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Abstract: Self-powered ultraviolet (UV) photodetectors have attracted considerable attention in recent
years because of their vast applications in the military and civil fields. Among them, self-powered
UV photodetectors based on p-n heterojunction low-dimensional nanostructures are a very attractive
research field due to combining the advantages of low-dimensional semiconductor nanostructures
(such as large specific surface area, excellent carrier transmission channel, and larger photoconductive
gain) with the feature of working independently without an external power source. In this review,
a selection of recent developments focused on improving the performance of self-powered UV
photodetectors based on p-n heterojunction low-dimensional nanostructures from different aspects
are summarized. It is expected that more novel, dexterous, and intelligent photodetectors will be
developed as soon as possible on the basis of these works.
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1. Introduction

An ultraviolet (UV) photodetector is a kind of photo-electronic device that converts a
light signal to an electrical signal by using the photoelectric effect of semiconductors. As
an important device for both military and civil use, ultraviolet (UV) photodetectors have
attracted much attention in recent years because of their vast applications in military early
warning, communication sensing, environmental monitoring, disease diagnosis, and so
on [1-10]. Because UV radiation is generally divided into three bands (UVA: 320-400 nm,
UVB: 280-320 nm, and UVC: 10-280 nm) according to the standards of the International
Commission on Illumination [11], over the past two decades, wide-bandgap inorganic
semiconductors (such as ZnO, TiOy, SnO,, ZnS, GaN, GayO3, etc.) have been widely used to
manufacture UV photodetectors as the main components [12-19]. These UV photodetectors
are mainly divided into the following two categories according to the working principle:
one type uses the photoconductive effect of semiconductors; the other type works by
the photovoltaic effect of heterojunction. Most of these conventional UV photodetectors
need an external bias voltage to provide a driving force, which means that an external
power source is required. These external power sources not only increase the circuit design
complexity and processing cost of UV photodetection devices, but also limit their use
in special environments and conditions. Therefore, the construction of self-powered UV
photodetectors without an external power source has become a particularly important and
attractive research direction in the field of photoelectric detection.

In fact, the function of the power source is to provide a potential difference for the UV
photodetection system as a driving force to inhibit the recombination of photogenerated
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electrons and holes so as to control the moving direction of photogenerated electrons
and holes [1,2,20-22]. If an internal potential difference can be automatically formed in
the UV photodetection system, the device can work independently without an external
power source. Therefore, the key problem to be solved is how to automatically form an
internal potential difference in the UV detection system. Using the built-in p-n junction is
an effective way to realize the independent operation of the UV photodetector without an
external power source. When p-type and n-type semiconductors contact each other, a thin
depletion layer will be formed at the interface of the p-n junction, which forms a built-in
electric field from the n region to the p region (Figure 1) [23-30].
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Figure 1. Schematic diagram of p-n junction.

In recent years, a large number of self-powered UV photodetectors based on the p-n
heterojunction have been reported. It is obvious that gratifying progress has been made in
material synthesis, device construction, and detector performance. However, compared
with the current commercial UV photodetectors, the main performance of the self-powered
UV photodetectors (such as responsivity, response time, quantum efficiency, etc.) needs to
be further improved [31-35]. In this paper, some frontier research progress in the material
design and device testing of the different aspects of the p-n heterojunction low-dimensional
nanostructures to improve the self-powered UV photodetector performance in recent years
are summarized and analyzed. Finally, the possible opportunities and challenges in this
field are prospected.

2. Improving the Performance of Self-Powered UV Photodetectors Based on p-n
Heterojunction Low-Dimensional Nanostructures from Different Aspects

2.1. Construct Low-Dimensional Semiconductor Nanostructures

In the field of photoelectric detection, semiconductor materials are mainly composed of
large bulk states, film states, and nano states in scientific research and practical applications.
Generally speaking, their excellent properties are determined by their crystal structure, size
and dimension, surface structure, and band structure [36]. Self-powered UV photodetectors
based on low-dimensional semiconductor nanostructures usually show high responsivity
and response speed, which is closely related to the advantages of low-dimensional semi-
conductor nanostructures, such as large specific surface area, excellent carrier transmission
channel, and photoconductive gain much larger than that of bulk materials [37-39].

Shan’s group compares and studies the self-powered UV photodetectors based on
p-n heterojunctions with different sizes and dimensions. The p-GaN film/n-ZnO film
heterojunction device shown in Figure 2a is a typical layered structure self-powered UV
photodetector [40]. Undoped n-ZnO films are deposited onto p-GaN with a thickness of
about 2 pm to form a p-n heterojunction using a plasma-assisted molecular beam epitaxy
(MBE) technique, and the current-voltage curve of the p-n heterojunction shows obvious
rectifying behaviors. A photodetector is fabricated from this p-n heterojunction. Under
back-illumination conditions, the GaN layer on one hand acts as a p-type counterpart to
the n-ZnO layer and, on the other hand, as a “filter” that is transparent to the illumination
light with a wavelength longer than 360 nm. It is noteworthy that this photodetector
shows a narrow band photoresponse spectrum centered at 374 nm with a full width at half-
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maximum of only 17 nm and a peak responsivity of about 1 uA/W under back-illumination

at 0 V bias due to the GaN “filter,” revealing that the responsivity of the photodetector is
highly selective.

Compared with self-powered UV photodetectors based on 2D films, those based on 0D

and 1D materials with large surface area to volume ratio usually show higher responsivity

and shorter response time because more light can be absorbed by light capture or anti-

reflection effect [41]. As shown in Figure 2b, a heterojunction UV photodiode consisting of

epitaxially grown p-GaN layers and polyvinyl alcohol (PVA) coated ZnO colloidal nanopar-

ticles exhibits a lowpass and bandpass alternative property depending on the illumination
direction [42]. Under the incident optical power of 120 nW, the peak responsivity at
350 nm is about 0.225 mA /W at zero bias, indicating two orders of improvement compared
to that of the previous p-GaN film /n-ZnO film heterojunction UV photodetector shown
in Figure 2a. It is closely related to the fact that negatively charged oxygen ions on the
surface of PVA-ZnO nanoparticles neutralize the photogenerated holes and leave more

conduction-band electrons, resulting in an increase in conduction electrons. In addition,

the time response of the p-GaN/PVA-ZnO NPs heterojunction shows the fastest response
with a 25 ms rising time and a 50 ms falling time at 0V bias under back illumination, which
demonstrates three orders of improvement compared to a photoconductor and one order

of improvement compared to the MSM photodetector based on the PVA-ZnO NPs. In com-

parison to a p-GaN, ZnO nanowire photodiode, about a 3 order of magnitude improvement
is demonstrated.
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Figure 2. (a) Self-powered UV photodetector based on p-GaN film/n-ZnO film heterojunction.
Reprinted with a permission from reference [40]. Copyright 2008 American Chemical Society; (b) self-
powered UV photodetector based on p-GaN film/PVA-ZnO colloidal nanoparticles heterojunction.
Reprinted with a permission from reference [42]. Copyright 2013 American Institute of Physics;
(c) self-powered UV photodetector based on n-ZnO/ p-NiO core-shell heterojunction nanowire arrays.
Reprinted with a permission from reference [43]. Copyright 2013 The Royal Society of Chemistry.
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However, compared with the p-n heterostructure composed of nanoparticles and thin
films, the 1D core-shell p-n heterojunction nanostructure can exhibit a higher self-powered
potential due to its wider active area for light absorption and excellent carrier transmission
channel. As shown in Figure 2c, a highly spectrum-selective self-powered UV photodetec-
tor has been fabricated from n-ZnO/p-NiO core-shell nanowire arrays [43]. A NiO shell
layer with a thickness of about 45 nm is deposited onto the highly oriented vertical ZnO
nanowires with a diameter of about 30 nm by the chemical vapor deposition technique
and magnetron sputtering technique. The linear I-V curves for both Au on NiO and In
on ZnO reveal good ohmic contacts, confirming that the rectification behavior arises from
the n-ZnO/p-NiO interface. The outer-layer of the p-NiO acts as a “filter” which can filter
out the photons with short wavelengths, making this photodetector only respond to a
narrow spectrum range. It is noteworthy that the peak responsivity of the n-ZnO/p-NiO
core—shell nanowire arrays photodetector at 0V bias is about 0.493 mA /W. Meanwhile,
it is over twice that of a p-GaN/n-ZnO nanoparticle wavelength-selective photodiode
(0.225 mA /W) and at least two orders of magnitude larger than that of an epitaxially grown
p-GaN/n-ZnO heterojunction for selective UV detection (about 1 pA/W). Furthermore,
the response time of the n-ZnO/p-NiO core—shell nanowire arrays photodetector is about
1.38 ms, which is estimated as the 10-90% rise time measured at zero bias. The response
speed is significantly faster compared with the photoconductive photodetector, of which
the decay time is usually in the order of several seconds due to the presence of deep level
traps and the adsorption of gas molecules. In addition, because conductive polymers can
improve the photogenerated e-h pair separation ability of inorganic semiconductors and
have excellent hole transport properties [44-53], they are also widely used to construct
self-powered UV photodetectors based on p-n heterojunction with inorganic semiconduc-
tors [54-56]. Yang’s group demonstrates a self-powered ultraviolet (UV) photodetector
based on p-P3HT/n-ZnO nanowire array heterojunction, which is fabricated by spin-
coating with a layer of P3BHT on ZnO nanowire arrays [57]. At zero bias, this photodetector
exhibits a responsivity of 0.125 mA /W and a specific detectivity of 3.7 x 107 Jones, and
the response time is only 90 ms and the recovery time is ~98 ms at a low light intensity of
0.84 mW /cm? for A = 365 nm, which is much shorter than previous ZnO photodetectors
(approximately in seconds). The fast response and recovery speed may be attributed to the
well-defined transport path of 1D nanowires for the photogenerated carriers. Although
considerable progress has been made on constructing low-dimensional semiconductor
nanostructures used for self-powered p-n heterojunction UV photodetectors have been
realized, there are still many limitations affecting their wide applications. One of the
urgent problems to be solved is developing low-cost fabrication methods for high-quality
active materials.

2.2. Expand the p-n Heterojunction Interface

An inner potential difference is necessary for the separation of photogenerated e-h
pairs and can be automatically created due to the Fermi energy difference between two
dissimilar semiconductors. Subsequently, the built-in electric field induced by the po-
tential difference in the p-n heterojunction will guide the movement of photogenerated
carriers and give rise to photocurrent [58]. However, the interface of p-n heterojunc-
tion provides an ideal place for the separation of photogenerated e-h pairs. The expan-
sion of the heterogeneous interface is conducive to the separation of photogenerated e-h
pairs, resulting in greater photocurrent. A core-shell heterostructure is a typical struc-
ture with a large heterogeneous interface that is widely used in the field of photoelectric
detection [59-69].

Numerous self-powered UV photodetectors based on core-shell p-n heterojunction
have already been reported by many groups [70-74]. As shown in Figure 3a, Dunn and
coworkers fabricated a self-powered ZnO-Nanorod /CuSCN UV photodetector exhibiting
rapid response using the method of an array of ZnO nanorods 2-3 um in length and
70-100 nm in diameter coated with a layer of CuSCN [75]. The device performs as a self-
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powered UV detector that operates at a nominal zero-applied field with a photocurrent
response of 4.5 LA for a low UV irradiance of 6.0 mW/cm?. A fast 500 ns rise and a
6.7 ps decay time are recorded with a UV-vis rejection ratio of ~102. As a binary UV
photodetector, working at an applied positive bias of 0.1 mV, a rapid detection time of
4 ns is possible. Furthermore, the responsivity increases with illumination intensity up to
7.5 mA/W with a corresponding gain of ~0.04 for 6 mW /cm? irradiance, and the device is
operated at higher applied fields, and a responsivity of 9.5 A/W at —5 V is obtained.
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Figure 3. (a) Self-powered ZnO-Nanorod/CuSCN UV photodetector exhibiting rapid response.
Reprinted with a permission from reference [75]. Copyright 2013 Wiley-VCH; (b) high-performance
self-powered UV photodetector based on p-CuZnS/n-TiO; core-shell heterojunction. Reprinted with
a permission from reference [76]. Copyright 2018 Wiley-VCH; (c) self-powered photodetector based
on core-shell ZnO-Co30, p-n heterojunction nanowire arrays, Reprinted with a permission from
reference [77]. Copyright 2019 American Chemical Society.

In response to the growing need for wearable health monitoring systems, which call
for a high-performance real-time UV sensor to prevent skin diseases caused by excess UV
exposure, Fang’s group developed a novel high-performance self-powered UV photodetec-
tor based on p-CuZnS/n-TiO, core-shell heterojunction (Figure 3b) [76]. The photodetector
exhibits a responsivity of 2.54 mA /W at 0 V toward 300 nm, and the response time of the
fiber-shaped photodetector is fast (both the rise and decay time are less than 0.2 s at 0 V
under 320 nm). Moreover, by effectively replacing the Ti foil with a thin Ti wire for the an-
odization process, the conventional planar rigid device is artfully turned into a fiber-shaped
flexible and wearable one. The fiber-shaped device shows an excellent responsivity of
640 A/W, an external quantum efficiency of 2.3 x 10°%, and a photocurrent of ~4 mA at
3 V. These outstanding performances exceed those of most current UV photodetectors.
These excellent performances are attributed to the large p-n heterogeneous interface pro-
duced by the core-shell structure, which produces excellent rectification effects and photo-
electric response.
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As shown in Figure 3¢, Vomiero’s group prepared a self-powered photodetector based
on core-shell ZnO-Co304 p-n heterojunction nanowire arrays [77]. Ultrathin CozO; films
(in the range of 1-15 nm) are sputter deposited on hydrothermally grown ZnO nanowire
arrays. Interestingly, a thin layer of Al;O3 buffer layer between ZnO and Co304 may inhibit
charge recombination, boosting device performance. The photoresponse of the ZnO-Al,O3-
Co304 system at 0 V bias is six times higher compared to the ZnO-Co304. The responsivity
and specific detectivity of the best device are 21.8 mA /W and 4.12 x 10'? Jones, respectively.
This could be due to the physical barrier between the p-CozO4 and the n-ZnO layer, which
reduces the recombination rate of photogenerated electrons and holes, thus physically
isolating the electrons and holes during their collection at the electrodes. In addition,
the alumina barrier may improve the electric field in the depletion region, helping the
photogenerated e-h pairs to be separated more efficiently.

2.3. Improve the Crystalline Quality of Semiconductors

A large number of microscopic material units (atoms, ions, molecules, etc.) are orderly
arranged to form the crystals. Compared with organic semiconductors, inorganic semicon-
ductors are easier to form crystalline structures. In a semiconductor with low crystalline
quality, there are more defects and grain boundaries, which is not conducive to the sepa-
ration and transmission of photogenerated carriers. Therefore, improving the crystalline
quality of semiconductors is one of the most effective ways to build high-performance
self-powered UV detectors [78-82].

As shown in Figure 4a, Zhang’s group constructed a high-sensitivity, broadband
photodetector based on 2,4-bis[4-(N,N-dimethylamino)phenyl]squaraine (SQ) nanowire/
crystalline Si (c-Si) p-n heterojunctions [83]. Owing to the high crystal quality of the SQ
nanowires, the heterojunctions exhibit excellent diode characteristics and the ability to
detect broadband light spanning from ultraviolet (UV) light, to visible (Vis) light, to near-
infrared (NIR) light. Under the 0.66 mW /cm? 254 nm and 302 nm light illumination, the
device exhibits a photosensitivity (defined as (Iignt — Iqark)/Idark) @s high as 430% and
a rise time of 0.6 s at a bias voltage of —3 V and reveals a power conversion efficiency
(PCE) of up to 1.17%. This result also proves the potential of the device as a self-powered
photodetector operating at zero external bias voltage. As shown in Figure 4b, Fang’s
group fabricated a high-responsivity self-powered solar-blind UV photodetector with a
high rejection ratio based on PEDOT:PSS/Ga, O3 organic/inorganic p-n junction [84]. At
zero bias, the device exhibits ultrahigh responsivity of 2.6 A/W at 245 nm with a sharp
cutoff wavelength of 255 nm, which is much larger than that of previous solar-blind DUV
photodetectors. Moreover, the device exhibited an ultrahigh solar-blind/UV rejection ratio
(R245 nm /R280 nm) 0f 103, which is two orders of magnitude larger than the average value
ever reported in Ga,;O3-based solar-blind photodetectors. In addition, the photodetector
shows a rise time of about 0.3 ms from 10% to 90% and a decay time of about 3 ms from
90% to 10% at —10 V.

2.4. Utilize Transfer of Photogenerated Carriers or Enhance the Built-In Electric Field

Under ultraviolet (UV) irradiation, inorganic semiconductors with a wide band gap
show excellent photoelectric response properties, which makes them the main candidates
for UV detectors. However, the recombination of photogenerated electrons and holes
is a headache because it reduces the effect of converting light absorption into photocur-
rent, which limits the further improvement of UV photodetector performance. Therefore,
how to effectively inhibit the recombination of photogenerated electrons and holes or
promote the separation of photogenerated e-h pairs has become an important improvement
direction [85,86].
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Figure 4. (a) High-sensitivity, broadband photodetectors based on organic nanowire/crystalline
silicon p-n heterojunction. Reprinted with a permission from reference [83]. Copyright 2015 Amer-
ican Chemical Society; (b) high-responsivity and high rejection ratio self-powered solar blind UV
photodetector based on PEDOT:PSS/ 3-GapO3 organic/inorganic p-n junction. Reprinted with a
permission from reference [84]. Copyright 2019 American Chemical Society.

On the one hand, the transfer of photogenerated carriers between different compo-
nents is usually used to inhibit the recombination of photogenerated electrons and holes. As
shown in Figure 5a, Basak’s group has developed an unprecedented high performance dual
wavelength self-powered ZnO@CdS/PEDOT:PSS core-shell nanorod array photodetector
through a simple aqueous chemical method wherein a suitable band alignment between
ZnO and CdS has been utilized [87]. Due to the good energy level matching between
ZnO and CdS, the photogenerated holes in the valence band of ZnO are transferred to
CdS under ultraviolet light, and then input to the electrode through PEDOT:PSS, and
while the photogenerated electrons in the conduction band of ZnO are easily transferred
to the electrode, which promotes the rapid separation of photogenerated electron hole
pairs and inhibits recombination, so that the photocurrent is about three times higher than
that of CdS/PEDOT:PSS, reaches 2.2 x 10~° A at 0 V bias (light intensity of 1 mW/ cm?).
Furthermore, temporal responses faster than 20 ms can be achieved in these solution-
processed photodetectors. On the other hand, the separation efficiency of photogenerated
carriers is improved by enhancing the built-in electric field. As shown in Figure 5b,
Liu’s group has fabricated a super-high performance self-powered UV photodetector
based on GaN/Sn:GayOs3 p-n junction by depositing a Sn-doped n-type Ga,O3 thin
film onto a p-type GaN thick film. At 0 V bias, the device shows an ultra-high re-
sponse rate of 3.05 A/w to 254 nm ultraviolet light, a high UV /visible rejection ratio of
Rosanm /Ragonm = 5.9 x 10%, and an ideal detectivity of 1.69 x 10'3 cm-Hz!/2.-W~1, which is
well beyond the level of previous self-powered UV photodetectors. Moreover, this device
also has a low dark current (1.8 x 10711 A), a high Iphoto/Idark ratio (~10%), and a fast
photoresponse time of 18 ms. These excellent properties are attributed to making the Fermi
level move close to the conduction band by doping the tetravalent element Sn in Ga, O3,
which makes the built-in potential barrier in the GaN/Sn: Ga;Os p-n structure film larger
and can separate photogenerated e-h pairs more effectively in the interface depletion region
of the GaN/Sn: GayO3 p-n heterojunction [88].
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Figure 5. (a) Highly enhanced self-powered dual wavelength photodetector based on ZnO@CdS
coreshell nanorod arrays. Reprinted with a permission from reference [87]. Copyright 2015 American
Chemical Society; (b) self-powered ultraviolet photodetector with superhigh photoresponsivity based
on the GaN/Sn:GayO3 p-n junction. Reprinted with a permission from reference [88]. Copyright 2018
American Chemical Society.

2.5. Adjust the Bandgap of Semiconductors for Deep UV Detection

In recent years, biological and medical research has shown the very important role
of the UV-A (400-320 nm) and UV-B (320-280 nm) bands on the Earth’s biosystem and
human health (erythema, eye cataracts, skin cancer, etc.). Thus, it is of great research
value to develop wide-bandgap semiconductor photodetectors tailored to the various
solar UV bands and blind to the visible and IR emissions [89,90]. Although a variety of
semiconductor photodetectors are able to respond to UV photons, it has been recognized
that GaN-based photodetectors are excellent candidates for the detection of UV radiation,
and moreover, AlGaN-based photodetectors with threshold energies of 3.4 eV (GaN) up to
6.2 eV (AIN) can be fabricated by a proper choice of the Al mole fraction, which provides a
good opportunity for deep UV detection [91-94].

As shown in Figure 6a, Song and coworkers fabricated a heterojunction UV photode-
tector based on p-CuZnS and n-GaN using a facile chemical bath deposition method [95].
Benefiting from the high hole mobility of p-type inorganic semiconductor CuZnS and
the excellent electron mobility of n-type inorganic semiconductor GaN, the CuZnS/GaN
heterojunction film device shows a significantly enhanced photocurrent and good rec-
tifying behavior at 3 V and 350 nm. More importantly, the p-CuZnS/n-GaN device r
presents a high photocurrent (19 mA), high responsivity (0.36 A/W), a fast response speed
(0.14 ms/40 ms), and an ultrahigh on/off ratio (3 x 108) under 350 nm light illumination
at zero bias. In particular, the self-powered CuZnS/GaN photodetector demonstrates
high detectivity (8 x 10'®) and an ultrahigh linear dynamic range (137 dB). These excellent
results reveal that the p-CuZnS/n-GaN heterojunction device can act as a high-performance
self-powered UV photodetector with the prospect of wide application. Trapped in low light
absorption and the quick recombination of photo-generated electron-hole pairs, the perfor-
mance of available GaN-based UV photodetectors is still unsuitable for real applications.
Fabricating nanoporous GaN (porous-GaN) is a promising approach to improve the light
absorption due to large specific surface area and photo trap effect of porous structures [96].
As shown in Figure 6b, Qin’s group prepared a novel self-powered UV photodetector
based on p-type cobalt phthalocyanine (CoPc)/n-type porous-GaN vertical heterojunc-
tion through a thermal vapor deposition method [97]. At 0 V bias, the device exhibits a
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photoresponsivity of 588 mA /W, a detectivity of 4.8 x 10! Jones, and a linear dynamic
range of 79.5 dB under 365 nm 9 uW/ cm? light illumination, which displays an upper
level among the reported work. In addition, compared with the CoPc/flat-GaN-based pho-
todetector, the photocurrent of this CoPc/porous-GaN-based photodetector has increased
by about four times. These excellent results can be attributed to the nanopores on the
GaN surface providing higher light absorptivity and a lower interface migration distance,
which induced more electrons to take part in the excitation and recombination process. The
AlGaN-based solar-blind ultraviolet detectors have attracted much attention due to their
good chemical and thermal stability, and particularly their potential application in the deep
ultraviolet region depending on the adjustable band gap (3.4-6.2 V) [98-100]. As shown
in Figure 6¢c, Razeghi’s group has presented a back-illuminated p-i-n structure with Si-In
co-doped Aly.5Gag.5N solar-blind UV photodetector grown on a high-quality crack-free
AIN template [101]. At zero bias, the device exhibits an external quantum efficiency (EQE)
of 80% and a responsivity of 176 mA /W at 275 nm. Furthermore, the UV /visible light
rejection ratio exceeded six orders of magnitude. These results are closely related to a
highly conductive Si-In co-doped Aly.5Gag.5N layer, adjustment of the composition and
thickness of the n-Aly.45Gag.55N layer, and improvement of p-type Alg.33Gag.¢xN doping.
For AlGaN-based solar-blind ultraviolet detectors, the forbidden band can continuously
change from 3.4 eV (GaN) to 6.2 eV (AIN) by changing the alloy composition, and the
cutoff wavelengths can vary continuously between 365 nm and 200 nm in theory, which
has great advantages over traditional inorganic semiconductors (ZnO, ZnS, TiO,, SnO,,
etc.). However, a high density of dislocations and other structural defects hinders their use.
In the future, improving the crystallization quality of AlGaN will still be an important way
to promote the performance of AlGaN-based UV photodetectors [102,103].
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Figure 6. (a) High-performance self-powered p-CuZnS/n-GaN UV photodetectors with ultrahigh
on/off ratio. Reprinted with a permission from reference [95]. Copyright 2021 The Royal Society of
Chemistry; (b) high-performance self-powered ultraviolet photodetector based on nano-porous GaN
and CoPc p—n vertical heterojunction. Reprinted with a permission from reference [97]. Copyright
2019 Multidisciplinary Digital Publishing Institute; (c) AlyGajxN-based back-illuminated solar-blind
photodetectors with external quantum efficiency. Reprinted with a permission from reference [101].
Copyright 2013 American Institute of Physics.
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3. Summary and Perspectives

This review article summarized several examples focused on improving the perfor-
mance of self-powered UV photodetectors based on p-n heterojunction low-dimensional
nanostructures from different aspects, resulting in the main performance parameters of
those detectors (such as responsivity, response time, quantum efficiency, etc.) having been
improved to a certain extent, but there is still a certain gap compared with the current
commercial photodetector. An ideal self-powered UV photodetector should satisfy the 55
requirements of high sensitivity, high signal-to-noise ratio, high spectral selectivity, high
speed, and high stability. Combined with the characteristics of semiconductor materials
and low-dimensional nanostructures, the built-in electric field of the p-n junction should be
fully utilized to meet the great demand for weak UV signal detection and faster and more
sensitive devices.

So far, researchers have made a lot of efforts and many gratifying developments have
been acquired, but self-powered UV photodetectors with higher performance are still
highly desired. On the one hand, exploring novel nanostructures that can promote the
separation of photogenerated e-h pairs and be prepared by simple and stable methods may
still be an important direction in the future; on the other hand, with the emergence of new
high-performance semiconductor materials (such as graphdiyne [104-111], h-BN [112-116],
perovskites [117-127], black phosphorus [128-135], and MoS, [136—-144]), the situation of
inorganic semiconductors as leading materials in self-powered photodetectors may be
changed. In addition, inspired by the rise of wearable photodetectors in recent years, the
new generation of photodetectors needs to be designed to be more dexterous and intelligent,
which obviously puts forward new requirements for the design, size, and performance of
materials and structures.

Funding: This work was supported by Science and Technology Key Project from Education De-
partment of Henan Province (21A430011), Open Fund of Henan International Joint Laboratory of
Nano-photoelectric Magnetic Materials, Cultivation Programme for Young Backbone Teachers in
Henan University of Technology, Natural Science Project from Science and Technology Department
of Henan Province (222102230084).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chen, ].X,; Ouyang, W.X; Yang, W.; He, ]. H.; Fang, X.S. Recent progress of heterojunction ultraviolet photodetectors: Materials,
integrations, and applications. Adv. Funct. Mater. 2020, 16, 1909909. [CrossRef]

2. Xie, C,; Ly, X.T,; Tong, X.W.; Zhang, Z.X.; Liang, EX_; Liang, L.; Luo, L.B.; Wu, Y.C. Recent progress in solar-blind deep-ultraviolet
photodetectors based on inorganic ultrawide bandgap semiconductors. Adv. Funct. Mater. 2019, 29, 1806006. [CrossRef]

3. Nasiri, N,; Jin, D.Y.; Tricoli, A. Nanoarchitechtonics of visible-blind ultraviolet photodetector materials: Critical features and
nano-microfabrication. Adv. Opt. Mater. 2019, 7, 1800580. [CrossRef]

4. Chen, HY, Liu, H,; Zhang, Z.M.; Hu, K ; Fang, X.S. Nanostructured photodetectors: From ultraviolet to terahertz. Adv. Mater.
2016, 28, 403—-433. [CrossRef] [PubMed]

5. Sodi, C,; Zhang, A.; Xiang, B.; Dayeh, S.A.; Aplin, D.PR;; Park, J.; Bao, X.Y; Lo, Y.H.; Wang, D. ZnO Nanowire UV photodetectors
with high internal gain. Nano Lett. 2007, 7, 1003-1009. [CrossRef]

6. Li, Z.L,; Li, Z.Q.; Zuo, C.L.; Fang, X.S. Application of nanostructured TiO, in UV photodetectors: A review. Adv. Mater. 2022,
34,2109083. [CrossRef]

7. Shi, L.; Nihtianov, S. Comparative study of silicon-based ultraviolet photodetectors. IEEE Sens. J. 2012, 12, 2453-2459. [CrossRef]

8. Liu, KW,; Sakurai, M.; Aono, M. ZnO-based ultraviolet photodetectors. Sensors 2010, 10, 8604-8634. [CrossRef]

9.  Aggarwal, N.; Gupta, G. Enlightening gallium nitride-based UV photodetectors. ]. Mater. Chem. C 2020, 8, 12348-12354. [CrossRef]

10. Zhou, A F; Velazquez, R.; Wang, X.P,; Feng, PX. Nanoplasmonic 1D diamond UV photodetectors with high performance. ACS
Appl. Mater. Interfaces 2019, 11, 38068-38074. [CrossRef]

11. Monroy, E.; Omnes, F; Calle, F. Wide-bandgap semiconductor ultraviolet photodetectors. Semicond. Sci. Technol. 2003, 18,
R33-R51. [CrossRef]

12. Yang, E; Guo, ].M.; Zhao, L.; Shang, W.Y.; Gao, Y.Y.; Zhang, S.; Gu, G.Q.; Zhang, B.; Cui, P.; Cheng, G.; et al. Tuning oxygen

vacancies and improving UV sensing of ZnO nanowire by micro-plasma powered by a triboelectric nanogenerator. Nano Energy
2020, 67, 104210. [CrossRef]


http://doi.org/10.1002/adfm.201909909
http://doi.org/10.1002/adfm.201806006
http://doi.org/10.1002/adom.201800580
http://doi.org/10.1002/adma.201503534
http://www.ncbi.nlm.nih.gov/pubmed/26601617
http://doi.org/10.1021/nl070111x
http://doi.org/10.1002/adma.202109083
http://doi.org/10.1109/JSEN.2012.2192103
http://doi.org/10.3390/s100908604
http://doi.org/10.1039/D0TC03219K
http://doi.org/10.1021/acsami.9b13321
http://doi.org/10.1088/0268-1242/18/4/201
http://doi.org/10.1016/j.nanoen.2019.104210

Nanomaterials 2022, 12,910 11 of 15

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

Peng, M.Z,; Liu, Y.D.; Yu, A.F; Zhang, Y.; Liu, C.H,; Liu, ].Y.; Wu, W.; Zhang, K.; Shi, X.Q.; Kou, ].Z; et al. Flexible self-powered
GaN ultraviolet photoswitch with piezo-phototronic effect enhanced on/off ratio. ACS Nano 2016, 10, 1572-1579. [CrossRef]
[PubMed]

Pang, X.C.; He, Y.J.; Jung, J.; Lin, Z.Q. 1D nanocrystals with precisely controlled dimensions, compositions, and architectures.
Science 2016, 353, 1268-1272. [CrossRef] [PubMed]

Zheng, L.X.; Deng, X.L.; Wang, Y.Z.; Chen, ].X,; Fang, X.S.; Wang, L.; Shi, X.W.; Zheng, H.]. Self-powered flexible TiO, fibrous
photodetectors: Heterojunction with P3HT and boosted responsivity and selectivity by Au nanoparticles. Adv. Funct. Mater. 2020,
30, 2001604. [CrossRef]

Pearton, S.J.; Yang, ].C.; Cary, PH.; Ren, E; Kim, J.; Tadjer, M.]J.; Mastro, M.A. A review of Ga,O3; materials, processing, and
devices. Appl. Phys. Rev. 2018, 5, 011301. [CrossRef]

Li, L.D.; Lou, Z.; Chen, H.R;; Shi, R.L.; Shen, G.Z. Stretchable SnO,-CdS interlaced-nanowire film ultraviolet photodetectors. Sci.
China Mater. 2019, 62, 1139-1150. [CrossRef]

Ye, Q.N.; Zhang, X.; Yao, R.H.; Luo, D.X,; Liu, X.Z.; Zou, W.X,; Guo, C.X,; Xu, Z.H.; Ning, H.L.; Peng, ].B. Research and progress
of transparent, flexible tin oxide ultraviolet photodetector. Crystals 2021, 11, 1479. [CrossRef]

Shao, D.L.; Yu, M.P; Sun, H.T; Hu, T; Lian, J.; Sawyer, S. High responsivity, fast ultraviolet photodetector fabricated from ZnO
nanoparticle-graphene core-shell structures. Nanoscale 2013, 5, 3664-3667. [CrossRef]

Zhang, Y.; Peng, MLF; Liu, Y.N.; Zhang, T.T.; Zhu, Q.Q.; Lei, H.; Liu, S.N.; Tao, Y.; Li, L.; Wen, Z.; et al. Flexible self-powered
real-time ultraviolet photodetector by coupling triboelectric and photoelectric effects. ACS Appl. Mater. Interfaces 2020, 12,
19384-19392. [CrossRef]

Wen, Z.; Shen, Q.Q.; Sun, X.H. Nanogenerators for self-powered gas sensing. Nano-Micro Lett. 2017, 9, 45. [CrossRef] [PubMed]
Wen, Z.; Yeh, M.H.; Guo, H.Y;; Wang, ].; Zi, Y.L.; Xu, W.D.; Deng, ].N.; Zhu, L.; Wang, X.; Hu, C.G.; et al. Self-powered textile for
wearable electronics by hybridizing fiber-shaped nanogenerators, solar cells, and supercapacitors. Sci. Adv. 2016, 2, €1600097.
[CrossRef] [PubMed]

Ouchi, H.; Mukai, T.; Kamei, T.; Okamural, M. Silicon p-n junction photodiodes sensitive to ultraviolet radiation. IEEE Trans.
Electron Devices 1979, 26, 1965-1969. [CrossRef]

Zheng, H.Y,; Li, Y.J.; Liu, H.B.; Yin, X.D.; Li, Y.L. Construction of heterostructure materials toward functionality. Chem. Soc. Rev.
2011, 40, 4506-4524. [CrossRef]

Wang, L.; Li, Z,; Li, M,; Li, S.; Lu, Y.C,; Qi, N.; Zhang, J.; Xie, C.; Wu, C.Y.; Luo, L.B. Self-powered filterless narrow-band p-n
heterojunction photodetector for low background limited near-infrared image sensor application. ACS Appl. Mater. Interfaces
2020, 12, 21845-21853. [CrossRef]

Guo, Y.B.; Xu, L,; Liu, H.B,; Li, Y.J.; Che, C.M.; Li, Y.L. Self-assembly of functional molecules into 1D crystalline nanostructures.
Adv. Mater. 2015, 27,985-1013. [CrossRef]

Li, H.; Su, S.B.; Liang, C.H.; Zhang, T.; An, X.H.; Huang, M.Z.; Tao, H.H.; Ma, X_; Ni, Z.H.; Tian, H.; et al. UV rewritable hybrid
graphene/phosphor p—n junction photodiode. ACS Appl. Mater. Interfaces 2019, 11, 43351-43358. [CrossRef]

Kwon, Y.T.; Kang, S.O.; Cheon, ].A.; Song, Y.; Lee, ].].; Choa, Y.H. Fabrication of a Graphene/ZnO based pn junction device and
its ultraviolet photoresponse properties. Appl. Surf. Sci. 2017, 415, 2-7. [CrossRef]

Masai, H.; Terao, ].; Seki, S.; Nakashima, S.; Kiguchi, M.; Okoshi, K.; Fujihara, T.; Tsuji, Y. Synthesis of one-dimensional metal-
containing insulated molecular wire with versatile properties directed toward molecular electronics materials. J. Am. Chem. Soc.
2014, 136, 1742-1745. [CrossRef]

Li, J.X.; Li, TL.; Xu, T.L.; Kiristi, M.; Liu, W.J.; Wu, Z.G.; Wang, G. Magneto-acoustic hybrid nanomotor. Nano Lett. 2015, 15,
4814-4821. [CrossRef]

Ouyang, W.X.; Chen, J.X,; Shi, Z.F.; Fang, X.S. Self-powered UV photodetectors based on ZnO nanomaterials. Appl. Phys. Rev.
2021, 8, 031315. [CrossRef]

Cai, S.; Xu, X.J.; Yang, W.; Chen, ].X.; Fang, X.S. Materials and designs for wearable photodetectors. Adv. Mater. 2019, 31, 1808138.
[CrossRef] [PubMed]

Zhou, ].Y.; Chen, L.L.; Wang, Y.Q.; He, Y.M,; Pan, X.J.; Xie, E.Q. An overview on emerging photoelectrochemical self-powered
ultraviolet photodetectors. Nanoscale 2016, 8, 50-73. [CrossRef] [PubMed]

Teng, F.; Hu, K.; Ouyang, W.X.; Fang, X.S. Photoelectric detectors based on inorganic p-type semiconductor materials. Adv. Mater.
2018, 30, 1706262. [CrossRef] [PubMed]

Liu, HW.,; Zhu, X.L.; Sun, X.X.; Zhu, C.G.; Huang, W.; Zhang, X.H.; Zheng, B.Y.; Lou, Z.X,; Luo, Z.Y.; Wang, X.; et al. Self-powered
broad-band photodetectors based on vertically stacked WSe2/Bi2Te3 p-n heterojunctions. ACS Nano 2019, 13, 13573-13580.
[CrossRef] [PubMed]

Li, C; Huang, W.C.; Gao, L.F; Wang, H.D.; Hu, L.P; Chen, T.T.; Zhang, H. Recent advances in solution-processed photodetectors
based on inorganic and hybrid photo-active materials. Nanoscale 2020, 12, 2201-2227. [CrossRef]

Deng, J.; Su, Y.D.; Liu, D.; Yang, P.D.; Liu, B.; Liu, C. Nanowire photoelectrochemistry. Chem. Rev. 2019, 119, 9221-9259. [CrossRef]
Ou Yang, W.X,; Teng, F; He, ].H.; Fang, X.S. Enhancing the photoelectric performance of photodetectors based on metal oxide
semiconductors by charge-carrier engineering. Adv. Funct. Mater. 2019, 29, 1807672. [CrossRef]

Yun, S.N.; Zhang, YW.; Xu, Q.; Liu, ].M,; Qin, Y. Recent advance in new-generation integrated devices for energy harvesting and
storage. Nano Energy 2019, 60, 600-619. [CrossRef]


http://doi.org/10.1021/acsnano.5b07217
http://www.ncbi.nlm.nih.gov/pubmed/26670330
http://doi.org/10.1126/science.aad8279
http://www.ncbi.nlm.nih.gov/pubmed/27634531
http://doi.org/10.1002/adfm.202001604
http://doi.org/10.1063/1.5006941
http://doi.org/10.1007/s40843-019-9416-7
http://doi.org/10.3390/cryst11121479
http://doi.org/10.1039/c3nr00369h
http://doi.org/10.1021/acsami.9b22572
http://doi.org/10.1007/s40820-017-0146-4
http://www.ncbi.nlm.nih.gov/pubmed/30393740
http://doi.org/10.1126/sciadv.1600097
http://www.ncbi.nlm.nih.gov/pubmed/27819039
http://doi.org/10.1109/T-ED.1979.19803
http://doi.org/10.1039/c0cs00222d
http://doi.org/10.1021/acsami.0c02827
http://doi.org/10.1002/adma.201403846
http://doi.org/10.1021/acsami.9b14461
http://doi.org/10.1016/j.apsusc.2016.10.159
http://doi.org/10.1021/ja411665k
http://doi.org/10.1021/acs.nanolett.5b01945
http://doi.org/10.1063/5.0058482
http://doi.org/10.1002/adma.201808138
http://www.ncbi.nlm.nih.gov/pubmed/30785644
http://doi.org/10.1039/C5NR06167A
http://www.ncbi.nlm.nih.gov/pubmed/26646028
http://doi.org/10.1002/adma.201706262
http://www.ncbi.nlm.nih.gov/pubmed/29888448
http://doi.org/10.1021/acsnano.9b07563
http://www.ncbi.nlm.nih.gov/pubmed/31697469
http://doi.org/10.1039/C9NR07799E
http://doi.org/10.1021/acs.chemrev.9b00232
http://doi.org/10.1002/adfm.201807672
http://doi.org/10.1016/j.nanoen.2019.03.074

Nanomaterials 2022, 12,910 12 of 15

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Zhu, H.; Shan, C.X,; Yao, B.; Li, BH.; Zhang, ].Y.; Zhao, D.X; Shen, D.Z.; Fan, X.W. High spectrum selectivity ultraviolet
photodetector fabricated from an n-ZnO/p-GaN heterojunction. J. Phys. Chem. C 2008, 112, 20546-20548. [CrossRef]

Garnett, E.; Yang, P.D. Light trapping in silicon nanowire solar cells. Nano Lett. 2010, 10, 1082-1087. [CrossRef] [PubMed]

Qin, L.Q.; Shao, D.L.; Shing, C.; Sawyer, S. Wavelength selective p-GaN/ZnO colloidal nanoparticle heterojunction photodiode.
Appl. Phys. Lett. 2013, 102, 071106. [CrossRef]

Ni, PN,; Shan, C.X.; Wang, S.P; Liu, X.Y.; Shen, D.Z. Self-powered spectrum-selective photodetectors fabricated from n-ZnO/p-
NiO core-shell nanowire arrays. J. Mater. Chem. C 2013, 1, 4445-4449. [CrossRef]

Lao, C.S.; Park, M.S.; Kuang, Q.; Deng, Y.L.; Sood, A.K.; Polla, D.L.; Wang, Z.L. Giant enhancement in UV response of ZnO
nanobelts by polymer surface-functionalization. J. Am. Chem. Soc. 2007, 129, 12096-12097. [CrossRef]

Yang, S.X; Yang, H.Y.; Ma, H.Y.; Guo, S.; Cao, F.; Gong, ].; Deng, Y.L. Manganese oxide nanocomposite fabricated by a simple
solid-state reaction and its ultraviolet photoresponse property. Chem. Commun. 2011, 47, 2619-2621. [CrossRef]

Wang, H.L.; Zhang, L.S.; Chen, Z.G.; Hu, ].Q.; Li, S.J.; Wang, Z.H.; Liu, ].S.; Wang, X.C. Semiconductor heterojunction photocata-
lysts: Design, construction, and photocatalytic performances. Chem. Soc. Rev. 2014, 43, 5234-5244. [CrossRef]

Hanan Alzahrani, H.; Sulaiman, K.; Mahmoud, A.H.; Bahabry, R.R. Ultrasensitive self-powered UV photodetector based on a
novel p-n heterojunction of solution-processable organic semiconductors. Synth. Met. 2021, 278, 116830. [CrossRef]

Li, J.H,; Li, Y.L.; Xu, ].T.; Luscombe, C.K. Self-assembled amphiphilic block copolymers/CdTe nanocrystals for efficient aqueous-
processed hybrid solar cells. ACS Appl. Mater. Interfaces 2017, 9, 17942-17948. [CrossRef]

Im, S.H.; Lim, C.S,; Chang, ].A ; Lee, Y.H.; Maiti, N.; Kim, H.].; Nazeeruddin, M.K.; Grétzel, M.; Seok, S. Toward interaction of
sensitizer and functional moieties in hole-transporting materials for efficient semiconductor-sensitized solar cells. Nano Lett. 2011,
11, 4789-4793. [CrossRef]

Zhao, Y.S.; Fu, H.B.; Peng, A.D.; Ma, Y;; Liao, Q.; Yao, ].N. Construction and optoelectronic properties of organic one-dimensional
nanostructures. Acc. Chem. Res. 2010, 43, 409-418. [CrossRef]

Liu, H.B,; Xu, J.L.; Li, Y.J.; Li, Y.L. Aggregate nanostructures of organic molecular materials. Acc. Chem. Res. 2010, 43, 1496-1508.
[CrossRef] [PubMed]

Chen, N.; Qian, X.M.; Lin, HW,; Liu, H.B,; Li, Y.L. Growing uniform copolymer nanowire arrays for high stability and efficient
field emission. J. Mater. Chem. 2012, 22, 11068-11072. [CrossRef]

Zheng, L.X.; Yu, PP; Hu, K,; Teng, E; Chen, H.Y; Fang, X.S. Scalable production, self-powered TiO2 nanowells/organic hybrids
UV photodetectors with tunable performances. ACS Appl. Mater. Interfaces 2016, 8, 33924-33932. [CrossRef] [PubMed]

Li, EP; Peng, W.B.; Pan, Z.].; He, Y.N. Optimization of Si/ZnO/PEDOT:PSS tri-layer heterojunction photodetector by piezo-
phototronic effect using both positive and negative piezoelectric charges. Nano Energy 2018, 48, 27-34. [CrossRef]

Zu, X.H.; Wang, H.; Yi, G.B.; Zhang, Z.; Jiang, X.M.; Gong, J.; Luo, H.S. Self-powered UV photodetector based on heterostructured
TiO; nanowire arrays and polyaniline nanoflower arrays. Synthetic Met. 2015, 200, 58—-65. [CrossRef]

Mojtabavi, E.A.; Nasirian, S. A self-powered UV photodetector based on polyaniline/titania nanocomposite with long-term
stability. Opt. Mater. 2019, 94, 28-34. [CrossRef]

Ouyang, B.S.; Zhang, K.W.; Yang, Y. Self-powered UV photodetector array based on P3HT/ZnO nanowire array heterojunction.
Adv. Mater. Technol. 2017, 2, 1700208. [CrossRef]

Su, L.X,; Yang, W.; Caj, ].; Chen, H.Y,; Fang, X.S. Self-Powered ultraviolet photodetectors driven by built-in electric field. Small
2017, 13, 1701687. [CrossRef]

Lin, HW.,; Chen, K,; Li, M.K,; Ji, B.B; Jia, Y.H.; Liu, X.Y,; Li, ].L.; Song, W.Q.; Guan, C.L. Constructing a green light photodetector
on inorganic/organic semiconductor homogeneous hybrid nanowire arrays with remarkably enhanced photoelectric response.
ACS Appl. Mater. Interfaces 2019, 11, 10146-10152. [CrossRef]

Lin, HW,; Liu, H.B,; Qian, X.M.; Chen, S.H.; Li, Y.J.; Li, Y.L. Synthesizing axial inserting p-n heterojunction nanowire arrays for
realizing synergistic performance. Inorg. Chem. 2013, 52, 6969—-6974. [CrossRef]

Lin, HW.,; Liu, H.B.; Qian, X.M.; Lai, SSW.; Li, YJ.; Chen, N.; Ouyang, C.B.; Che, C.M.; Li, Y.L. Constructing a blue light
photodetector on inorganic/organic p-n heterojunction nanowire arrays. Inorg. Chem. 2011, 50, 7749-7753. [CrossRef] [PubMed]
Pedram, G.; Federica, R.; You, S.J.; Illia, D.; Gilzad, K.M.; Lucia, P.A.; Isabella, C.; Nils, A.; Graziella, M.; Alberto, V. ZnO-Cu,O
core-shell nanowires as stable and fast response photodetectors. Nano Energy 2018, 51, 308-316.

Li, Y;; DiStefano, ].G.; Murthy, A.A.; Cain, ].D.; Hanson, E.D.; Li, Q.Q.; Castro, F.C.; Chen, X.Q.; Dravid, V.P. Superior plasmonic
photodetectors based on Au@MoS, core-shell heterostructures. ACS Nano 2017, 11, 10321-10329. [CrossRef] [PubMed]

Zhao, B.; Wang, F.; Chen, H.Y.; Wang, Y.P.; Jiang, M.M.; Fang, X.S.; Zhao, D.X. Solar-blind avalanche photodetector based on
single ZnO-Gay O3 core-shell microwire. Nano Lett. 2015, 15, 3988-3993. [CrossRef] [PubMed]

Chen, N.; Qian, X.M.; Lin, HW.; Liu, H.B.; Li, Y.J.; Li, Y.L. Synthesis and characterization of axial heterojunction inorganic-organic
semiconductor nanowire arrays. Dalton Trans. 2011, 40, 10804-10808. [CrossRef]

Guo, Y.B,; Tang, Q.X,; Liu, H.B.; Zhang, Y.J.; Li, Y.L.; Hu, W.P; Wang, S.; Zhu, D.B. Light-controlled organic/inorganic P-N
junction nanowires. J. Am. Chem. Soc. 2008, 130, 9198-9199. [CrossRef]

Xue, Z.; Yang, H.; Gao, J.; Li, ].F; Chen, YH,; Jia, Z.Y,; Li, Y.J.; Liu, H.B.; Yang, W.S; Li, Y.L,; et al. Controlling the interface areas of
organic/inorganic semiconductor heterojunction nanowires for high-performance diodes. ACS Appl. Mater. Interfaces 2016, 8,
21563-21569. [CrossRef]


http://doi.org/10.1021/jp808870z
http://doi.org/10.1021/nl100161z
http://www.ncbi.nlm.nih.gov/pubmed/20108969
http://doi.org/10.1063/1.4793210
http://doi.org/10.1039/c3tc30525b
http://doi.org/10.1021/ja075249w
http://doi.org/10.1039/c0cc04783j
http://doi.org/10.1039/C4CS00126E
http://doi.org/10.1016/j.synthmet.2021.116830
http://doi.org/10.1021/acsami.7b03074
http://doi.org/10.1021/nl2026184
http://doi.org/10.1021/ar900219n
http://doi.org/10.1021/ar100084y
http://www.ncbi.nlm.nih.gov/pubmed/20942417
http://doi.org/10.1039/c2jm16368c
http://doi.org/10.1021/acsami.6b11012
http://www.ncbi.nlm.nih.gov/pubmed/27960373
http://doi.org/10.1016/j.nanoen.2018.03.025
http://doi.org/10.1016/j.synthmet.2014.12.030
http://doi.org/10.1016/j.optmat.2019.05.026
http://doi.org/10.1002/admt.201700208
http://doi.org/10.1002/smll.201701687
http://doi.org/10.1021/acsami.8b20340
http://doi.org/10.1021/ic400302e
http://doi.org/10.1021/ic200900a
http://www.ncbi.nlm.nih.gov/pubmed/21755974
http://doi.org/10.1021/acsnano.7b05071
http://www.ncbi.nlm.nih.gov/pubmed/28933819
http://doi.org/10.1021/acs.nanolett.5b00906
http://www.ncbi.nlm.nih.gov/pubmed/25946467
http://doi.org/10.1039/c1dt10926j
http://doi.org/10.1021/ja8021494
http://doi.org/10.1021/acsami.6b06274

Nanomaterials 2022, 12,910 13 of 15

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Panigrahi, S.; Basak, D. Core-shell TiO,@ZnO nanorods for efficient ultraviolet photodetection. Nanoscale 2011, 3, 2336-2341.
[CrossRef]

Zhang, F;; Ding, Y.; Zhang, Y.; Zhang, X.L.; Wang, Z.L. Piezo-phototronic effect enhanced visible and ultraviolet photodetection
using a ZnO-CdS core-shell micro/nanowire. ACS Nano 2012, 6, 9229-9236. [CrossRef]

Cai, J.; Xu, XJ; Su, LX,; Yang, W.; Chen, H.Y.; Zhang, Y.; Fang, X.S. Self-powered n-SnO, /p-CuZnS core-shell microwire UV
photodetector with optimized performance. Adv. Opt. Mater. 2018, 6, 1800213. [CrossRef]

Li, S;; Zhi, Y.S.; Lu, C.; Wu, C; Yan, Z.Y;; Liu, Z,; Yang, J.; Chu, X.L.; Guo, D.Y;; Li, P.G,; et al. Broadband ultraviolet self-powered
photodetector constructed on Exfoliated 3-Gap;O3/Cul core-shell microwire heterojunction with superior reliability. J. Phys. Chem.
Lett. 2021, 12, 447-453. [CrossRef] [PubMed]

You, D.T; Xu, C.X,; Zhao, J.; Zhang, W.; Qin, EE,; Chen, ].P; Shi, Z.L. Vertically aligned ZnO/GayO3 core/shell nanowire arrays
as self-driven superior sensitivity solar-blind photodetectors. J. Mater. Chem. C 2019, 7, 3056-3063. [CrossRef]

Zheng, Y.L.; Li, Y,; Tang, X.; Wang, W.L.; Li, G.Q. A self-powered high-performance UV photodetector based on core-shell
GaN/MoO3-x nanorod array heterojunction. Adv. Opt. Mater. 2020, 8, 2000197. [CrossRef]

Hong, Q.S.; Cao, Y.; Xu, J.; Lu, HM.; He, J.H.; Sun, ]J.L. Self-powered ultrafast broadband photodetector based on p-n heterojunc-
tions of CuO/Si nanowire array. ACS Appl. Mater. Interfaces 2014, 6, 20887-20894. [CrossRef]

Hatch, S.M.; Briscoe, J.; Dunn, S. A self-powered ZnO-nanorod/CuSCN UV photodetector exhibiting rapid response. Adv. Mater.
2013, 25, 867-871. [CrossRef]

Liu, P; Peng, H.S.; Fang, X.S. A real-time wearable UV-radiation monitor based on a high-performance p-CuZnS/n-TiO,
photodetector. Adv. Mater. 2018, 30, 1803165.

Ghamgosar, P; Rigoni, F; Kohan, M.G.; You, S.J.; Morales, E.A.; Mazzaro, R.; Morandi, V.; Almqvist, N.; Concina, I.; Vomiero, A.
Self-powered photodetectors based on core-shell ZnO-Co30,4 nanowire heterojunctions. ACS Appl. Mater. Interfaces 2019, 11,
23454-23462. [CrossRef]

Xu, X.Z.; Zhang, X.J.; Deng, W.; Huang, L.M.; Wang, W.; Jie, ].S.; Zhang, X.H. Saturated vapor-assisted growth of single-crystalline
organic-inorganic hybrid perovskite nanowires for high-performance photodetectors with robust stability. ACS Appl. Mater.
Interfaces 2018, 10, 10287-10295. [CrossRef]

Yang, S.X.; Wang, C.; Ataca, C.; Li, Y.; Chen, H.; Cai, H.; Suslu, A.; Grossman, ]J.C.; Jiang, C.B.; Liu, Q.; et al. Self-driven
photodetector and ambipolar transistor in atomically thin GaTe-MoS, p-n vdW heterostructure. ACS Appl. Mater. Interfaces 2016,
8,2533-2539. [CrossRef]

Lian, Q.; Zhu, X.T.; Wang, X.D.; Bai, W.; Yang, J.; Zhang, Y.Y; Qi, RJ.; Huang, R.; Hu, W.D.; Tang, X.D.; et al. Ultrahigh-detectivity
photodetectors with van der waals epitaxial CdTe single-crystalline films. Small 2019, 15, 1900236. [CrossRef]

Dao, T.D.; Dang, C.T.T,; Han, G.; Hoang, C.V.; Yi, W.; Narayanamurti, V.; Nagao, T. Chemically synthesized nanowire TiO, /ZnO
core-shell p-n junction array for high sensitivity ultraviolet photodetector. Appl. Phys. Lett. 2013, 103, 193119. [CrossRef]

Xu, J.L.; Bu, X.H. Optical properties and applications of crystalline materials. Adv. Opt. Mater. 2021, 9, 2102394. [CrossRef]
Deng, W.; Jie, ].S.; Shang, Q.X.; Wang, ].C.; Zhang, X.]J.; Yao, S.W.; Zhang, Q.; Zhang, X.H. Organic nanowire/ crystalline silicon
p-n heterojunctions for high-sensitivity, broadband photodetectors. ACS Appl. Mater. Interfaces 2015, 7, 2039-2045. [CrossRef]
Wang, H.B.; Chen, H.Y,; Li, L.; Wang, Y.F; Su, L.X,; Bian, W.P; Li, B.S.; Fang, X.S. High responsivity and high rejection ratio
self-powered solarblind ultraviolet photodetector based on PEDOT:PSS/ 3-GayO3 organic/inorganic p-n junction. J. Phys. Chem.
Lett. 2019, 10, 6850-6856. [CrossRef] [PubMed]

Teng, F.; Ouyang, W.X,; Li, YM.; Zheng, L.X.; Fang, X.S. Novel structure for high performance UV photodetector based on
BiOC1/ZnO hybrid film. Small 2017, 13, 1700156. [CrossRef] [PubMed]

Sang, L.W.; Liao, M.Y.; Masatomo, S. A comprehensive review of semiconductor ultraviolet photodetectors: From thin film to
one-dimensional nanostructures. Sensors 2013, 13, 10482-10518. [CrossRef] [PubMed]

Sarkar, S.; Basak, D. Self powered highly enhanced dual wavelength ZnO@CdS core-shell nanorod arrays photodetector: An
intelligent pair. ACS Appl. Mater. Interfaces 2015, 7, 16322-16329. [CrossRef]

Guo, D.Y,; Su, Y.L,; Shi, H.Z,; Li, PG.; Zhao, N.; Ye, ] H.; Wang, S.L.; Liu, A.P.,; Chen, ZW.; Li, C.R,; et al. Self-powered ultraviolet
photodetector with superhigh photoresponsivity (3.05 A/W) based on the GaN/Sn:Ga,;O3 pn junction. ACS Nano 2018, 12,
12827-12835. [CrossRef]

Mufioz, E.; Monroy, E.; Calle, F; Omnes, F.; Gibart, P. AlGaN Photodiodes for Monitoring Solar UV Radiation. | Geophys. Res.
2000, 105, 4865-4871.

Goswami, L.; Aggarwal, N.; Vashishthal, P; Jainl, S.K.; Nirantar, S.; Ahmed, J.; Khan, M.A.M.; Pandey, R.; Gupta, G. Fabrication
of GaN nano-towers based self-powered UV photodetector. Sci. Rep. 2021, 11, 10859. [CrossRef]

Zheng, W.; Huang, F,; Zheng, R.S.; Wu, H.L. Low-dimensional structure vacuum-ultraviolet-sensitive (A < 200 nm) photodetector
with fast-response speed based on high-quality AIN micro/nanowire. Adv. Mater. 2015, 27, 3921-3927. [CrossRef] [PubMed]
Cai, Q.; You, HE,; Guo, H.; Wang, ].; Liu, B,; Xie, Z.L.; Chen, D.J.; Lu, H.; Youdou Zheng, Y.D.; Zhang, R. Progress on AlGaN-based
solar-blind ultraviolet photodetectors and focal plane arrays. Light Sci. Appl. 2021, 10, 94. [CrossRef] [PubMed]

Zou, Y.N.; Zhang, Y.; Hu, YM.; Gu, H.S. Ultraviolet detectors based on wide bandgap semiconductor nanowire: A review. Sensors
2018, 18, 2072. [CrossRef] [PubMed]

Tak, B.R.; Singh, R. Ultra-low noise and self-powered 3-Ga,;O3 deep ultraviolet photodetector array with large linear dynamic
range. ACS Appl. Electron. Mater. 2021, 3, 2145-2151. [CrossRef]


http://doi.org/10.1039/c1nr10064e
http://doi.org/10.1021/nn3035765
http://doi.org/10.1002/adom.201800213
http://doi.org/10.1021/acs.jpclett.0c03382
http://www.ncbi.nlm.nih.gov/pubmed/33356281
http://doi.org/10.1039/C9TC00134D
http://doi.org/10.1002/adom.202000197
http://doi.org/10.1021/am5054338
http://doi.org/10.1002/adma.201204488
http://doi.org/10.1021/acsami.9b04838
http://doi.org/10.1021/acsami.7b17176
http://doi.org/10.1021/acsami.5b10001
http://doi.org/10.1002/smll.201900236
http://doi.org/10.1063/1.4826921
http://doi.org/10.1002/adom.202102394
http://doi.org/10.1021/am5079144
http://doi.org/10.1021/acs.jpclett.9b02793
http://www.ncbi.nlm.nih.gov/pubmed/31623440
http://doi.org/10.1002/smll.201700156
http://www.ncbi.nlm.nih.gov/pubmed/28417546
http://doi.org/10.3390/s130810482
http://www.ncbi.nlm.nih.gov/pubmed/23945739
http://doi.org/10.1021/acsami.5b03184
http://doi.org/10.1021/acsnano.8b07997
http://doi.org/10.1038/s41598-021-90450-w
http://doi.org/10.1002/adma.201500268
http://www.ncbi.nlm.nih.gov/pubmed/26016601
http://doi.org/10.1038/s41377-021-00527-4
http://www.ncbi.nlm.nih.gov/pubmed/33931580
http://doi.org/10.3390/s18072072
http://www.ncbi.nlm.nih.gov/pubmed/29958452
http://doi.org/10.1021/acsaelm.1c00150

Nanomaterials 2022, 12,910 14 of 15

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.
119.

120.

121.

Zhang, Y.; Song, W.D. High performance self-powered CuZnS/GaN UV photodetectors with ultrahigh on/off ratio (3 x 10%). J.
Mater. Chem. C 2021, 9, 4799-4807. [CrossRef]

Li, J.; Xi, X,; Lin, S.; Ma, Z.H.; Li, X.D.; Zhao, L.X. Ultrahigh sensitivity Graphene/nanoporous GaN ultraviolet photodetectors.
ACS Appl. Mater. Interfaces 2020, 12, 11965-11971. [CrossRef]

Xiao, Y.; Liu, L.; Ma, Z.H.; Meng, B.; Qin, S.J.; Pan, G.B. High-performance self-powered ultraviolet photodetector based on
nano-porous GaN and CoPc p-n vertical heterojunction. Nanomaterials 2019, 9, 1198. [CrossRef]

Pant, R.; Singh, D.K.; Chowdhury, A.M.; Roul, B.; Nanda, K.K.; Krupanidhi, S.B. Next-generation self-powered and ultrafast
photodetectors based on IlI-nitride hybrid Structures. APL Mater. 2020, 8, 020907. [CrossRef]

Wang, D.H.; Huang, C.; Liu, X.; Zhang, H.C.; Yu, H.B.; Fang, S.; Ooi, B.S.; Mi, Z.; He, ].H.; Sun, H.D. Highly uniform, self-
assembled AlGaN nanowires for self-powered solar-blind photodetector with fast-response speed and high responsivity. Adv.
Opt. Mater. 2021, 9, 2000893. [CrossRef]

Chen, X.X.; Xiao, X.H.; Shi, Z.F; Du, R.; Li, X.]. Self-powered ultraviolet photodetection realized by GaN/Si nanoheterostructure
based on silicon nanoporous pillar array. J. Alloys Compd. 2018, 767, 368-373. [CrossRef]

Cicek, E.; McClintock, R.; Cho, C.Y.; Rahnema, B.; Razeghi, M. AlyGa;.,N-based back-illuminated solar-blind photodetectors
with external quantum efficiency of 89%. Appl. Phys. Lett. 2013, 103, 191108. [CrossRef]

Jiang, M.; Zhao, Y.K; Bian, L.E; Yang, W.X,; Zhang, ].Y.; Wu, Y.Y,; Zhou, M,; Lu, S.L.; Qin, H. Self-powered photoelectro-
chemical (Al, Ga)N photodetector with an ultrahigh ultraviolet/visible reject ratio and a quasi-invisible functionality for 360°
omnidirectional detection. ACS Photonics 2021, 8, 3282-3290. [CrossRef]

Pandit, B.; Schubert, E.F.; Chol, J. Dual-functional ultraviolet photodetector with graphene electrodes on AlGaN/GaN het-
erostructure. Sci. Rep. 2020, 10, 22059. [CrossRef] [PubMed]

Li, Y.J.; Xu, L,; Liu, H.B.; Li, Y.L. Graphdiyne and graphyne: From theoretical predictions to practical construction. Chem. Soc. Rev.
2014, 43, 2572-2586. [CrossRef] [PubMed]

Huang, C.S,; Li, Y.J.; Wang, N.; Xue, Y.R.; Zuo, Z.C.; Liu, H.B.; Li, Y.L. Progress in research into 2D graphdiyne-based materials.
Chem. Rev. 2018, 118, 7744-7803. [CrossRef] [PubMed]

Jin, ZW.; Zhou, Q.; Chen, Y.H.; Mao, P; Li, H.; Liu, H.B.; Wang, ]J.Z.; Li, Y.L. Graphdiyne: ZnO nanocomposites for high-
performance UV photodetectors. Adv. Mater. 2016, 28, 3697-3702. [CrossRef]

Hui, L.; Xue, Y.R,; Huang, B.L.; Yu, H.D.; Zhang, C.; Zhang, D.Y,; Jia, D.Z.; Zhao, Y.J.; Li, Y.J.; Liu, H.B.; et al. Overall water
splitting by graphdiyne-exfoliated and -sandwiched layered double-hydroxide nanosheet arrays. Nat. Commun. 2018, 9, 5309.
[CrossRef]

Xue, Y.R.; Huang, B.L.; Yi, Y.P; Guo, Y.; Zuo, Z.C; Li, YJ,; Jia, Z.Y,; Liu, H.B.; Li, Y.L. Anchoring zero valence single atoms of
nickel and iron on graphdiyne for hydrogen evolution. Nat. Commun. 2018, 9, 1460. [CrossRef]

Li, Y,; Zhang, M.],; Hu, X.L; Li, X.D.; Li, R.; Yu, L.M.; Fan, X.H.; Wang, N.Y.; Huang, C.S.; Li, Y.L. Graphdiyne visible-light
photodetector with ultrafast detectivity. Adv. Opt. Mater. 2021, 9, 2001916. [CrossRef]

Liu, C.; Han, X.; Shi, R.C.; Qi, S.M.; Chen, S.H.; Xu, L.; Xu, ].L. Nonlinear optics of graphdiyne. Mater. Chem. Front. 2021, 5,
6413-6428. [CrossRef]

Zhang, Y.; Huang, P; Guo, J.; Shi, R.C.; Huang, W.C.; Shi, Z.; Wu, L.M.; Zhang, F; Gao, L.E; Li, C.; et al. Photodetectors:
Graphdiyne-based flexible photodetectors with highresponsivity and detectivity. Adv. Mater. 2020, 32, 2070175. [CrossRef]
Qiao, H.; Huang, Z.Y,; Ren, X.H.; Liu, S.H.; Zhang, Y.P.; Qi, X.; Zhang, H. Self-powered photodetectors based on 2D materials.
Adv. Opt. Mater. 2020, 8, 1900765. [CrossRef]

Wang, Y.; Meng, ].H.; Tian, Y.; Chen, Y.N.; Wang, G.K.; Yin, Z.G,; Jin, P; You, ].B.; Wu, ]J.L.; Zhang, X.G. Deep ultraviolet
photodetectors based on carbon-doped two-dimensional hexagonal boron nitride. ACS Appl. Mater. Interfaces 2020, 12, 27361—
27367. [CrossRef] [PubMed]

Li, L.; Wang, WK,; Chai, Y.; Li, H.Q.; Tian, M.L.; Zhai, T.Y. Few-layered PtS2 phototransistor on h-BN with high gain. Adv. Funct.
Mater. 2017, 27,1701011. [CrossRef]

Zdanowicz, E.; Herman, A.P.; Opotczynska, K.; Gorantla, S.; Olszewski, W.; Serafiiczuk, J.; Hommel, D.; Kudrawiec, R. Toward
h-BN/GaN schottky diodes: Spectroscopic study on the electronic phenomena at the interface. ACS Appl. Mater. Interfaces 2022,
14, 6131-6137. [CrossRef] [PubMed]

Kumar, R.; Sahoo, S.; Joanni, E.; Singh, R.K; Yadav, RM.; Verma, R.K; Singh, D.P,; Tan, W.K,; Pino, A.P.; Moshkalev, S.A_; et al. A
review on synthesis of graphene, h-BN and MoS2 for energy storage applications: Recent progress and perspectives. Nano Res.
2019, 12, 2655-2694. [CrossRef]

Kumar, A.; Khan, M.A_; Kumar, M. Recent advances in UV photodetectors based on 2D materials: A review. J. Phys. D Appl. Phys.
2022, 55, 133002. [CrossRef]

Tian, W.; Wang, Y.D.; Chen, L.; Li, L. Self-powered nanoscale photodetectors. Small 2017, 13, 1701848. [CrossRef]

Sun, C.J.; Jiang, Y.Z.; Cui, M.H.; Qiao, L.; Wei, ].L.; Huang, YM.; Zhang, L.; He, TW.,; Li, S.S.; Hsu, H.Y,; et al. High-performance
large-area quasi-2D perovskite light-emitting diodes. Nat. Commun. 2021, 12, 2207. [CrossRef]

Su, L.; Zhao, Z.X; Li, HY,; Yuan, J.; Wang, Z.L.; Cao, G.Z.; Zhu, G. High-performance organolead halide perovskite-based
self-powered triboelectric photodetector. ACS Nano 2015, 9, 11310-11316. [CrossRef]

Guo, B.B;; Yin, J.C,; Li, N.; Fu, Z.X.; Han, X,; Xu, J.L.; Bu, X.H. Recent progress in luminous particle-encapsulated host-guest
metal-organic frameworks for optical applications. Adv. Opt. Mater. 2021, 9, 2100283. [CrossRef]


http://doi.org/10.1039/D1TC00137J
http://doi.org/10.1021/acsami.9b22651
http://doi.org/10.3390/nano9091198
http://doi.org/10.1063/1.5140689
http://doi.org/10.1002/adom.202000893
http://doi.org/10.1016/j.jallcom.2018.07.066
http://doi.org/10.1063/1.4829065
http://doi.org/10.1021/acsphotonics.1c01105
http://doi.org/10.1038/s41598-020-79135-y
http://www.ncbi.nlm.nih.gov/pubmed/33328514
http://doi.org/10.1039/c3cs60388a
http://www.ncbi.nlm.nih.gov/pubmed/24445869
http://doi.org/10.1021/acs.chemrev.8b00288
http://www.ncbi.nlm.nih.gov/pubmed/30048120
http://doi.org/10.1002/adma.201600354
http://doi.org/10.1038/s41467-018-07790-x
http://doi.org/10.1038/s41467-018-03896-4
http://doi.org/10.1002/adom.202001916
http://doi.org/10.1039/D1QM00834J
http://doi.org/10.1002/adma.202070175
http://doi.org/10.1002/adom.201900765
http://doi.org/10.1021/acsami.0c05850
http://www.ncbi.nlm.nih.gov/pubmed/32449615
http://doi.org/10.1002/adfm.201701011
http://doi.org/10.1021/acsami.1c20352
http://www.ncbi.nlm.nih.gov/pubmed/35043636
http://doi.org/10.1007/s12274-019-2467-8
http://doi.org/10.1088/1361-6463/ac33d7
http://doi.org/10.1002/smll.201701848
http://doi.org/10.1038/s41467-021-22529-x
http://doi.org/10.1021/acsnano.5b04995
http://doi.org/10.1002/adom.202100283

Nanomaterials 2022, 12,910 15 of 15

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Liu, Y,; Cui, ].Y,; Du, K;; He, T;; He, Z.E; Zhou, Q.H.; Yang, Z.L.; Deng, Y.Z.; Chen, D.; Zuo, X.B.; et al. Efficient blue light-emitting
diodes based on quantum-confined bromide perovskite nanostructures. Nat. Photonics 2019, 13, 760. [CrossRef]

Shen, K.; Xu, H.; Li, X;; Guo, ]J.; Sathasivam, S.; Wang, M.Q.; Ren, A.B.; Choy, K.L.; Parkin, I.P.; Guo, Z.X,; et al. Flexible and
self-powered photodetector arrays based on all-inorganic CsPbBr; quantum dots. Adv. Mater. 2020, 32, 2000004. [CrossRef]
[PubMed]

Cao, FR.; Meng, L.X.; Wang, M.; Tian, W.; Li, L. Gradient energy band driven high-performance self-powered perovskite/CdS
photodetector. Adv. Mater. 2019, 31, €1806725. [CrossRef]

Li, C.L.; Han, C.; Zhang, Y.B.; Zang, Z.G.; Wang, M.; Tang, X.S.; Du, ].H. Enhanced photoresponse of self-powered perovskite
photodetector based on ZnO nanoparticles decorated CsPbBr3 films. Sol. Energy Mater. Sol. Cells 2017, 172, 341-346. [CrossRef]
Ji, CM,; Dey, D.; Peng, Y.; Liu, X.T,; Li, L.N.; Luo, ].H. Ferroelectricity-driven self-powered ultraviolet photodetection with strong
polarization sensitivity in a two-dimensional halide hybrid perovskite. Angew. Chem. Int. Ed. 2020, 59, 18933-18937. [CrossRef]
Wang, L.; Xue, Y.X,; Cui, M.H.; Huang, YM.; Xu, H.Y,; Qin, C.C,; Yang, J.E; Dai, H.T.; Yuan, M.J. A chiral reduced-dimension
perovskite for an efficient flexible circularly polarized light photodetector. Angew. Chem. Int. Ed. 2020, 132, 6442—-6450. [CrossRef]
Michael, E.; Mathias, S.; Phaedon, A. Black phosphorus photodetector for multispectral, high-resolution imaging. Nano Lett. 2014,
14, 6414-6417.

Youngblood, N.; Chen, C.; Koester, S.J.; Li, M. Waveguide-integrated black phosphorus photodetector with high responsivity and
low dark current. Nat. Photonics 2015, 9, 247-252. [CrossRef]

Chen, X.L,; Lu, X.B.; Deng, B.C.; Sinai, O.; Shao, Y.C.; Li, C,; Yuan, S.F; Tran, V.; Watanabe, K.; Taniguchi, T.; et al. Widely tunable
black phosphorus mid-infrared photodetector. Nat. Commun. 2017, 8, 1672. [CrossRef]

Yuan, H.T,; Liu, X.G.; Afshinmanesh, F.; Li, W.; Xu, G.; Sun, J.; Lian, B.; Curto, A.G.; Ye, G.J.; Hikita, Y.; et al. Polarization-sensitive
broadband photodetector using a black phosphorus vertical p-n junction. Nat. Nanotechnol. 2015, 10, 707-713. [CrossRef]
[PubMed]

Zhang, Y.,; Zhang, E; Xu, Y.G.; Huang, W.C.; Wu, L.M.; Zhang, Y.P; Zhang, X.W.; Zhang, H. Self-healable black phosphorus
photodetectors. Adv. Funct. Mater. 2019, 29, 1906610. [CrossRef]

Zhang, L.; Wang, B.; Zhou, Y.H.; Wang, C.; Chen, X.L.; Zhang, H. Synthesis techniques, optoelectronic properties, and broadband
photodetection of thin-film black phosphorus. Adv. Opt. Mater. 2020, 8, 2000045. [CrossRef]

Kim, H.; Uddin, S.Z.; Lien, D.H.; Yeh, M.; Azar, N.S.; Balendhran, S.; Kim, T.; Gupta, N.; Rho, Y.; Grigoropoulos, C.P; et al.
Actively variable-spectrum optoelectronics with black phosphorus. Nature 2021, 596, 232. [CrossRef]

Long, M.S.; Gao, A.Y,; Wang, P,; Xia, H.; Ott, C,; Pan, C; Fu, YJ,; Liu, E.F; Chen, X.S.; Lu, W,; et al. Room temperature
high-detectivity mid-infrared photodetectors based on black arsenic phosphorus. Sci. Adv. 2017, 3, 1700589. [CrossRef]
Velusamy, D.B.; Haque, M.A.; Parida, M.R.; Zhang, F.; Wu, T.; Mohammed, O.E,; Alshareef, H.N. 2D organic-inorganic hybrid
thin films for flexible UV-Visible photodetectors. Adv. Funct. Mater. 2017, 27, 1605554. [CrossRef]

Wang, X.D.; Wang, P.; Wang, ].L.; Hu, W.D.; Zhou, X.H.; Guo, N.; Huang, H.; Sun, S.; Shen, H.; Lin, T.; et al. Ultrasensitive and
broadband MoS, photodetector driven by ferroelectrics. Adv. Mater. 2015, 27, 6575-6581. [CrossRef] [PubMed]

Fazio, D.D.; Goykhman, I.; Yoon, D.; Bruna, M.; Eiden, A.; Milana, S.; Sassi, U.; Barbone, M.; Dumcenco, D.; Marinov, K; et al.
High responsivity, large-area graphene/MoS; flexible photodetectors. ACS Nano 2016, 10, 8252-8262. [CrossRef]

Kufer, D.; Nikitskiy, I.; Lasanta, T.; Navickaite, G.; Koppens, FH.L.; Konstantatos, G. Hybrid 2D-0D MoS,-PbS quantum dot
photodetectors. Adv. Mater. 2015, 27, 176-180. [CrossRef]

Nasr, J.R.; Simonson, N.; Oberoi, A.; Horn, M.W.; Robinson, J.A.; Das, S. Low-power and ultra-thin MoS; photodetectors on glass.
ACS Nano 2020, 14, 15440-15449. [CrossRef]

Wang, L; Jie, ].S.; Shao, Z.B.; Zhang, Q.; Zhang, X.H.; Wang, YM.; Sun, Z.; Lee, S.T. MoS, /Si heterojunction with vertically
standing layered structure for ultrafast, high-detectivity, self-driven visible-near infrared photodetectors. Adv. Funct. Mater. 2015,
25,2910-2919. [CrossRef]

Xu, H.; Han, X.Y,; Dai, X,; Liu, W.; Wu, J.; Zhu, ].T,; Kim, D.Y.; Zou, G.F,; Sablon, K.A_; Sergeev, A.; et al. High detectivity and
transparent few-layer MoS, / glassy-graphene heterostructure photodetectors. Adv. Mater. 2018, 30, 1706561. [CrossRef] [PubMed]
Dodda, A.; Oberoi, A.; Sebastian, A.; Choudhury, T.H.; Redwing, ].M.; Das, S. Stochastic resonance in MoS; photodetector. Nat.
Commun. 2020, 11, 4406. [CrossRef] [PubMed]

Zou, Z.X,; Liang, JW.; Zhang, X.H.; Ma, C.; Xu, P; Yang, X.; Zeng, Z.X.S.; Sun, X.X.; Zhu, C.G.; Liang, D.L.; et al. Liquid-
metal-assisted growth of vertical GaSe/MoS, p-n heterojunctions for sensitive self-driven photodetectors. ACS Nano 2021, 15,
10039-10047. [CrossRef]


http://doi.org/10.1038/s41566-019-0505-4
http://doi.org/10.1002/adma.202000004
http://www.ncbi.nlm.nih.gov/pubmed/32319160
http://doi.org/10.1002/adma.201806725
http://doi.org/10.1016/j.solmat.2017.08.014
http://doi.org/10.1002/anie.202005092
http://doi.org/10.1002/anie.201915912
http://doi.org/10.1038/nphoton.2015.23
http://doi.org/10.1038/s41467-017-01978-3
http://doi.org/10.1038/nnano.2015.112
http://www.ncbi.nlm.nih.gov/pubmed/26030655
http://doi.org/10.1002/adfm.201906610
http://doi.org/10.1002/adom.202000045
http://doi.org/10.1038/s41586-021-03701-1
http://doi.org/10.1126/sciadv.1700589
http://doi.org/10.1002/adfm.201605554
http://doi.org/10.1002/adma.201503340
http://www.ncbi.nlm.nih.gov/pubmed/26376198
http://doi.org/10.1021/acsnano.6b05109
http://doi.org/10.1002/adma.201402471
http://doi.org/10.1021/acsnano.0c06064
http://doi.org/10.1002/adfm.201500216
http://doi.org/10.1002/adma.201706561
http://www.ncbi.nlm.nih.gov/pubmed/29380432
http://doi.org/10.1038/s41467-020-18195-0
http://www.ncbi.nlm.nih.gov/pubmed/32879305
http://doi.org/10.1021/acsnano.1c01643

	Introduction 
	Improving the Performance of Self-Powered UV Photodetectors Based on p-n Heterojunction Low-Dimensional Nanostructures from Different Aspects 
	Construct Low-Dimensional Semiconductor Nanostructures 
	Expand the p-n Heterojunction Interface 
	Improve the Crystalline Quality of Semiconductors 
	Utilize Transfer of Photogenerated Carriers or Enhance the Built-In Electric Field 
	Adjust the Bandgap of Semiconductors for Deep UV Detection 

	Summary and Perspectives 
	References

