calculation. On the 
other hand, the enhanced electromagnetic field surrounding 
the Al NPs can accelerate the separation of electron–hole pairs, 
and it will lead to the enhancement of photocurrent.

To overcome drawbacks like large dark current and 
slow response inherent to UWBG semiconductor–based 
photodetectors with large internal gains, quasialloy of BGaN 
monolayer/semi-insulating iron-doped GaN superlattices 
grown by MOVPE method was employed as the active layer.[196] 
It was observed that the usage of superlattice structure can 
lower the dark current, while maintaining the high internal 
gain with value of up to 3 × 104 for low optical power, and 
achieving rapid time response of tens of nanoseconds for high 
optical power. Furthermore, narrowband DUV photodetection 
has also been achieved by employing MOVPE-grown ultra-
short-period (AlN)m/(GaN)n superlattices with tunable well and 
barrier atomic layer numbers (Figure  14a).[197] As revealed by 
the HRTEM image in Figure  14b, the as-grown superlattices 
contained well-defined, coherently strained GaN and AlN layers 
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Figure 11.  a) Schematic diagram of a MSM photodetector based on AlN epilayer. b) An optical microscopy of the fabricated MSM photodetector. c) I–V 
characteristic of the AlN MSM photodetector in dark. d) Spectral response of the device at 30 V. The inset shows the responsivity of the device as a 
function of the applied bias. Reproduced with permission.[183] Copyright 2006, American Institute of Physics Publishing.
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as thin as two atomic layers. Due to the interband transitions 
between quantum states along the [0001] direction in ultrathin 
GaN atomic layers isolated by AlN barriers, the superlattices 
can exhibit optical absorption bands as narrow as 9 nm at DUV 
wavelength region, as confirmed by both theoretical and experi-
mental results. Precise adjustment of the atomic layer numbers 
of 1, 2, 4, and 6 for the GaN 2D layers gave peak response wave-
length at 230, 240, 248, and 266 nm, respectively (Figure 14c), 
which was attributed to the tunable absorption spectrum 
because of quantum confinement effect. MSM photodetectors 
based on this special superlattice with 4 atomic layer reached a 
responsivity of 51 mA W−1 under 240 nm DUV illumination at 
a bias of 40 V. The results suggested great possibility for real-
izing wavelength selectable and narrowband DUV photodetec-
tion without the use of additional optical filters.

5.2.2. AlN Micro-/Nanowires

Zheng et  al. presented the triumphant growth of high-quality 
defect-free AlN micro-/nanowires via a two-step physical vapor 
transport method.[198] In darkness, devices made from such 
an individual micro-/nanowire exhibited a dark current lower 
than 100 fA at a bias of 20 V together with a large breakdown 
voltage higher than 100  V. Upon 193  nm DUV radiation, the 
current increased drastically to as high as 24 nA, giving rise to 
a large Ilight/Idark ratio exceeding 105. The responsivity reached 

0.39 A W−1, which was ≈2 orders of magnitude higher than that 
of AlN film–based devices. Another point is that the detectors 
showed a sharp response cutoff at the wavelength of 208  nm 
with a photoresponse rejection ratio (R190/R260) exceeding 102. 
The rise and decay times were estimated to be <0.1 and <0.2 s, 
respectively. Such a relatively good response speed can be attrib-
uted to the following aspects: 1) the single-crystalline nature 
of micro-/nanowire with low defect density greatly lowers the 
probability of carrier scattering and thus retain the high carrier 
mobility; 2) the reduced dimensionality of the micro-/nanowire 
provides an effective conductive channel, which can confine the 
active area of the charge carriers and shorten their transit time.

5.2.3. h-BN/Cubic BN (c-BN)

Apart from AlxGa1−xN and the relative heterostructures, BN has 
also demonstrated great potential for solar-blind DUV MSM pho-
todetector application.[199,200] High-quality c-BN films have been 
successfully grown in an electron-cyclotron-resonance micro-
wave plasma CVD or PECVD system.[201,202] MSM photodetector 
based on c-BN films displayed a peak responsivity of 32 mA W−1 
at 180  nm and a very steep cutoff wavelength at 193  nm.[201] 
The photoresponse rejection ratio (R180/R250) exceeded 104, sug-
gesting that c-BN was a very feasible material for DUV sensing. 
By using MOCVD technique, h-BN epilayers have been synthe-
sized, which exhibited a large band-edge absorption coefficient 
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Figure 12.  a) Schematic diagram of an AlN MSM photodetector on Si substrate. b) I–V curves of the AlN MSM photodetector measured in the dark 
and under AM 1.5G illumination and 185 nm DUV illumination. c) I–V curves of the AlN MSM photodetector measured in the dark at different working 
temperatures. d) PDCR value as function of temperature under 5 V bias and 185 nm light illumination. Reproduced with permission.[192] Copyright 
2013, Nature Publishing Group.
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as high as 7 × 105 cm−1.[203] Such a high value implied that virtu-
ally all incoming photons can be absorbed by only a very thin 
layer of h-BN with a thickness of ≈70  nm. h-BN layer–based 
MSM photodetectors disclosed a peak responsivity at 220  nm 
with a sharp cutoff wavelength at ≈230  nm. What is more, 
the device can withstand a large working voltage as high as 
≈800  V, which is consistent with a breakdown electric field of 
≈4.4 MV cm−1. 2D h-BN has also been explored as the active 
material in MSM photodetectors.[204,205] For instance, h-BN 
nanosheet photodetector fabricated through PLD technique 
exhibited a relatively low dark current of ≈15 nA and virtually 
no sign of breakdown, even at a very large operating bias of 
800 V.[204] The DUV/visible rejection ratio (R227/R450) can reach 
as high as 108. What is more, the devices showed a fast response 
speed of 0.6/1.8  ms, much quicker than that of thicker h-BN 
MSM photodetectors. Recently, Wang et  al. brought forth the 
synthesis of large-sized single-crystalline h-BN domains with a 
lateral size up to 100 µm on Ni foils using ion beam sputtering 
deposition method.[205] The MSM photodetectors building its 

base on such a h-BN monolayer were extremely sensitive to 
190 nm DUV illumination with a large Ilight/Idark ratio of 103.

5.3. p–n and p–i–n Junction Photodiodes

Because of the ascending difficulty in the introduction and 
activation of p-type dopant such as Mg atoms in AlxGa1−xN 
compounds, construction of AlxGa1−xN-based p–n junctions 
remains a challenge.[206,207] Nikishin and co-workers expounded 
that effective p- and n-type doping can be successfully realized 
by using Mg and Si as dopants, respectively, in superlattices of 
AlN/AlGa(In)N with AlN content as high as 0.73.[208] With this 
advantage, they fabricated solar-blind photodetectors based on 
p–n junctions of AlN/AlGa(In)N superlattices.[209] The device 
structure basically consisted of an AlN nucleation/buffer layer 
deposited on sapphire, followed by a Si-doped GaN buffer 
layer, two n- and p-type AlN/AlGa(In)N superlattices, and Mg-
doped Al0.08Ga0.092(In)N contact layer. Without any surface 
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Figure 13.  a) Schematic illustration of an AlGaN-based MSM photodetector with size-controlled and well-ordered Al nanoparticle arrays. b) I–V 
characteristics of the photodetector with and without Al NPs in dark and under DUV illumination. c) Spectral response of the detector with and without Al 
NPs under 20 V applied bias. d) Schematic illustrating the charge transfer process between AlGaN and Al NPs under DUV radiation. e) Electric field inten-
sity distribution at different positions for I) a single Al NP on sapphire under 268 nm light illuminating obtained by finite-difference time-domain (FDTD) 
simulation: II) the top, III) the bottom, and IV) the side view. Reproduced with permission.[181] Copyright 2015, American Institute of Physics Publishing.
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passivation, the detectors achieved a low dark leakage currents 
of 0.2–0.3 pA, and high zero-bias resistance of ≈1 × 1011 Ω. The 
peak responsivity of 25 mA W−1 was obtained at wavelength 
below 260 nm, which coincides with EQE value of 12.5%. What 
is more, the device exhibited a large rejection ratio (R260/R380) 
as high as 106. Recently, higher EQE of ≈50% has been  
achieved in Al0.64Ga0.36N/Al0.34Ga0.66N p–n junction photo
detectors with high-Al content multiple quantum wells.[210] The 
devices had a peak responsivity of 0.1 A W−1 at 250 nm, which 
dropped off by >103 at 280 nm. The dark current was <0.1 pA at 
a bias of −0.5 V. In addition, a bandwidth-limited response time 
of 0.4 µs was accomplished, suggesting that this structure was 
potentially useful for high-speed DUV photodetection.

In addition to MSM photodetectors, AlxGa1−xN p–i–n 
photodiodes have been an equally considerable device geom-
etry.[189,211–227] By virtue of the relatively poor quality of p-type 
AlxGa1−xN, the p–i–n photodiodes are typically designed 
with n-type layer at the bottom. The employed p- and n-type 
dopants in the reported studies are usually Mg and Si, respec-
tively. However, Si–In codopant was sometimes used as well, 
which was beneficial for mitigating some of the remaining 
strain and allowing for the growth of thicker, higher quality, 
and low resistance n-type conduction layer.[216] With the pur-
pose of facilitating the collection of photocarriers, a thin p-type 
GaN (5–10  nm) was even incorporated between the p–i–n 

structure and metal contact because p-GaN was more conduc-
tive than p-AlxGa1−xN.[221,223] Up to now, AlxGa1−xN-based p–i–n 
photodiodes have achieved peak responsivities in the range 
of 10.8–180 mA W−1 (EQE values of 7–90%), which depended 
strongly on the applied reverse biases. Furthermore, the 
photoresponse rejection ratios are in the range of 103–106. Due 
to the extremely large bandgaps, the AlxGa1−xN-based p–i–n 
photodiodes exhibited very low dark current, yielding a high 
specific detectivity in the range of 1011–1014 Jones.

In some early studies, AlxGa1−xN-based p–i–n photodi-
odes usually worked in front-illuminated mode, namely the 
incident photons were absorbed at the front side electrode. 
These detectors were fabricated by depositing p–i–n structure 
on GaN templates. For example, an AlxGa1−xN photodiode 
with the structure of front electrode/Mg-doped AlxGa1−xN/
AlxGa1−xN/Si-doped AlxGa1−xN/Si-doped GaN/GaN/sapphire 
has grown on sapphire substrates by low-pressure MOCVD, 
as schematically shown in Figure  15a.[211] In the device, an 
additional semitransparent electrode and Mg-doped GaN cap 
layer were employed to advance the carrier collection since 
p-AlxGa1−xN had high resistivity and therefore the collection of 
photogenerated holes was less efficient. With this design, the 
peak responsivity can be improved by several orders of magni-
tude, reaching 0.05 A W−1 at 232 nm (Figure 15b), which can 
be further enhanced to 0.11 A W−1 by applying a bias of −5 V. 
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Figure 14.  a) 3D schematic of the photodetector-based (AlN)m/(GaN)n superlattice. b) A representative cross-sectional TEM image of the superlattice. 
c) Normalized photocurrent spectra as a function of wavelength under different biases with light illumination. The curves correspond to the GaN 2D 
layers with atomic layer numbers of 1, 2, 4, and 6 isolated by the same barriers of ≈6 AlN atomic layers, respectively. Reproduced with permission.[197] 
Copyright 2014, Royal Society of Chemistry.
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The high responsivity value corresponded to internal quantum 
efficiency (IQE) of ≈90%. What is more, the photoresponse  
rejection ratio (R232/R275) was as high as 104. p–i–n Photo
diodes fabricated on lateral epitaxial overgrowth (LEO) GaN can 
have superior DUV photoresponse performance than that on 
dislocated GaN. For example, they exhibited a faster response, 
a sharper cutoff in the spectral response, and a smaller dark 
current that is several orders of magnitude lower than conven-
tional devices.[220] Persistent photoconductivity (PPC), in which 
the recovery from the optical stimulus takes very long time, 
has been an unfavorable issue in UWBG semiconductor–based 
solar-blind DUVPDs.[228,229] In order to reduce the PPC in 
AlxGa1−xN/GaN photodetectors, Hou et al. employed a localized 
heating strategy by suppressing device suspension and in situ 
heating, and eventually it can enable acceleration of the carrier 
capture rate during operation.[230] It was found that the PPC 
behavior was considerably decreased by nearly 3 orders of mag-
nitude from tens of hours to second level, which is very impor-
tant for high-accuracy and fast-responsive detection application.

To avoid absorption loss, AlxGa1−xN photodiodes operating 
in back-illuminated mode have been developed recently. Con-
sidering the relatively small bandgap and efficient absorp-
tion of incident UV of <280 nm, thick GaN layer is no longer 
suitable for growing the p–i–n structure. Therefore, AlN and 
n-type AlxGa1−xN films with higher Al contents were prefer-
able to be employed as buffer and nucleation layers on the 
bottom of substrates, which had larger bandgap than i- and 
p-type AlxGa1−xN layers, and hence enabling the photons of 

interest to reach the depletion region of the photodiodes with 
minimal absorption loss. Typically, the Al concentrations in the 
bottom n-type layer were in the range of 0.60–0.40, while the 
values were 0.37–0.40 in the i- and p-type layers. In addition, 
the Al content was sometimes graded at the interfaces, which 
was conducive to minimizing stress between the heterostruc-
ture layers and piezoelectric effects. For instance, by using 
LP-MOCVD technique, p–i–n photodiodes with a structure of 
sapphire/AlN/Al0.6Ga0.4N/AlxGa1−xN(0.4 < x  < 0.6)/Si-doped 
Al0.4Ga0.6N/i-Al0.4Ga0.6N/Mg-doped Al0.4Ga0.6N/Mg-doped AlxGa1−xN  
(0.0 < x < 0.4)/Mg-doped GaN/metal contact layer was fabricated 
(Figure 15c).[223] At the bias of 0 and −60 V, the devices exhibited 
peak responsivities of 27 and 79 mA W−1 under 280 nm illumi-
nation, respectively, with DUV/visible rejection ratio (R280/R400) 
exceeding 103 (Figure 15d). In addition, a very low dark current 
of ≈5 nA cm−2 at −10  V was achieved, which released a large 
specific detectivity as high as 5 × 1013 Jones. A large number of 
approaches have been developed to optimize the DUV photore-
sponse.[216,226,227] For example, the dark current of p–i–n photo-
diodes can be reduced dramatically by ≈2 orders of magnitude, 
reaching 3 fA at a bias of −6 V, when the p-type GaN cap layer 
experienced recess etching.[226] In this case, the peak respon-
sivity was 0.11 A W−1 at 260 nm under −10 V bias and a DUV/
visible rejection ratio (R260/R400) reached more than 104. What 
is more, the ultralow dark current led to a high differential 
resistance of 9.52 × 1015 Ω, yielding a thermally limited specific 
detectivity as high as 4.9 × 1014 Jones. Through surface pas-
sivation of the sidewall of the active layers by oxygen plasma, 
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Figure 15.  a) Schematic illustration of a front-illuminated AlxGa1−xN-based p–i–n photodiode. b) Spectral responsivity of the photodetector comparing 
traditional and semitransparent contact schemes. Reprinted with permission.[211] Copyright 2000, American Institute of Physics Publishing. c) Schematic 
illustration of a back-illuminated AlxGa1−xN-based p–i–n photodiode. d) Spectral responsivity of the photodetector at different reverse working biases. 
Reproduced with permission.[223] Copyright 2001, IEEE Publishing.
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Kuryatkov et  al. reported p–i–n photodiodes based on short 
period superlattices of AlN/Al0.08Ga0.92N.[227] A low dark cur-
rent of ≈3 pA cm−2 and high zero-bias resistance of ≈6 × 1014 Ω 
were realized. Besides, the device exhibited a peak respon-
sivity of 62 mA W−1 at −10 V bias and a DUV/visible rejection 
ratio (R240/R320) of approaching 105. By using Si–In codoping 
method, high-performance p–i–n photodiodes with unbiased 
peak responsivity and EQE of ≈176 mA W−1 and ≈80% at 
275 nm, and a DUV/visible rejection ratio (R275/R400) exceeding 
106 have been realized.[216] The EQE value increased to 89% at a 
bias of −5 V, correspondingly to an IQE as high as ≈98%.

The rapid development of AlxGa1−xN-based solar-blind DUV 
photodiodes has also brought about research interests in ava-
lanche photodiodes. However, due to the inherent limitations 
that can lead to cracking of the material, large dislocation  
densities, low doping efficiencies, and lattice and thermal 
expansion mismatches with substrates, the realization of 
AlxGa1−xN-based avalanche photodiodes is extremely sophisti-
cated. In 2005, McClintock et al. reported the first observation 
of avalanche multiplication in AlxGa1−xN-based photodiodes.[231] 
Upon exposure to DUV illumination, the optical gain displayed 
a soft breakdown originating at relatively low electric fields, and 
eventually saturating without showing a Geiger mode break-
down. At a bias of −60  V, a maximum optical gain exceeding 
700 has been achieved, which corresponded to an electric 
field strength of 1.7 MV cm−1 in the light of finite element 
modeling. Recently, avalanche photodiodes with AlxIn1−xN-/
AlxGa1−xN-distributed Bragg reflectors were numerically  
demonstrated.[232] It was revealed that with the introduction 
of p-type AlxGa1−xN layer and low Al multiplicative layer, the 
avalanche breakdown voltage was significantly reduced by 13%, 
compared with conventional device structure. Such a reduction 
in avalanche breakdown voltage was partially due to the pres-
ence of an internal polarized electric field. Moreover, the higher 
conductive p-AlxGa1−xN that shared a lower voltage drop due to 
a higher doping efficiency is also a contributory factor.

5.4. Schottky Photodiodes

AlxGa1−xN-based Schottky photodiode has been one of the most 
studied device geometries for solar-blind DUV photodetection. 
The Schottky contacts can be formed using electrode including 
Pd,[233] Pt,[234,235] indium-tin-oxide (ITO),[236] and iridium oxide 
films.[237] Moreover, lateral geometry Schottky photodiodes 
composed of In–Si-codoped AlxGa1−xN with the maximum 
Hall electron concentration and mobility of 8 × 1017 cm−3 and 
40 cm2 V−1 s−1, respectively, and 5 nm thick Pd Schottky con-
tact has been also demonstrated.[233] For this special geom-
etry, the peak responsivity is 0.033 A W−1 at 275  nm, with a 
large rejection ratio (R275/R305) of more than 103. High-quality 
AlN epilayers grown on SiC substrate, which had excellent 
lattice match with AlN (≈1%), were coated with 10  nm thick 
Pt to form Schottky photodiode DUVPD (Figure  16a).[234] As 
displayed in Figure  16b, a peak responsivity of 0.12 A W−1 at 
200  nm and very sharp cutoff wavelength around 210  nm 
were attained. In addition, the photodiodes exhibited very high 
breakdown voltages exceeding 200  V, a very low dark current 
below 10 fA at a bias of −50 V, and a photoresponse rejection 

ratio (R200/R280) approaching 104 (Figure 16c,d). What is more, 
due to the extremely low leakage current and high zero bias 
responsivity, the thermally energy limited specific detectivity 
as high as 1.0 × 1015 Jones was realized. Besides noble metals, 
some metal oxides like ITO can also form Schottky contact with 
AlxGa1−xN as well.[236] The as-assembled ITO–AlxGa1−xN photo-
diodes exhibited a low dark currents of <1 pA at a bias of −20 V 
and a breakdown voltages higher than 40  V. Specifically, a 
maximum responsivity of 44 mA W−1 was achieved at 263 nm, 
which corresponded to EQE value of 21%. Further time-domain 
high-frequency measurements showed a 3 dB bandwidth that 
is as high as 1.10 GHz, signifying promising potential for high-
speed DUV photodetection application.

To conclude, photoconductors or MSM photodetectors 
based on AlxGa1−xN thin films typically exhibit decent peak 
responsivities from tens to hundreds of mA W−1, reasonable 
photoresponse rejection ratio of 102–104, and high Ilight/Idark 
ratio of 102–107. Moreover, these devices possess low dark cur-
rent in the level of picoamperes, and can withstand extremely 
high breakdown voltage (hundreds of volts). Tuning the peak 
response and cutoff wavelength is possible by tailoring the con-
tent of Al. Besides, performance enhancement can be realized 
by optimizing the properties of buffer layer between AlxGa1−xN 
and growth substrate, and exploiting surface plasmon reso-
nance effect. In addition, BN-based photoconductors or MSM 
photodetectors usually show lower responsivity values from 
0.1 to 32 mA W−1, with maximum photoresponse rejection 
ratio exceeding 108 and decent Ilight/Idark ratio of 103. On the 
other hand, p–n (p–i–n) or Schottky junction photodiodes 
made from AlxGa1−xN thin films can display peak responsivi-
ties from tens to hundreds of mA W−1, and high photoresponse 
rejection ratio in the range of 103–106. More importantly, due 
to the extremely low dark current in the level of 10−14–10−12 
A, these detectors can achieve high specific detectivity with 
the maximum value reaching 1015 Jones. Narrowband DUV 
photodetection is also realized by exploring a device geometry 
of ultrashort period (AlN)m/(GaN)n superlattices with tunable 
well and barrier atomic layer numbers. At the current stage, 
there still remain some issues limiting the development of  
III-nitride compound–based DUVPDs. For instance, due to the 
lack of suitable substrates, preparation of AlxGa1−xN thin films 
with high quality is rather difficult. Another big challenge is 
the difficulty to achieve highly conductive p-type AlxGa1−xN 
thin films because of the large activation energy of the widely 
employed Mg dopant in AlxGa1−xN with high Al content, so 
it turns out that it restricts exploration of light detection at 
shorter wavelength.

6. Diamond

Diamond is a solid crystal of tetrahedrally bonded carbon 
atoms in a covalent network lattice.[238] It possesses a host of 
extreme properties, such as exceptional thermal conductivity 
and saturation velocity, high charge carrier mobility and resis-
tivity, the lowest dielectric constant of all semiconductors, 
which render the highest figure-of-merit for high-temperature, 
high-power, and high-frequency operation.[239–241] In addi-
tion, this material has other outstanding features like a wide 
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bandgap as large as 5.5 eV and radiation and corrosion resist-
ance, making it an attractive candidate for solar-blind DUV 
photodetection especially in harsh conditions.[242,243] However, 
the wide use of diamond for DUV photodetection has been 
impeded because of the high cost, and difficulty of access 
to large size diamond.[13] The establishment of CVD growth 
processes has paved the way for developing diamond-based 
DUVPDs.[13] The wafer-scale polycrystalline diamond that is 
suitable for DUV detector application can be heteroepitaxi-
ally grown on Si substrates. Nevertheless, the high insulating 
property of undoped diamond makes it impossible to fab-
ricate solar-blind DUVPDs. To address this issue, a number 
of atoms including B, N, and Mg have been doped into dia-
mond as dopants to tune the electrical property. Extensive 
study has shown that while the p-type doping of diamond can 
be readily realized using boron, n-type doping is extremely 
difficult because of the close packing and rigidity of the dia-
mond lattice that prevents the incorporation of atoms larger 
than carbon.[13] In spite of these existing challenges, various 
types of solar-blind DUVPDs made from diamonds have been 
realized in recent years. In this section, we will introduce the 
recent achievement in this field.

6.1. Photoconductors

As an ideal building block for solar-blind DUV photocon-
ductors, the polycrystalline thin film is usually deposited on 
single-crystal Si substrates or on high-pressure/high-tem-
perature grown Ib(100)-type and IIa(100)-type single-crystal 
diamonds.[228,244–256] The synthetic methods so far include 
microwave-enhanced CVD and PECVD techniques. The detec-
tors typically exhibited steep cutoff wavelengths at around 
225  nm. For example, Liao and Koide presented a high-per-
formance planar photoconductor employing unintentionally 
doped homoepitaxially grown diamond thin film.[251] The device 
had a low dark current of around 1 pA, and a large Ilight/Idark 
ratio exceeding 104 under 220 nm DUV illumination at a bias 
voltage of 20  V (Figure  17a). The responsivity at 220  nm was 
estimated to be ≈6 A W−1 at 3 V bias, corresponding to a photo-
conductive gain of 33. What is more, the detectors exhibited an 
unbelievably high DUV/visible rejection ratio (R210/R400) of 108, 
about 100 times higher than that of Schottky photodiodes made 
from the same material (Figure 17b).

Beam monitoring of excimer laser operating at the high 
power density in the DUV region was of particular importance 
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Figure 16.  a) Schematic illustration of a Pt/AlN Schottky photodiode on SiC substrate. b) Spectral responsivity of the photodetector at different reverse 
bias voltages. The inset shows the peak responsivity at 200 nm as a function of working bias. c) I–V characteristics of the photodetector. The inset 
shows the same plot in semilog scale. d) Spectral responsivity of the photodetector measured at a reverse bias of 10 V. Reproduced with permission.[234] 
Copyright 2007, American Institute of Physics Publishing.
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because of the rapid proliferation of excimer laser systems in 
areas of industrial interest like micromachining and photoli-
thography. Benefiting from the intrinsic features of radiation 
hardness and visible blindness, the diamond was a good candi-
date for monitoring excimer laser radiation.[244,246–250] Whitfield 
et  al. found that sequentially applied postgrowth treatments 
(acid, air annealing and methane–air heating) of polycrystal-
line diamond prior to and following electrode fabrication can 
progressively change both the responsivity and response speed 
of diamond-based DUV photoconductors.[248] With optimal 
treatment, the peak responsivity at ≈200 nm can be enhanced 
by a factor of ≈25, whereas increasing treatment duration can 
lead to gradually shortened decay-tail component in response 
curves, which were related to the change of trap density and 
trap levels in the materials. When exposed to 193 nm excimer 
laser pluses with beam intensity higher than 1.5 mJ cm−2 and 
pulse repetition rates exceeding 1 MHz, the transient response 
of the diamond photodetector with nine treatments was virtu-
ally identical to that of a vacuum photodiode, suggesting that 
the devices may be sufficient for much faster solid-state laser 
systems. In addition, the viability of diamond photodetec-
tors for use in molecular fluorine laser systems operating at 
157  nm has also been assessed.[249] It was observed that the 
photoresponse increased gradually with pulse increasing in the 
range of 1–1.4 mJ cm−2, indicating the high possibility of these 
devices for application in next generation photolithography 
stepper tools that were indispensable in the semiconductor 
industry.

The fabrication of diamond-based photodetector pixels 
array has recently received increasing research interest due to 

its promising application in DUV image sensing.[245,252] Bal-
ducci et al. systematically compared a single-pixel detector and 
one pixel of a 2 × 10 pixels array detector.[252] It was found that 
the DUV photoresponse behaviors of the two devices were 
very similar. Significantly, even under illumination of nano-
second 193  nm excimer laser pluses, all 8 pixels can perform 
extremely well, with less than 2% pixel-to-pixel variation in 
signal response.[245] The above results indicated good uniformity 
of the pixel array devices and the feasibility for fabricating DUV 
imaging sensor.

6.2. MSM Photodetectors

To date, a number of diamond-based MSM photodetectors have 
been fabricated by choosing Ti/Au, tungsten carbide (WC), Al, 
Au, and Pd as electrode materials which can form Schottky 
contacts with diamond.[257–262] Alvarez et  al. presented a high-
performance MSM photodetector made from boron-doped 
homoepitaxial diamond thin films.[257] The dark current of the 
devices was greatly reduced by more than 1 order of magnitude 
under vacuum condition, reaching less than 1 pA at a bias 
voltage of 0.4 V (Figure 17c). The detectors were highly sensitive 
to 220 nm DUV illumination with a very large Ilight/Idark ratio of 
≈107. What is more, the peak responsivity exceeded 200 A W−1 
at 10 V bias, indicating a large photoconductive gain due to the 
modification of Schottky barrier under band-to-band illumina-
tion. Once the device was annealed at 600 °C, the photoresponse 
at near UV–visible will be slightly suppressed, leading to a high 
DUV/visible rejection ratio (R210/R630) of 106 (Figure 17d).
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Figure 17.  a) Time photoresponse of a diamond photoconductor upon 220 nm DUV light illumination. b) Spectral responsivity of the photoconductor, 
along with that of a Schottky photodiode made from the same material. Reproduced with permission.[251] Copyright 2006, American Institute of Physics 
Publishing. c) I–V characteristics of a diamond-based MSM photodetector in dark measured in I) air, II) in dark, and III) upon 220 nm illumination 
under a vacuum. d) Spectral responsivity of the MSM photodetector measured on the as-grown state and after the high-temperature annealing 
at 600 °C, respectively. Reproduced with permission.[257] Copyright 2005, American Institute of Physics Publishing. e) Schematic illustration of the 
plasmon-enhanced MSM photodetector consisting of a B-doped diamond film as the active layer between two Au electrodes with Al nanoarrays 
decorated. f) Spectral responsivity of the diamond MSM photodetectors with and without Al nanoarray decoration. Reproduced with permission.[261] 
Copyright 2016, Taylor & Francis.
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The photoresponse of diamond-based MSM photodetec-
tors can be optimized by shrinking the electrode spacing,[258] 
exploiting surface plasmonic effect[261] and material surface 
treatments.[262] For instance, by reducing the electrode spacing 
from 10 to 0.14  µm, the responsivity of diamond-based MSM 
photodetectors increased by nearly 2 orders of magnitude 
from ≈0.34 to ≈15 mA W−1 at a bias voltage of 1 V.[258] The rela-
tively high responsivity was ascribed to the full depletion of the 
shrunk electrode spacing at low biases. Through assembling of 
Al crescent-shaped arrays on homoepitaxial diamond thin films, 
Shi et al. developed a localized surface plasmon (LSP)–enhanced 
MSM DUVPD (Figure 17e).[261] Under 225 nm illumination and 
at 5 V, the devices showed peak responsivity of 28 mA W−1, which 
was tenfold higher than that of the pure diamond photodetector 
(Figure  17f). The enhancement was apparently related to near-
field optical coupling between Al LSPs and diamond excitons 
through the improved optical absorption in the material layer.

The origins of photoconductive gain observed in diamond-
based MSM photodetectors have been discussed. Liao et  al. 
found that the gain depended strongly on both the DUV light 
intensity and the operation voltage.[259] As disclosed by numer-
ical analysis, the I–V characteristics followed thermionic-field 
emission tunneling at low DUV light intensity, and field-emis-
sion tunneling at high DUV light intensity, which can account 
for the photocurrent gain at these two light intensity regions, 
respectively. The tunneling processes can be related to a thin 
interface barrier layer at the metal/diamond interface induced 

by the deep interface traps when exposed to DUV illumination. 
In another relevant study, it was observed that a shallow level 
with the activation energy of 0.21 eV and capture cross-section of 
9.9 × 10−20 cm2 existed in the bandgap of diamond, as confirmed 
by charge-based deep level transient spectroscopy.[260] Such a 
shallow level can trap photoinduced minority carriers during 
DUV light radiation process, and then detrap slowly via thermal 
excitation or tunneling effect after removing the light source, 
leading to the persistent photoconductivity. The trapping process 
can also reduce the probability of carrier recombination, which 
contributed to the high responsivity and large photocurrent gain.

6.3. Heterojunction and Schottky Photodiodes

Graphene, a star material for its excellent property in optics 
and physics, has been combined with diamond thin film for 
DUV photodiode application (Figure  18a).[263] Typical device 
fabrication procedures involve peeling off of 2 µm diamond 
film from the growth Si substrate, transfer of the film onto 
flexible substrates, and wet-transfer of graphene onto the back 
side of the diamond film. The zero-bias barrier height was 
estimated to be 0.947 and 0.89  eV for the graphene/diamond 
and graphene/p-diamond heterojunctions, respectively. Such 
a difference in barrier height is related to the Fermi level dif-
ference of graphene on diamond and p-diamond, as well as 
the difference in the interface defects. Upon 220  nm light 
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Figure 18.  a) Conceptual illustration of the DUV detector based on the graphene/microcrystalline diamond heterojunction. I–V characteristics 
of b) graphene/diamond and c) graphene/p-diamond heterojunction photodetector in dark and upon 220 nm DUV radiation. d) Normalized spectral 
responsivity of the two photodetectors. Reproduced with permission.[263] Copyright 2017, Wiley-VCH.
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radiation, pronounced photoresponse was observed under both 
forward and reverse bias voltages for two devices (Figure 18b,c). 
The peak responsivity for the graphene/diamond and 
graphene/p-diamond reached 0.2 and 1.4 A W−1, respectively, at 
a bias of −5 V. This high responsivity indicated a photocurrent 
gain due to the defects at graphene/diamond interface that can 
capture and trap photogenerated carriers. What is more, both 
devices exhibited a large DUV/visible rejection ratio (R220/R400) 
of ≈103 (Figure 18d).

Other materials including Au, WC, and hafnium nitride 
(HfN) thin films have also been selected to assemble diamond-
based Schottky photodiodes.[264–269] Whitfield et  al. reported 
DUV Schottky photodiodes constructed from lightly p-doped 
CVD-grown diamond thin films on Si substrate and 10 nm 
thick Au Schottky electrode.[264] The devices showed good 
rectifying activity in darkness, with a reverse bias breakdown 
voltage exceeding 100  V and a low dark current less than  
2 pA at a bias of −50  V. The detectors were sensitive to DUV 
illumination, with cutoff wavelength at around 220  nm. The 
DUV/visible rejection ratio (R200/R600) reached 105, which was 
more than tenfold higher than that of interdigitated photocon-
ductive devices. However, Koide found that thermal annealing 
which induced metallurgical reactions between diamond and 
metal will reduce Schottky barrier height of the contact metals, 
while metal compounds can keep stable on the diamond at 
elevated temperatures.[268] With this theory, he tried to develop 
thermally stable diamond-based Schottky photodiodes by using 

WC and HfN as Schottky contacts (Figure  19a).[265,266] The 
dependence of both electrical and optoelectrical characteristics 
of the WC Schottky photodiodes on temperature was systemati-
cally studied.[265] It was observed that annealing below 300 °C 
did not influence the electrical properties, while annealing 
at 550 °C can greatly optimize the ideality factor of the Schottky 
junctions, suggesting improved Schottky contact interface after 
high-temperature annealing (Figure 19b). Annealing at 550 °C 
also led to increased dark current from 10−14 to 10−11 A at a 
bias of −20  V (Figure  19c). Upon exposure to 220  nm illumi-
nation, the photocurrent of 550  °C-annealed samples was 
enhanced dramatically by 4 × 103, leading to a large Ilight/Idark 
ratio exceeding 104 (Figure  19c). What is more, as shown in 
Figure  19d, the DUV/visible rejection ratio (R220/R500) can 
reach ≈105, and the peak responsivity was estimated to be 
0.99 A W−1, indicative of a photocurrent gain. As discussed in  
the graphene/diamond heterojunction detectors, the origin of the  
gain was probably related to annealing induced defects at 
the diamond/WC interface. In addition, they also found that 
at a low temperature range (room temperature to ≈140  °C), 
the short-circuit photocurrent of WC Schottky photodiodes 
reduced rapidly, while that of HfN Schottky devices gradually 
decreased with increasing annealing temperature.[266] Note that 
both electrical and optoelectrical properties of these devices 
can keep unaffected when prolonging the annealing duration 
at high temperature, signifying promising potential of metal 
carbide and nitride contacts for developing thermally stable 
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Figure 19.  a) Schematic illustration of the interdigitated-finger Schottky photodiode based on diamond epilayer. b) I–V characteristics of a WC/diamond 
Schottky photodiode before and after annealing at 550 °C for 90 min, respectively. c) Dependence of the saturated dark current and photocurrent of 
the device under 220 nm DUV light illumination on the annealing temperatures and times. d) Spectral responsivity of the WC Schottky photodiode 
measured at −1 V bias after annealing at 550 °C for 90 min. Reproduced with permission.[265] Copyright 2005, American Institute of Physics Publishing.
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diamond-based DUV Schottky photodiodes. Metal–insulator–
semiconductor (MIS) DUV photodiodes with the architecture 
of Al/intrinsic diamond/p-doped diamond have been exhib-
ited excellent rectifying behavior with dark current at ≈10−14 A 
at a bias of −70  V.[270] A photovoltaic current at zero bias was 
observed, implying the capability to function as self-driven 
DUVPDs.

In summary, diamond-based photoconductors show 
responsivities of several A W−1, Ilight/Idark ratio of 104, and 
high photoresponse rejection ratio of 108, while MSM photo
detectors made from diamond materials usually exhibit 
largely variable responsivity values from 0.34 mA W−1 to 
200 A W−1, large Ilight/Idark ratio as high as 107, and good 
photoresponse rejection ratio of 106. Some strategies to 
enhance device performance include optimizing the electrode 
geometry, exploiting surface plasmonic effect and material 
surface treatments. On the other hand, diamond-based heter-
ojunction and Schottky junction photodiodes typically display 
reasonable responsivities from 0.2 to 1.4 A W−1, and decent 
photoresponse rejection ratio of 103–105. What is more, these 
devices hold extremely low dark current with minimum value 
as low as 10−14 A.

7. Other Materials and Device Architectures

In the previous sections, we have introduced the research 
achievements of various kinds of solar-blind DUVPDs based 
on UWBG semiconductors including Ga2O3, MgxZn1−xO, III-
nitride compounds, and diamonds. In this part, we will sum-
marize the development of solar-blind DUVPDs made from 

other UWBG semiconductors such as other ternary metal 
oxides, perovskite oxides, and so on, and give the introduc-
tion of heterojunction-based solar-blind DUV phototransistors 
reported in literatures.

7.1. Other Ternary Metal Oxides

In addition to MgxZn1−xO, there are also some other ternary 
metal oxides which possess extremely large bandgaps and are 
suitable for solar-blind DUV detection. These ternary metal 
oxides include NixMg1−xO,[271] (Ga1−xInx)2O3,[272] Zr0.5Ti0.5O2,[273] 
In2Ge2O7,[274–276] Zn2GeO4,[276–279] and ZnGa2O4.[280] For 
example, high-quality NixMg1−xO thin films have been epi-
taxially grown on lattice matched MgO substrate via plasma-
assisted MBE method.[271] DUVPD made from the NixMg1−xO 
thin films exhibited peak responsivity of 12 mA W−1 at ≈250 nm, 
and a DUV/visible rejection ratio (R250/R400) of ≈800. As an 
optional material for DUV photodetection, (Ga1−xInx)2O3 thin 
films can be grown on the sapphire substrate through sol–gel 
method.[272] Optical absorption showed that bandgap of the 
product decreased linearly from ≈5.0 to ≈4.2  eV, as indium 
content increased from 0 to 0.4 (Figure  20a). It was found 
that photoconductors based on (Ga1−xInx)2O3 with indium 
content below 0.2 showed sensitivity to DUV illumination 
(Figure 20b). However, the DUV/near UV rejection ratio is not 
very high, probably due to the inferior crystalline quality of the 
(Ga1−xInx)2O3 thin films. Recently, novel DUV photoconduc-
tors made from solution-processed Zr0.5Ti0.5O2 thin films have 
also been developed.[273] The devices with Pt electrodes exhib-
ited a low dark current of only 17 pA, and a responsivity of 
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Figure 20.  a) Square of absorption coefficient as a function of photon energy for sol–gel-prepared (Ga1−xInx)2O3 films. b) Spectral responsivity 
of photoconductors based on (Ga1−xInx)2O3 films in various contents. The inset shows the schematic illustration of the photodetector. Reproduced 
with permission.[272] Copyright 2010, Wiley-VCH. c) Spectral responsivity of an individual In2Ge2O7-nanobelt photodetector. The inset shows the TEM 
image of individual nanobelt, and the corresponding HRTEM image. d) I–V curves of the photodetector in dark and upon 230 nm radiation. e) Spectral 
responsivity of the photodetector in semilog scale, showing the DUV/near UV and DUV/visible rejection ratios. The inset shows a typical SEM image of 
a nanobelt device. f) A typical cycle of time response, showing the rise and decay times. Reproduced with permission.[274] Copyright 2010, Wiley-VCH.
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620 mA W−1 under 250  nm DUV radiation. Moreover, a fast 
response speed with rise/fall times of 424.1/154  ms was also 
achieved.

High-quality single-crystalline In2Ge2O7 NBs have been syn-
thesized by a vapor transport process (inset in Figure 20c).[274] 
Photoconductors based on individual NB showed high sen-
sitivity to DUV illumination with a high peak responsivity 
up to 3.9 × 105 A W−1 at ≈230  nm and a cutoff wavelength 
at ≈290 nm (Figure 20c). As depicted in Figure 20d, the dark 
current was in the level of 10−14 A, and the Ilight/Idark ratio was 
as high as ≈106. Moreover, the DUV/near UV and DUV/vis-
ible rejection ratios were 2–3 and 3–6 orders of magnitude, 
respectively (Figure  20e). The devices also exhibited a fast 
response speed with both rise and fall times less than 0.3 s 
(Figure  20f). The high device performance can be related 
mainly to the prolonged lifetime of photocarriers due to 
numerous surface traps and one dimensionality which led to 
shortened carrier transit time. Besides, the high-quality mate-
rial also contributes to the high device performance. In fact, 
the responsivity can be further increased to 7.34 × 105 A W−1 
by decorating CuO NPs onto In2Ge2O7 NBs.[275] The presence 
of a large number of local heterojunctions between coated 
NPs and NBs can enhance the spatial separation of photogen-
erated electrons and holes and therefore reduce charge carrier 
recombination.

Another promising material that has recently been extensively 
studied is Zn2GeO4 NW which can be grown by CVD method. 
Thanks to the unique NW–NW junction barrier–dominated 

conductance for network devices, photoconductors based on 
Zn2GeO4 NW networks showed relatively fast response speed (rise/
fall times: 0.3/0.2 s) to 254 nm DUV illumination.[278] Such a DUV 
light–induced barrier height modulation was much faster than the 
oxygen absorption/desorption processes occurring at the surface 
of NWs. Meanwhile, MSM photodetectors composed of individual 
Zn2GeO4 NW showed an extremely low dark current less than 
0.1 pA at a bias of 8 V, and DUV/visible rejection ratio (R245/R380) 
up to ≈104.[277] The peak responsivity can reach 38.3 A W−1, which 
corresponded to a photocurrent gain of ≈200. Through the anal-
ysis of light intensity–dependent photocurrent generation and car-
rier transport, the authors concluded that the gain was associated 
with the shrinking of the depletion region upon DUV radiation 
as a result of the trapping of photoexcited carriers by defect states 
at the NW/electrode interface. Recently, DUVPDs based on indi-
vidual Zn2GeO4 NW with a high responsivity of 5.11 × 103 A W−1 
have been reported by Zhou et al. (Figure 21a–c).[279] A decent spe-
cific detectivity of ≈2.91 × 1011 Jones and a rapid response speed 
with rise/fall times of ≈10/≈13  ms were achieved (Figure  21d), 
respectively. Such a high device performance was ascribed to the 
high-quality single-crystalline characteristics and large aspect ratio 
of the Zn2GeO4 NWs.

Zinc gallate (ZnGaO4), the last ternary metal oxide with 
an ultrawide bandgap of 4.4–5.2  eV, has found applica-
tion in DUVPD. By using vapor–liquid–solid (VLS), mist 
CVD, or MOCVD, single crystalline ZnGa2O4 structures in 
the form of nanowire, and thin film have been successfully 
synthesized.[281–283] Recently, Song and co-workers reported the 

Adv. Funct. Mater. 2019, 29, 1806006

Figure 21.  a) I–V curves of a Zn2GeO4 nanowire–based photodetector in dark and exposed to a DUV light of 260 nm. The inset shows a representa-
tive SEM image of the photodetector. b) Time response behavior of the photodetector. c) Light intensity dependent responsivity of the device at a 
bias of 1 V. d) The transient response measured at an incident light frequency of 10 Hz, which shows the rise and decay times. Reproduced with 
permission.[279] Copyright 2010, Wiley-VCH.
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synthesis of a new ZnGa2O4 microflower crystal through a sol-
vothermal route.[280] It was found that the solar-blind DUVPD 
based on the microflower crystal exhibits good wavelength 
selectivity with relatively large light to dark current ratio, fast 
response speed, and stable photocurrent stability at zero bias 
voltage.

7.2. Perovskite Oxides

Perovskite oxides refer to a group of functional materials with 
general formula ABO3 or A2BO4, which have attracted consider-
able attention during the past decades due to their advantageous 
features, such as dielectric, piezoelectric, ferroelectric, fer-
romagnetic, superconducting, and optical characteristics.[284] 

Among the perovskite oxides’ family, LaAlO3 (LAO) possesses 
a wide bandgap of ≈5.6 eV and excellent chemical and thermal 
stability, showing great promise as a candidate for solar-blind 
DUV light detection. So far, several LAO-based DUVPDs have 
been fabricated by choosing metal-interdigitated electrodes or 
ITO–metal asymmetric electrodes.[284–286] The devices were 
characterized by low noise current on the order of several pico-
amperes in darkness. The peak responsivity achieved in these 
devices were tens of mA W−1. For instance, LAO detectors with 
Au electrodes exhibited high sensitivity to 200 nm DUV illumi-
nation with a cutoff wavelength at ≈210 nm (Figure 22a,b).[284] 
The peak responsivity was 71.8 mA W−1, and a rejection ratio 
(R200/R290) reached more than 102 (Figure  22b). A later work 
found that devices with Pt-interdigitated electrodes showed 
much lower dark current than that of devices with Au electrodes 

Figure 22.  a) Schematic diagram of the LaAlO3 photodetector with interdigitated electrodes. b) Spectral response of the photodetector at 10 V bias. The 
inset is the photocurrent variation with the incident DUV light intensity. Reproduced with permission.[284] Copyright 2009, Optical Society Publishing. 
c) Schematic diagram of the LSAT photodetector with interdigital electrodes. d) Spectral response of the photodetector at different biases. Inset is a 
replot of responsivity curve in a logarithmic scale. e) Time response of the devices with different interdigitated electrode cell numbers under illumina-
tion of a 212 nm light at 20 V bias. The inset shows the schematic circuit of measurement. f) Photocurrent variation with the light intensity under 
illumination of 212 nm light with different cell numbers. Reproduced with permission.[287] Copyright 2017, American Institute of Physics Publishing.
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(4.1 vs 14.6 pA at 10 V bias), which was probably attributed to 
the high density steps and facets on the LAO (110) surface, 
and the large lattice mismatch at the Pt/LAO interface.[285] By 
constructing devices with a geometry of ITO/LAO/Ag, Guo 
et al. presented DUVPDs with a low dark current of ≈1 pA at a 
large bias of 200 V, implying the great possibility of this mate-
rial for realizing solar-blind DUVPDs with larger breakdown 
voltages.[286]

In addition to LAO, DUVPDs made from (LaAlO3)0.3–
(SrAl0.5Ta0.5O3)0.7 (LSAT) single crystals have also been reported 
recently (Figure 22c).[287] Under an applied voltage of 200 V, the 
devices exhibited a peak responsivity and specific detectivity of 
4 mA W−1 and ≈1011 Jones, at 200  nm radiation, respectively 
(Figure 22d). The DUV/UV rejection ratio (R200/R290) was more 
than 103 (Figure 22d). Furthermore, the authors also found that 
the photocurrent response increased linearly with increasing 
the cell number in LSAT photodetectors with multiple inter-
digitated electrode cells connected in parallel (Figure  22e,f), 
suggesting good uniformity in photoresponse performance 
between different devices.

7.3. Heterojunction Phototransistors

Heterojunction phototransistors are promising for highly sensi-
tive photodetection due to the high photocurrent gain. In pre-
vious studies, heterojunction solar-blind DUV phototransistors 
are mainly comprised of conducting metal oxides as the charge 
carrier transport channel, and UWBG semiconductors as the 

absorbing media for DUV illumination (Figure 23a).[288–291] The 
conducting metal oxides involved include magnetron-sputtered 
amorphous zinc indium tin oxide (a-ZITO) and amorphous 
indium gallium zinc oxide (a-IGZO) with a thickness of 50 nm, 
while the employed UWBG semiconductors are Ta2O5 or Ga2O3 
thin films with tens to hundreds of nanometers in thickness. 
The UWBG semiconductors also serve as the gate dielectric 
layer in these devices. Typically, the devices exhibited high 
current on–off ratio in the range of 104–106, with low dark cur-
rents on the order of 10−10–10−9 A without DUV illumination. 
The dark current can be further reduced to as low as 10−11 A by 
increasing oxygen partial pressure during the preparation of the 
Ta2O5 or Ga2O3,[289,290] or employing a 20 nm thick SiO2 inter-
layer.[290] Upon DUV radiation, the detectors displayed high 
sensitivity with DUV/visible rejection ratio (R250/R420, R250/R390) 
reaching 104–106 (Figure 23b,c). Moreover, the achieved respon-
sivities were as high as 1.38–6.4 A W−1, indicating a photocon-
ductive gain in these devices. The working mechanism of this 
type of devices can be interpreted by the following processes, as 
illustrated in Figure 23d. When shinned by DUV illumination 
with photon energy higher than the bandgap of UWBG semi-
conductor (Ta2O5 or Ga2O3), electron–hole pairs are produced 
in both the UWBG semiconductor and conducting metal oxide 
(a-ZITO or a-IGZO). Owing to the alignment of band energy 
levels, electrons in the UWBG semiconductor drift toward the 
conducting metal oxide, while holes diffuse to the valence band 
of the conducting metal oxide or are trapped in the UWBG 
semiconductor. As a consequence, the photoinduced carriers 
are collected by the source–drain electrodes, producing high 

Figure 23.  a) Schematic diagram of a heterojunction phototransistor with a conducting metal oxide as the charge transport channel, and a UWBG 
semiconductor as the DUV light absorbing media. b) Transfer characteristics of a Ta2O5/a-ZITO heterojunction phototransistor under illuminations 
with different wavelengths. Reproduced with permission.[288] Copyright 2012, Institute of Electrical and Electronic Engineers. c) Spectral response of 
the device at varied gate biases. d) Energy band diagrams of the heterojunction phototransistor under illumination. Reproduced with permission.[289] 
Copyright 2012, American Institute of Physics Publishing.



www.afm-journal.dewww.advancedsciencenews.com

1806006  (33 of 40) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2019, 29, 1806006

photocurrents. Under near UV radiation, electron–hole pairs 
can also be generated in the conducting metal oxide due to its 
relatively narrower bandgap (3.3 eV for a-ZITO and 3.0 eV for 
a-IGZO). However, the produced photocurrent is rather limited 
because of the much lower absorption coefficient of a-ZITO or 
a-IGZO.

In another report, Shi et  al. presented a heterojunc-
tion DUV phototransistors consisting of graphene as the 
conducting channel, which was modified with ZrO2 quantum 
dots (QDs) as the DUV light absorbing media.[292] Optical 
absorption of the DUV light creates electron–hole pairs in the  
QDs. Thanks to the formation of a built-in electric field,  
the holes are then transferred toward the graphene, whereas 
the electrons are trapped in the QDs serving as an additional 
light tunable gate. The transferred holes continue to trans-
port in the graphene channel, leading to the formation of 
sizeable photocurrent. Specifically, such a device exhibited 
a high responsivity of 22 A W−1 at a low operating voltage, 
with good wavelength selectivity to DUV wavelength range 
of 220–250 nm.

In summary, DUVPDs based on thin films of other ternary 
metal oxides usually have relatively poor device performance 
with responsivities of only tens to hundreds of mA W−1, photo
response rejection ratio of ≈800, and dark current in the level 
of 10−11 A, whereas devices made from nanostructures of these 
materials can exhibit much higher responsivity values in the 
range of 102–105 A W−1, larger photoresponse rejection ratio of 
103–106, and lower dark current of 10−13–10−14 A. Additionally, 
perovskite oxide-based DUVPDs typically possess responsivities 
in the level of tens of mA W−1, decent photoresponse rejection 
ratio of 102–103, and reasonable dark current of 10−12 A. More-
over, devices made of these two group of materials have com-
parable specific detectivity values of ≈1011 Jones. On the other 
hand, heterojunction DUV phototransistors, which exploit 
conducting metal oxides as channel materials, usually display 
responsivity values of 1.38–6.4 A W−1, photoresponse rejection 
ratio of 104–106, and dark current in the level of 10−11–10−9 A. 
Further improvement in responsivity is feasible by making use 
of graphene as the channel media.

8. Conclusion and Challenges

The appealing material properties of inorganic UWBG semi-
conductors including Ga2O3, MgxZn1−xO, III-nitride com-
pounds (AlxGa1−xN/AlN and BN), diamond, etc., have made 
themselves ideal platforms for solar-blind DUV light detec-
tion. Based on these materials, various types of DUVPDs, i.e., 
photoconductors, MSM photodetectors, p–n (p–i–n) photo
diodes, Schottky photodiodes, avalanche photodiodes, and 
heterojunction phototransistor, which operate on different 
working mechanisms, have been extensively explored. So 
far, the detectors in reported literatures can typically attain 
good DUV photoresponse performance in terms of large 
photosensitivity (Ilight/Idark ratio), low dark current, respect-
able responsivity, high photoresponse rejection ratio, sharp 
response cutoff, and relatively rapid response speed, as sum-
marized in Table  2. Figure  24 plots responsivity versus dark 
current of some representative DUVPDs based on UWBG 

semiconductors. Clearly, Ga2O3-based detectors usually 
exhibit the highest responsivity values accompanying with 
large dark current, while III-nitride compound (AlxGa1−xN/
AlN)–based devices normally possess extremely low dark cur-
rent but suffer from low responsivity. DUVPDs made from 
diamond display moderate performance in both responsivity 
and dark current, whereas the responsivities of MgxZn1−xO-
based detectors need to be further improved. In addition, 
DUVPDs fabricated from micro-/nanostructures of UWBG 
semiconductors often show higher responsivity values, com-
pared with those of devices based on their thin film counter-
part. Table  3 summarizes some of the typical performance 
parameters of reported DUV photodiodes/APDs based on 
UWBG semiconductors, along with those of commercial UV-
enhanced Si photodiodes/APDs. Apparently, in comparison 
with commercial UV-enhanced Si photodiodes, UWBG semi-
conductor DUV photodiodes usually have comparable or even 
higher responsivity and specific detectivity values. Unfortu-
nately, the response speed of these devices can hardly rival 
with that of commercial detectors. On the other hand, UWBG 
semiconductor DUV APDs (Ga2O3 APDs) display superior 
device performance in terms of much higher responsivity 
and specific detectivity than commercial UV-enhanced Si 
APDs. More importantly, UWBG semiconductor DUVPDs 
are operational at high temperatures and in caustic environ-
ment. The above merits pave the way for highly sensitive 
solar-blind DUV light detection in many practical applica-
tions, where traditional DUVPDs can scarcely be applicable 
properly. Some DUVPDs made from III-nitride compounds 
or diamonds have already been commercialized for applica-
tions such as fire sensors, engine control, or environmental 
monitoring. However, it is worth noting that UWBG semi-
conductor DUVPDs will complement rather than replace Si 
photodetectors at the current stage, due to issues regarding 
the reproducibility and reliability of the devices.

Although significant achievements have been made, there 
are still many challenges that need to be tackled prior to the 
commercialization of UWBG semiconductor–based DUVPDs. 
For Ga2O3, considerable progresses have been achieved in bulk 
crystal growth, epitaxial deposition, defect and impurity control, 
etc., which lay a solid foundation for developing high-perfor-
mance DUVPDs. Semiconducting or highly conductive n-type 
Ga2O3 can be successfully produced by appropriately optimizing 
the growth conditions or by doping. However, there remains 
controversy in the origin of n-type conductivity in the material 
to date. On the other hand, achieving p-type doping in Ga2O3 
is still rather difficult because of the high activation energy of 
acceptors and strong localization of holes. These issues greatly 
limit the applications of Ga2O3 to MSM and Schottky junction 
photodetectors. For MgxZn1−xO, one big problem is the poten-
tial phase separation in alloys with moderate Mg content, which 
usually results in an extra response band and may degrade the 
performance for solar-blind DUV light detection. Another chal-
lenge pertains to the realization of effective n- and p-type doping 
of MgxZn1−xO, which is crucial for fabricating high-quality p–n 
(p–i–n) and Schottky junction photodetectors, and additional 
efforts are needed in future. With regard to the III-nitride com-
pounds, the first issue lies in the difficulties in growing high-
quality AlxGa1−xN material because of the lack of a suitable 
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substrate, which normally leads to a high density of defects and 
cracks. Some emerging solutions like LEO have proved to be 
useful for decreasing dislocations. Unfortunately, it is not appli-
cable to back-illuminated photodiodes. The employment of low-
temperature AlN interlayers or AlN substrates has been proved 
to be an effective avenue for reducing defects and cracks, 
which requires further exploration. Another equally important 
problem involves how to manufacture highly conductive p-type 
AlxGa1−xN thin films, because most of the acceptors are likely 
unionized at room temperature due to the large activation 
energy of the widely used Mg dopant in AlxGa1−xN with high Al 
content. This limits the exploration of light detection at shorter 

wavelength, and thus the development of new approaches to 
enhance p-type conductivity, such as short period superlattices, 
is in urgent demand. As for diamond, in spite of the progress 
in growing single-crystalline material, commercially available 
single crystals are still not larger enough. In addition, polycrys-
talline diamonds of a good enough quality are not readily avail-
able to date. Therefore, appropriate technologies to produce 
large size diamonds of high crystalline quality should be devel-
oped to meet the requirement of the semiconductor industry. 
On the other hand, approaches to realize n-type doping need 
to be established, which sets a great challenge for applying dia-
mond in p–n (p–i–n) and Schottky junction photodetectors. 

Table 2.  Summary of performance parameters of some representative solar-blind DUVPDs based on UWBG semiconductors.

Geometry Mode Wavelength  
[nm]

Bandgap  
[eV]

Idark [nA] Ilight/Idark R [A W−1] τr [s]/τd [s] D* [Jones] Ref.

Au/β-Ga2O3 /Au Photoconductor 255 ≈4.98 0.26 (20 V) 8.50 × 102 (20 V) 17 7 × 1012 [47]

Au/Ti/α-Ga2O3 /Ti/Au Photoconductor 254 ≈5.15 1.02 (10 V) 40 (10 V) 1.50 × 10−2 >1 – [58]

Au-/Cr-/In-doped  

Ga2O3 NB/Cr/Au

Photoconductor 250 ≈4.90 1 × 10−4 (6 V) 9.10 × 102 (6 V) 5.47 × 102 1/<0.60 – [69]

Graphene/β-Ga2O3/ 

Cr/Au

MSM photodetector 254 4.90 1.10 × 103 (4 V) 3.41 × 102 (4 V) 39.30 94.83/2.19 × 102 5.92 × 1013 [82]

β-Ga2O3/NSTO n–n Photodiode 254 ≈4.80 0.42 (0 V) 20 (0 V) 43.31 9.86/7.52 – [108]

β-Ga2O3/Si p–n Photodiode 254 4.90 8.50 × 102 (3 V) 9.2 × 102 (3 V) 3.70 × 102 6.33/2.99 – [109]

ZnO/Ga2O3 core/shell 

microwire

p–n Photodiode 254 4.90 1 × 10−2 (−4 V) ≈106 (−5 V) 1.30 × 103 2 × 10−5/8.57 × 10−4 9.91 × 1014 [114]

Au/MgZnO/Au Photoconductor 238/266 ≈5.10 1.60 × 10−2 (15 V) ≈104 (15 V) 0.27 −/1.67 × 10−6 – [140]

Au/MgZnO/Au Photoconductor 270 ≈4.20 5 × 10−3 (3 V) 3 × 104 (3 V) 4.50 × 10−3 >1 – [141]

MgZnO/MgO/Si p–i–n Photodiode 240/266 7.80 – – 1.16 –/1.50 × 10−5 – [157]

Au/MgZnO/Au MSM photodetector 267 ≈4.3 2.67 × 10−3 (10 V) ≈105 (20 V) 0.31 – 1.14 × 1013 [159]

MgZnO/Si p–n Photodiode – – 2 (−3 V) ≈300 (±3 V) ≈10.5 >10 – [160]

PANI/MgZnO p–n Photodiode 250 – 4.40 × 10−4 (−1 V) 6.82 × 106 (−1 V) 1.60 × 10−4 4.80/5.10 1.50 × 1011 [161]

metal/AlN/metal Photoconductor 202 ≈4.00 5 × 10−5 (30 V) – 0.08 – – [171]

Pt-/B-doped GaN/Pt MSM photodetector 266 – 4.68 × 105 (10 V) 1.85 (10 V) 0.03 1.50 × 10−8/4.40 × 10−8 – [196]

Au/Mo/BN/Mo/Au MSM photodetector 180 ≈6.42 – >104 3.20 × 10−2 – – [201]

AlN/AlGaN p–n Photodiode 260 – (2–3) × 10−4 (0 V) 2.50 × 10−2 – 1.40 × 1012 [209]

Al0.4Ga0.6N p–i–n Photodiode 280 – 5 × 10−6 (10 V) – 9.30 × 10−2 >1 7.50 × 1014 [226]

AlGaN/Pd Schottky photodiode 275 – 0.6 (−3 V) >103 3.30 × 10−2 – – [233]

AlN/Ni/Au Schottky photodiode 200 6.10 1 × 10−5 (50 V) – 0.12 – 1 × 1015 [234]

Al/diamond/Al Photoconductor 210 5.50 4 × 10−3 (100 V) 7.5 2 2.50 × 10−4/– – [253]

Diamond/graphene Schottky photodiode 220 5.45 – – 1.4 – – [263]

Diamond/WC Schottky photodiode 220 5.50 <1 × 10−4 (5 V) – 4 × 10−3 ≈10/– – [269]

Au/Pt/Ni0.54Mg0.46O/ 

Pt/Au

Photoconductor 250 – <25 (10 V) 800 (10 V) 1.20 × 10−2 –/7.69 – [271]

Pt/Zr0.5Ti0.5O2/Pt MSM photodetector 250 – 1.7 × 10−2 (5 V) >102 0.62 0.42/0.15 – [273]

Au/Cr/In2Ge2O7 NB/ 

Cr/Au

Photoconductor 230 ≈4.43 – ≈106 (5 V) 3.90 × 105 4 × 10−3/6.93 × 10−3 – [274]

Au/Cr/Zn2GeO4 NW/ 

Cr/Au

MSM photodetector 260 4.68 1 (1 V) ≈10 (1 V) 5.11 × 103 0.01/1.30 × 10−2 2.91 × 1011 [279]

Au/(LaAlO3)0.3– 

SrAl0.5Ta0.5O3)0.7/Au

Photoconductor 212 ≈4.96 5.82 × 10−3 (200 V) – 4 × 10−3 5.63 × 10−10/– 1 × 1011 [287]
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An increasing research interest focuses on the exploration of 
nanostructured UWBG semiconductors (i.e., β-Ga2O3 NW/NB, 
2D h-BN, ternary metal oxide NW/NB) in solar-blind DUV 
light detection, due to the possibility of low cost and large-scale  
production of nanostructured materials, as well as their unique 
material properties that enable superior device performance. 
Nevertheless, since the heterogeneity of nanostructured 
materials significantly affects the homogeneity of the device 
performance, reliable control of not only diameter, length, crys-
tallinity, and orientation assembly, but also physical and chem-
ical properties of these materials is of critical importance and 
remains a big challenge.

In spite of many hurdles existed in this field, there is still 
much room for UWBG semiconductor DUVPDs. It is envi-
sioned that future research work should focus primarily on 
production of DUV sensing materials with good enough 
qualities, realization of both effective p- and n-type doping of 

the materials, as well as rational design of novel conceptual 
devices. For example, the future device design should con-
centrate on improving the response speed, the repeatability, 
and reproducibility of UWBG semiconductor DUVPDs. With 
the above successes, the first aim for future work shall be to 
realize single component of DUVPDs that possess compa-
rable or even superior device performance in all aspects, com-
pared with commercially available DUV light detectors. On 
the other hand, large-area (wafer-scale) uniformity of mate-
rial preparation, long-term stability and durability, large-scale 
production and integration, as well as environmental-friendly 
and cost-effective processing techniques of the devices are the 
most pivotal issues that require more research efforts from 
the perspective of practical applications. Therefore, the next 
aim for future work should be to realize focal plane array 
(FPA) by integrating individual components (pixel devices) 
for solar-blind DUV imager application. Currently, solar-
blind FPAs with maximum 320 × 256 pixels have been real-
ized with the use of AlxGa1−xN p–i–n photodiode arrays, 
and their application as solar-blind cameras have also been 
demonstrated.[293,294] It is believed that more persistent efforts 
should be made to realize solar-blind FPAs with higher pixel 
resolution and to construct FPAs using other UWBG semicon-
ductors. In addition, some new concepts such as plasmonic 
technologies and self-powered DUV light detection that are 
useful for improving device performance or reducing power 
consumption can be developed as well. In practice, the selec-
tion of DUV sensing materials should depend primarily on 
the requirement of target applications since UWBG semicon-
ductor DUVPDs usually exhibit largely varied performance 
in different aspects. Additionally, the compatibility between 
materials and fabrication processes, as well as operation con-
ditions should be taken into consideration when selecting 
photoelectric materials. It is expected that more achievements 
in the field of UWBG semiconductor solar-blind DUV photo-
detection will be attained to meet huge demands of various 
applications in the future.

Table 3.  Summary of typical performance parameters of UWBG semiconductor–based solar-blind DUV photodiodes/APDs and commercial 
UV-enhanced Si photodiodes/APDs.

Device geometry/model R [A W−1] D* [Jones] Response time [s]

UWBG semiconductor DUVPDs Ga2O3 photodiode 0.07–96.13 – 10−4–10−3

Ga2O3 APD (11.1–5.18) × 103 1012–1015 10−5–10−3

MgxZn1−xO photodiode 10−7–1 1011 –

AlxGa1−xN photodiode 0.01–0.18 1011–1015 –

Diamond photodiode 0.2–1.4 – <1–≈10

Commercial UV-enhanced Si 

photodetectors

Photodiode (UV-001, OSI 

optoelectronics)

0.09–0.14 (254 nm) ≈1.4 × 1012 2 × 10−7

Photodiode (UV-005DQ, OSI 

optoelectronics)

0.12 (200 nm) ≈6.63 × 1012 2 × 10−7

Photodiode (SM1PD2A, Thorlabs) 0.08–0.12 (200–280 nm) ≈2.93 × 1012 4.5 × 10−7

APD (S12053-02, Hamamatsu 

Photonics)

5–8 (200–250 nm) – –

APD (APD410A2, Thorlabs) 4–8 (200–250 nm) ≈7.87 × 1010–≈1.57 × 1011 –

APD (APD430A2, Thorlabs) 8–17 (200–250 nm) ≈3.78 × 1010–≈8.03 × 1010 –

Figure 24.  A plot showing responsivity versus dark current of some repre-
sentative solar-blind DUVPDs based on various UWBG semiconductors.
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