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Ultraviolet (UV) photodetectors (PDs) have found widespread application in various fields, such as
environmental protection, life sciences, secure communications, automated systems, and missile
tracking, which renders UVPDs the most important component in modern optoelectronic devices and
systems. In the past decade, a large number of UVPDs with various device structures and fast response
speed have been reported. While most of the UVPD devices are usually assembled from Si and other
semiconductor materials, [|-VI group semiconductors (ZnS, ZnSe, etc.), which have a wide bandgap and
high exciton binding energy, are regarded as potentially important candidates for high-performance
UVPD application as well. In this review, we comprehensively discuss the basic concepts and operation
mechanisms of UVPDs, which are key factors for rational comparison between different photodetectors.
In addition, the main research status of UVPDs based on II-VI group semiconductors is reviewed. Some
emerging techniques to optimize device performance are discussed as well. Due to the trade-off
between the two key parameters of the responsivity and response time, the ultimate performance of

Received 23rd May 2022, some II-VI group semiconductor-based UVPDs remains inadequate. And then, the initial applications

Accepted 7th August 2022 based on II-VI group semiconductor photodetectors are mentioned. Finally, the current challenges and
DOI: 10.1039/d2tc02127g future directions of II-VI group semiconductor-based UVPDs are outlined and discussed, and general

advice for realizing novel high-performance photodetectors and their applications is given to provide a
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1. Introduction

UV radiation plays a vital role in the human environment
and affects the survival and development of almost all living
organisms. The German physicist Johann Wilhelm Ritter first
discovered UV radiation in 1801. In subsequent studies,
researchers identified multiple wavelengths of UV radiation
and divided the UV spectrum into three bands: UV-A (320-
400 nm), UV-B (280-320 nm), and UV-C (100-280 nm).'”
Further research shows that UV radiation has great application
potential in the fields of sterilization and disinfection, electro-
nics, biomedicine, air purification, etc. However, high levels of
UV radiation may lead to a significant increase in the incidence
rate of skin cancer in humans. Thus, the study of UV photo-
detection has attracted much attention from scientists. Based
on Einstein’s photoelectric effect, UVPDs for transforming UV
radiation signals into electronic signals have been developed by
scientists. A high-performance UVPD has “5S” requirements
(high sensitivity, high signal-to-noise ratio, high speed, high
spectral selectivity, and high stability).” From the perspective of
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guideline for the future development of this fast-developing field.

energy band theory, semiconductors with a bandgap larger than
3.0 eV (e.g. GaN, SiC, and AlGaN) are ideal materials for the
fabrication of UVPD devices."”>* For this reason, the past decade
has witnessed great progress in the development of various
sensitive UVPDs with different device geometries, and many
review papers have been published regarding wide bandgap
semiconductor based UVPDs. As an alternative, Si UVPDs are also
an important candidate for UV detection in the market because
of their good compatibility with the existing semiconductor
manufacturing technology. However, it is undeniable that, due
to the relatively small bandgap of Si (1.1 eV), Si-based photode-
tectors generally require a complex filter structure that increases
the fabrication cost and volume of the device.>®

II-VI Group semiconductors (ZnS, CdS, ZnSe, etc.) have been
widely used for the fabrication of UVPDs in recent years due to their
large bandgap, high exciton binding energy and exciton gain,
good optical properties, and excellent thermal and environmental
stabilities.” '® In addition, II-VI group semiconductors have
higher electron and hole mobilities than those of other semi-
conductor materials with a similar bandgap.'! Another important
property is the direct band structure of II-VI group semiconduc-
tors, which determines the interband radiative recombination of
electrons and holes, and the high efficiency of electron-hole pair
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Table 1 Summary of the representative parameters of 11-VI group semiconductors

Materials  Crystal structure Bandgap (eV) Electron mobility (cm® V"' s™')  Dielectric constant  Effective electron mass  Ref.

ZnS Wurtzite 3.7 285 8.3 0.34 my 28-30

Cds Cubic 2.42 350 8.9 (0.18 £ 0.05) my 29, 31 and 32
ZnSe Cubic 2.7 502 10.2 0.17 my 33 and 34
ZnSSe Hexagonal 2.7-3.7 126 5.8-6.1 ~0.15 m, 35-38

ZnCds Cubic/hexagonal  2.4-3.5 — ~3.1 0.37 my 38-42

generation after the absorption of photons. On the other hand,
compared with many II-VI group semiconductors, ZnO, as a
typical II-VI group oxide semiconductor, has been widely used
in various optoelectronic devices such as lasers, LEDs, and
UVPDs. In recent years, plenty of excellent review papers have
summarized the progress of ZnO-based UVPDs.'>'® However,
there are few reviews on other II-VI group semiconductor
(znS, CdS, ZnSe, etc.) UVPDs.

Table 1 lists some basic parameters of II-VI group semi-
conductor materials mainly used in UVPDs. Among them, the
bandgap of the ternary alloys ZnSSe and ZnCdS can be regulated
by adjusting the element contents. Currently, many high-
performance photodetectors based on II-VI group semiconductor
materials have been reported. Generally, ZnS nanowire, CdS
nanowire, and ZnSe nanobelt photodetectors exhibit high sensi-
tivity and a low dark current, because of their large surface-to-
volume ratio and Debye length, which are comparable to
their small size."”*> Compared with conventional semiconductor
structures, ZnS colloidal quantum dots (QDs) display stronger
absorption in the ultraviolet band, and the bandgap may be
further increased due to the quantum confinement effect,
rendering them much more sensitive to deep ultraviolet (DUV)
light. Therefore, the ZnS QD DUV photodetector has an ultrafast
response speed.”® In addition, the large Stokes shift of Mn-doped
QDs effectively avoids self-absorption. Hence, the ZnCdS:Mn
QD ultraviolet panoramic imaging detector exhibits a remarkably
higher detection of weak UV signals with common CCD
cameras.>* Meanwhile, other UVPDs based on ternary compounds
have an extremely high detectivity and a lower 1/f noise spectral
density than some GaN-based UV photodiodes.*® Also, the broad
range of bandgap makes II-VI group semiconductors suitable for
broadband light photodetection. Based on the unique properties
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Fig. 1 Applications of UVPDs based on [I-VI group semiconductors.
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of MoS,, such as high carrier mobility and excellent light absorption
extending from the visible region to the near-infrared ray (NIR)
region, photodetectors using hybrids of ZnS-MoS, showed a
broad-spectrum response (from UV to NIR).>® The CdS nanorod
array/reduced graphene oxide (rGO) thin film heterojunction
photodetector exhibited an ultrabroadband self-powered
photoresponse from the UV region to the IR region (365-
1450 nm).”” Fig. 1 shows the applications of UVPDs based on
II-VI group semiconductors. These high-performance devices
evince great advantages as the fundamental components of
photosensitive units in optoelectronics and provide opportunities
for the large-scale and integrated production of the ultraviolet
imaging system, which will contribute to its application in many
fields, such as artificial intelligence, fire detection, industrial
automatic control, and astronomy.

This review is primarily focused on UVPDs based on II-VI
group semiconductors. The device geometry based on II-VI group
semiconductors mainly includes photo-conductive type,'***™”
heterojunctions,'®*>*%7%* and phototransistors®*** (Fig. 2). Due
to the sharp difference in the device configuration, these devices
display completely different device performance (e.g., phototran-
sistors have higher responsivity and a faster response speed, and
heterostructures and small-sized photoconductors exhibit a faster
response speed). Therefore, we outline various device structures
and working principles of UVPDs based on II-VI group semicon-
ductors. In the first section, the research background of UVPDs
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Fig. 2 A summary of the relationship of responsivity versus the response
speed of different types of I|-VI group semiconductor-based photodetectors.
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and the research situation based on II-VI group semiconductors
are introduced. The performance parameters (e.g., responsivity,
quantum efficiency, and response time) and several common
device structures (photoconductors and Schottky photodiodes)
of UVPDs will be introduced. Then, the status of research into
the main applications of UVPDs based on II-VI group semicon-
ductors is briefly discussed. In the last section, a brief summary,
possible challenges, and opportunities in the future development
are provided.

2. Basics and device geometries of
photodetectors
2.1 Basic parameters of UV photodetectors

Photodetectors are semiconductor devices that convert an
incident light signal into an electrical signal and output it in
the form of a photocurrent. When incident photons have an
energy higher than the bandgap energy of the semiconductor,
the electrons in the semiconductor will absorb this part of the
energy and move freely in the crystal, thus changing the
conductivity of the semiconductor. After an electron transitions,
it leaves a vacancy called a hole. The electron and vacancy are
referred to as electron-hole pairs. In an ideal situation, one
electron-hole pair is created for every photon absorbed by the
crystal. The drift of electron-hole pairs will generate a drift current
in the semiconductor, and this part of the current is detected in the
external circuit. Depending on the absorption of light by semicon-
ductor materials, the detection wavelengths of photodetectors may
cover from the ultraviolet region to the infrared spectral region.
After a long-term exploration of photodetectors, researchers have
developed a set of mature device performance indicators for
evaluation. These parameters include the light/dark current,
responsivity, external quantum efficiency, response time, photo-
conductive gain, detectivity, and noise equivalent power. These
parameters indicate how the detector responds, as shown below.

Light/dark current. A photocurrent is generated by excitation
with incident light. If photon absorption occurs in the depletion
layer, the built-in electric field in this region will remove the
potential barrier, causing holes to move to the anode and
electrons to the cathode to form a photocurrent. A dark current
is a very small current that is still generated by the device when no
photons pass through the photodetector (e.g. photomultiplier,
photodiode, and CCD), namely, the reverse saturation current of
the device. A dark current is generally caused by the diffusion of
carriers or surface and internal defects in the device. To obtain the
photoelectric device with a high signal-to-noise ratio, the dark
current should be controlled to as low a level as possible to obtain
a photoelectric device with a high signal-to-noise ratio.

Quantum efficiency. The quantum efficiency is the probability
of incident photons generating charge carriers in the photo-
detector, which is defined as the ratio of the number of
electron-hole pairs collected by the photodetector to the number
of incident photons,*
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where I, is the photocurrent, @ is the incident light flux (= Pop/
hv), and P, is the incident optical power. The ideal value of the
quantum efficiency is 1. In practice, factors such as the incom-
plete absorption of incident light and carrier recombination will
result in a decrease in the quantum efficiency.

Responsivity. Photoelectric responsivity is one of the critical
parameters used to evaluate the sensitivity of a photodetector
and is defined as the photocurrent per unit of the incident
optical power at a specific wavelength (1):>*%°

In ng n/(nm) -
R=-"\P _"H_T"V /(AW 2
Pop.  hv 1240 ( ) @)

Some devices will introduce an internal gain mechanism to
improve the responsivity of the device. The gain is equal to the
number of electrons passing through the photodetector per
excitation or absorbed photons.®” When the incident light
wavelength 4 is determined, the high responsivity of the devices
is attributed to the quantum efficiency and photoconductive
gain (g), and the responsivity is calculated as follows:

R = %qg (3)
where £ is Planck’s constant, c is the light velocity, and ¢ is the
electron charge. The gain depends on the carrier lifetime and
transit time. Increasing the lifetime of carriers is beneficial to
increasing the gain.

Response time. This parameter is used to describe the
response speed of the photodetector to the transient input
signal. The rise time 7, and decay time t4 are defined as
the time when a photocurrent increases from 10% to 90%
and decreases from 90% to 10% of the maximum value,
respectively. The bandwidth is defined as the input optical
modulation frequency at which the photocurrent is 3 dB lower
than the continuous wave response. The response speed of the
photodetector is limited by the time constant t that is deter-
mined by the junction capacitance C and the load resistance
R. In this case, the bandwidth is calculated using the following
formula:®®

1220 220

BW = =—=—
2nt 2mty 27,

(4)

Noise equivalent power and detectivity. Photodetectors
also generate various forms of noise when they produce a
strong optical response signal. The noise current determines
the minimum detectable signal strength of the device.
Shot noise arises from the statistical randomness of the
thermal excitation of electron-hole pairs, which is particularly
important for the detection of a low light intensity. The shot
noise is related to the dark current (I3) and bandwidth (B) as
follows:*°

ishot = (ZquB)l/Z (5)

Reducing the dark current and increasing the system band-
width may effectively suppress the shot noise. Another type of
noise is the thermal noise (Johnson noise), which was first
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confirmed by Johnson in 1928. This form of noise exists in all
resistive materials, is generated by the constant random motion
of the carriers, and occurs in the absence of any voltage bias.
The short circuit noise current is given by”®

, 4kpTB\ '/
Ijohnson = ( B ) (6)

r

where kg is the Boltzmann constant, T is the temperature, and r
is the resistance in the circuit. A feasible approach to obtain
photodetectors with higher performance is to couple a larger
load resistance in the external circuit to reduce the Johnson
noise. In addition, the optical and thermal generation and
recombination of electron-hole pairs in semiconductors will
cause the generation-recombination (G-R) noise,

, 2/ ptB \'?
h= £ 7
'G-R N (1 +w212> ( )

where N and P are the electron and hole concentrations, Iy is
the current, and t is the carrier lifetime. The other type is the
flicker noise, also known as 1/f noise.”* Photodetectors generally
operate at high frequencies (>1000 Hz) to reduce 1/f noise. The
total noise of the photodetector is

. 2 _ 2 . 2 . 2 . 2
lhoise — ll/f + Ishot + lg-R + l]ohnson [8)

All noise in the device is independent, and its associated
figure of merit is the noise equivalent power (NEP), which
indicates that, when the incident radiation is weak, the generated
voltage signal is difficult to distinguish. At this time, the incident
radiation power is the minimum optical power detected by the
photodetector. Namely, a smaller P, results in a stronger
detection ability of the device.”* The reciprocal of the NEP is the
detectivity, which is normalized to the area of device 4, and D* is
defined as follows:”*>7*

AB)'?  R(4B)'?

* (
b= NEP I, ©)

where I,, is the noise current generated by the carrier generation
and recombination process and D* is a measure of the inherent
detection capability of the material.

2.2 Classification of UV photodetectors

According to previous reports, numerous types of device structures
involving photoconductors, p-n photodiodes, Schottky photo-
diodes, and heterojunction have been developed for UVPDs.
Fig. 3 shows the schematic diagrams of several common device
structures. UVPDs with different structures have significant differ-
ences in fabrication costs and application environments, and
corresponding device performances are also quite distinct. In this
section, we classify UVPDs based on their device structures and
working principles.

(1) Photoconductors. The photoconductive detector (also named
the photoconductor) is essentially a photoresistor. The opera-
tion of a photoconductor is shown in Fig. 3a. The device
structure is composed of a semiconductor and ohmic contact
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electrodes at both ends. The working principle is that the
semiconductor absorbs photons with an energy (4v) larger than
the bandgap of the material and generates electron-hole pairs,
thereby changing the conductivity of the semiconductor
(Fig. 3e). The conductivity of semiconductors depends on the
electron and hole concentrations (n and p), i.e. 0 = e(uen + upp),
where u. and p;, are the electron and hole mobilities, respec-
tively. In the dark, only a small current (dark current) flows
across the channel under a bias voltage due to material defects
and the effect of the device fabrication processes. Here, the
conductivity is the dark conductivity, and the electron and hole
concentrations are the equilibrium carrier concentrations
(no and p,). Upon illumination, the electron-hole pairs generated
by the absorption of photons by the semiconductor are sepa-
rated under the action of the external electric field, and the free
electrons and the holes drift in the opposite direction of the
electrode. The electrodes mainly use ohmic contacts to facilitate
the entry of carriers into the external circuit through the device.
Typical I-V curves of the photoconductors are displayed in
Fig. 3i. The ohmic contact does not have a barrier during the
electron transit.”> The conductivity at this time is mainly con-
tributed by the excess carriers generated by illumination:

Aoy =06 — gy = e(peAn + upAp), (10)

where An = n — ny, and Ap = p — p, are the photogenerated
electron and hole concentrations, respectively. Depending on
the production processes of the photogenerated carriers, two
principal types of photoconductivity have been identified:
intrinsic photoconductivity and extrinsic photoconductivity.
The intrinsic photoconductivity is attributed to the excess
electrons and holes that are generated by the band-to-band
absorption of incident photons. The extrinsic photoconductiv-
ity is attributed to the carriers that are generated by optical
transitions associated with impurity levels within the bandgap
of an extrinsic semiconductor. As a result of the effect of
electron and hole lifetimes and the time of the transition
between electrodes, a photoconductive gain is often observed
in the carrier transport process. The carrier lifetime should be
sufficiently long and the electrode spacing should be reduced to
obtain a high gain. On the other hand, the response time of the
photoconductivity depends on the carrier lifetime, and thus a
high gain and fast response speed are difficult to achieve
simultaneously. Moreover, the minority carrier sweep-out may
also improve the gain. In the presence of a low electric field, the
majority carriers (electrons) have higher mobility and their
transit time is shorter than the carrier lifetime. The minority
carriers (holes) are slower and their transit time is longer.
Accordingly, electrons are swept out of the device quickly, while
more holes are still located inside. At this point, more electrons
from the other electrode are needed to maintain an electrical
neutrality. This device has the advantages of simple fabrication,
low cost, and robustness. The device typically has a high gain
but a slow response time and large dark current. However, large
photoconductivity gains are usually accompanied by persistent
photoconductivity (PPC) due to the trapping of the minority
carriers by defect states, which results in a slow recovery rate.”®””

This journal is © The Royal Society of Chemistry 2022
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Schematic of the corresponding (e—h) energy band diagrams and (i-1) /I-V

The PPC is a light induced change in free carrier concentrations
that persists after photoexcitation has been removed. In general,
the PPC is attributed to a bistable defect existing between a
shallow energy state and a deep energy state.”®”®

(2) p—n junction, heterojunction. A p-n junction photo-
detector is usually a junction created by the combination of
two semiconductors of opposite doping types (Fig. 3b). The
primary mechanism is the photovoltaic effect. Because of the
carrier concentration gradient in the two semiconductors with
different doping types, the electrons and holes diffuse to form a
space charge region. These charges in the space charge region
generate a built-in electric field. The effect of the built-in electric
field is to cause charges with opposite signs to move in opposite
directions according to the external circuit. Upon illumination,
photons with energies higher than the semiconductor bandgap are

This journal is © The Royal Society of Chemistry 2022

characteristics.

absorbed, creating electron-hole pairs on both sides of the junc-
tion, as shown in Fig. 3f. Electrons and holes within the diffusion
length of the p-n junction are transported to the space charge
region and separated by the built-in electric field. The minority
carriers are easily accelerated to the majority carriers on the other
side. The movement of photogenerated electron-hole pairs in the
p—n junction increases the potential of the p region. This process is
equivalent to applying a forward bias voltage V on the p-n
junction, which reduces the p-n junction barrier from gVp, to
qVp — qV. Meanwhile, this forward voltage also causes the current
Iy = I(exp(eV/kT) — 1) to flow through the p-n junction, and the
direction of I4 is opposite to the direction of the photocurrent I,
Fig. 3j shows the I-V characteristics of a p—n junction photodetec-
tors. Therefore, the total current of the p-n junction under the
action of incident light is expressed as follows:"*
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1(V) = Lofexp(VIkT) — 1] — I, (11)

where Iy, is the saturation current, V is the applied voltage, k is
the Boltzmann constant, and 7 is the temperature.

Similar to the p-n junction, the heterojunction consists of
two different semiconductor materials. On account of the
difference in the carrier concentration and Fermi level in the
two materials that compose the heterojunction, the Fermi level
will be flat due to the carrier diffusion after the contact, and
this diffusion will also form a built-in electric field at the
interface of the heterojunction.®® The heterojunctions are simple
to fabricate and do not need to consider doping problems
related to the conductive type of materials.

(3) Schottky photodiodes. As a result of the complexity of
fabricating bipolar devices and heterojunctions, other device
structures are required to achieve the effective separation of
charge carriers. This separation is achieved using the concept
of the Schottky barrier. The device structure is similar to the p'-n
junction (Fig. 3c). According to a simple Schottky-Mott model,
the rectifying property of the device is caused by the potential
barrier between the metal-semiconductor contacts, and this type
of device is a majority carrier device. Taking an n-type semi-
conductor as an example, when the metal and semiconductor
are in contact, the interface characteristics mainly depend on the
work function of a metal and a semiconductor (¢, and ¢s). If
¢m > ¢, the electrons flow from the semiconductor to the
metal, and the surface negative charge density on the metal side
increases, while the surface positive charge density on the
semiconductor side increases.®" Consequently, an electric field is
formed in the semiconductor, resulting in energy band bending.
Schottky barriers with heights of gVp = ¢, — ¢s and g ¢pns = P —
4s are formed on the semiconductor side and the metal side,
respectively. If ¢, < ¢, the electrons flow from the metal to the
semiconductor side and the metal-semiconductor junction forms
an ohmic contact and a high conductivity region without a
Schottky barrier. The light absorption of Schottky diodes occurs
in the thinner junction region, and the majority carriers (electrons)
in n-type semiconductors drift through the active region and are
not affected by the accumulation of minority carriers; therefore,
the Schottky diodes usually have a faster response speed.®>**

In contrast to the p-n junction, in Schottky diodes, the
current transport in metal-semiconductor contacts is dominated
by the majority of carriers. Fig. 3g shows the four transport
processes of electrons across the metal-semiconductor junc-
tion:*>% (a) emission of electrons from the semiconductor over
the top of the barrier into the metal, (b) quantum mechanical
tunneling through the barrier, (c) recombination in the space-
charge region, and (d) recombination in the neutral region
(metal to semiconductor hole injection).

In practical device fabrication, for impure semiconductor
devices with high mobility, the thermionic emission theory
qualitatively explains the I-V characteristics of the device.®®®”
In Bethe’s thermionic emission theory,®® the potential barrier
height is first assumed to be much larger than k7. Furthermore,
the thermal equilibrium has been established at the plane that
determines the emission. Finally, the existence of a net current

J. Mater. Chem. C

View Article Online

Journal of Materials Chemistry C

flow does not affect this equilibrium, and thus the two current
fluxes may be superimposed (one from the metal to the
semiconductor (J;,,_.s) and the other from the semiconductor
to the metal (J;_,,)). The width of the depletion layer is
expressed as follows:®’

W = [265(Vii — V — kT/q)/gNp]"> (12)

where ¢ is the permittivity of the semiconductor, V;; is a built-in
potential barrier on the semiconductor side, and Ny, is the donor
concentration. The equation for the current density under the
dark condition is written as follows:** >

%
Jn - s~m+l’m—as —JST {eXp(kT) - 1:| (13)
where the saturation current density is

Jst = A'T? exp( q¢"$) (14)

where A* is the effective Richardson constant for the thermionic
emission (A* = 4gnm*k*/h%), and m* is the effective mass of
the electron. The barrier height that electrons must cross
from the metal to the semiconductor does not vary with the
applied voltage. Thus, J;,, s is a constant and is not affected by
the applied voltage. Eqn (13) is similar to the transport equation
for the p-n junction, but the equation for the saturation current
density is quite different. Based on eqn (14), the saturation
current density Jsr is very sensitive to temperature. Compared
with the thermionic emission theory, the diffusion theory
applies to low-mobility semiconductors, and its equation is very
similar to the thermionic emission theory. However, a difference
in the saturation current density is noted as follows:**°?

¢*De N, {q(Vbi - V)sz}

-
SD kT £0s

(15)

where D, is the diffusion coefficient, N, is the density of states in
the conduction band, and Ny is the donor density. Compared
with the saturation current density Jsr of thermionic emission
theory, Jsp is more dependent on the voltage variation and less
sensitive to the temperature. However, surface states and defect
state-induced trapping states exist at the Schottky contact inter-
face, and these traps are negatively charged.”® Under illumination,
the photogenerated holes generated in the depletion region drift
toward the metal-semiconductor interface due to band bending
and are trapped by the traps, producing net positive charges of
Qss = gNgs. The metal negative charges Qy, and the positive charges
Qq in the depletion region satisfy the neutrality condition of Qg +
Qm *+ Qq = 0. As a result, the reduction of the amount of band
bending Vi, will follow the relationship Vi = Vhia — Wo/
26065, % where Viiq is the barrier height under the dark condi-
tion, and Wy, is the width of the depletion region.®® The reduction
of V},; under illumination will lead to a reduction of the Schottky
barrier height q ¢,s, namely Aq ¢s. Thus, the current obtained
under illumination is as follows:*>°”

Ji= exp( q¢“S>J —Jx (16)
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where the photocurrent J, does not depend on the photoconduc-
tive gain, and arises from the photon-generated electron-hole
pairs in the depletion layer. The typical I~V curves of the Schottky
photodiodes are shown in Fig. 3k.

(4) Avalanche photodiodes. Avalanche photodiodes (APDs)
mainly use carriers to generate avalanche multiplication under a
sufficiently large reverse bias. After the incident photon is
absorbed, an electron-hole pair is generated and separated to
both sides of the diode (Fig. 3d). When transported to the
electrode, the charge carriers acquire a sufficient speed to gen-
erate additional electron-hole pairs from the lattice by impact
ionization. The number of generated charge carriers increases
exponentially with the distance (Fig. 3h). Devices tend to operate
at higher electric fields. The effectiveness of the APDs is deter-
mined by the avalanche gain, which is defined as the ratio of the
photocurrent with and without amplification. Therefore, the APDs
usually exhibit a huge photo-dark current ratio (Fig. 31). The
avalanche photodiodes generally have the advantages of a fast
response, high sensitivity, and large current gain. However, the
high gain often occurs at the expense of the increased noise.

3. [I-VI group semiconductor based
UV photodetectors and applications

II-VI group semiconductor materials have attracted extensive
attention due to their excellent optoelectronic properties.
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Another important characteristic of II-VI group semiconductors
is the direct bandgap structure; namely, in quasi-momentum space,
the maximum of the valence band coincides with the minimum of
the conduction band. This property opens up greater possibilities
for building optoelectronic devices in the visible to ultraviolet range.
In the past few years, great progress has been achieved in the
development of high-performance UVPDs based on different
structures of II-VI group semiconductors (e.g:, zero-dimension
(0D), one-dimension (1D), two-dimension (2D), and so on).

3.1 0D nanostructured materials for photodetectors

0D nanostructures generally refer to materials whose excitons
are confined in all three spatial dimensions (<100 nm). The
nanoscale confinement of 0D materials makes their bandgap
achievable by tuning their size and shape. In addition to the
tunable bandgap, the relatively large specific surface area
enables 0D materials to have a higher light absorption efficiency.
Therefore, 0D materials can be combined with other semi-
conductors to achieve high-performance UVPDs. Many novel UVPDs
have been proposed based on 0D II-VI group semiconductor
materials in recent years. Hu et al. developed a high-performance
UVPD based on ZnS and ZnO hollow microspheres, whose
performance is comparable to that of commercial GaN-based
UVPDs.”® Moreover, graphene field effect transistors (FETs) are
covered with a layer of CdS nanocrystals by a simple spin
coating, which greatly enhances their absorption in the UV
region.”® Photodetectors based on colloidal quantum dots
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Fig. 4 (a) Schematic illustration of a graphene FET decorated with ZnSe/ZnS QDs under illumination. (b) SEM image of device arrays and the inset is the SEM image
of ZnSe/ZnS QDs on the graphene films. Reproduced with permission from ref. 62. Copyright 2018, Springer Nature. (c) TEM image of CulnS,/ZnS quantum dots.
(d) The responsivity of the modified device and original device under UV illumination at a bias of 1 V and the inset is the absorbance of the ITO substrate.
Reproduced with permission from ref. 61. Copyright 2018, Elsevier. (e) I-V curves of the device in the dark. Inset: The schematic image of the device. (f) Energy band
diagram of the p-type graphene/ZnS QD film/4H-SiC heterostructure. Reproduced with permission from ref. 23. Copyright 2019, American Chemical Society.
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Fig. 5 (a) Schematic illustration of the single-channel UV panoramic detection system and photographic images detected using the visible CCD camera.

Reproduced with permission from ref. 24. Copyright 2018, IOP Publishing. (b) Schematic illustration of the phototransistor. (c) Photoresponse
performance of bare ZnS and ZnS/carbon QD phototransistors. Reproduced with permission from ref. 103. Copyright 2020, IEEE. (d) Block
representation of the connection of the sensors to Arduino UNO and (e) photograph of the integrated device. Reproduced with permission from

ref. 55. Copyright 2022, American Chemical Society.

(QDs) are technologically attractive, as they can be fabricated
using low-cost room-temperature growth methods and are
compatible with various substrates.’®®™°* The devices can be
made by depositing the solution through spin coating or spray
coating. Kuang et al. reported solar-blind photodetectors by
using ZnS QDs as building blocks.* The cubic ZnS QDs have an
average particle size of ~2.29 nm, with a bandgap of 4.11 eV.
The responsivity of the device is found to increase linearly from
300 to 254 nm. In addition, photodetectors prepared by dec-
orating monolayer graphene with ZnSe/ZnS core/shell QDs via a
simple solution method have been reported as well (Fig. 4a).®>
As shown in Fig. 4b, the graphene FET channel with single
ZnSe/ZnS QDs in a spheroidal shape exhibited very good
sensitivity to UV light with a responsivity as high as 10° A W™,
In addition, Xu et al. reported a high-performance photovoltaic
UVPD made of a polyvinyl carbazole (PVK)/TiO, heterojunction
with CulnS,/ZnS quantum dots (CIS-Z QDs) doped in the PVK
layer (Fig. 4c).®" Due to the quantum size effect of CIS-Z QDs, the
electric field intensity in the depletion of the device is enhanced,
and the responsivity has also been improved (Fig. 4d). In 2019,

J. Mater. Chem. C

Kan et al constructed a hybrid zero-/two-dimensional DUV
photodetector (p-type graphene/ZnS QDs/4H-SiC) with a photo-
voltaic effect.>® The I-V curve of the device in the dark is shown
in Fig. 4e. Due to the PIN-type photodiode formed by p-type
graphene, the ZnS QD film, and the 4H-SiC substrate, the device
exhibits excellent rectification characteristics, and the dark
current of the device is 55.64 nA at 3 V. The responsivity of the
device is 0.29 mA W™ at a wavelength of 250 nm, indicating that
the photodetector can be used in the field for DUV detection.
In this device, a built-in electric field is formed at the interface
between the p-Gr and the ZnS QD films at a bias of 0 V. Under
250 nm illumination, the electron-hole pairs generated in the
ZnS QD film are separated by the built-in electric field, where
the holes drift toward the graphene surface, and the electrons
move toward 4H-SiC (Fig. 4f). For this vertical structure device,
the carrier transit time is much shorter than the electron and
hole recombination time, leading to a relatively fast DUV
photoresponse time.

Yuan et al fabricated a single-channel UV/vis dual-band
detector based on ZnCdS:Mn/ZnS QDs and applied it to a

This journal is © The Royal Society of Chemistry 2022
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Si-based CCD camera, which improved the detection efficiency
of the visible CCD camera for a weak UV signal in a strong
visible light background.>* Fig. 5a shows the schematic dia-
gram of the signal-channel panoramic UV detection system
proposed by the research group. In this imaging system, the
optical signals mixed with UV and visible light reach the visible

View Article Online
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CCD camera through the optical fiber, and then a new image is
formed in the signal processing unit. The chopper is used to
control the on/off state of the optical channel. Due to the long
PL lifetime of Mn-doped QDs, the CCD still captures the
residual fluorescence of the UV signal when the optical channel
is closed. When the optical channel is open, both the visible
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Fig. 6 (a) A schematic illustration of a photodetector based on a single-crystal ZnSe-nanobelt. (b) A spectral photoresponse of the device was measured
at a bias of 30 V. The inset shows the SEM image of a single-crystalline ZnSe nanobelt photodetector. Reproduced with permission from ref. 19.
Copyright 2009, John Wiley and Sons. (c) SEM image of the ZnS:Sb NRs. Reproduced with permission from ref. 83. Copyright 2011, AIP Publishing.
(d) Schematic energy band diagram of the photodetector based on a ZnS/ZnO biaxial nanobelt with Cr/Au electrodes. Reproduced with permission from
ref. 44. Copyright 2012, John Wiley and Sons. (e) The /-t curves of the individual ZnS nanowire photodetector under 325 nm light illumination.
Reproduced with permission from ref. 18. Copyright 2012, Royal Society of Chemistry. (f) Schematic illustration of the back-gate ZnSe NW FET.
Reproduced with permission from ref. 20. Copyright 2013, IOP publishing. (g) Schematic representation of the fabrication of a single carbon-fiber/ZnO-
CdS nanowire-based photodetector. Reproduced with permission from ref. 7. Copyright 2013, American Chemical Society. (h) Schematic diagram of the
ZnS nanowires transferred onto the PET substrate and their overall device structure. (i) An optical image of the ZnS—ZnO devices on a PET substrate and
micrographs of three as-fabricated devices. Reproduced with permission from ref. 105. Copyright 2014, John Wiley and Sons.
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signal and the UV signal reach the maximum values. The image
from the signal processing unit is obtained by integrating the
electrical signals detected in a certain period. Finally, by
integrating the control circuit, signal recognition, and image
processing software, the UV/visible dual-band detection is
achieved. In addition, QD-based heterostructures and hybrid
structures have also been demonstrated to realize solar-blind
phototransistors. In 2020, solar-blind ZnS/carbon QD hetero-
junction phototransistors were reported (Fig. 5b).'®® It is
revealed that the as-fabricated phototransistors display super-
ior photodetection capability, in comparison with the ZnS QD
device (Fig. 5c), which is attributed to the stronger carrier
separation at the heterojunction interface. Gogoi et al. fabri-
cated photodetectors in the UVC and UVA regions based on the
surface engineering of Mn**-doped ZnS QDs.”® It is interesting
to find that the as-fabricated device can be integrated into a
portable prototype to demonstrate their potential applications
for UVC and UVA spectral detection (Fig. 5d). In this prototype
device, the detectors were connected through a voltage divider
circuit to the controller unit, and the real-time detection of UV
radiation was achieved (Fig. 5e).

3.2 1D and 2D nanostructure based photodetectors

1D nanostructured materials, such as nanowires and nano-
tubes, have attracted great research interest in recent years due
to their unique properties and potential in the field of nano-
technology. Compared with 2D nanostructured materials, 1D
nanostructured materials possess an additional spatial dimen-
sion (in total 2 dimensions confined within the nanoscale). In
addition, the large specific surface area and the Debye length of
1D nanostructures make photodetectors based on 1D nano-
structures one of the most attractive optoelectronic devices in
recent years. Compared with conventional epitaxial growth
techniques for semiconductor thin films, the preparation
methods of 1D and 2D nanostructured materials are generally
simpler and, most importantly, at a lower cost. Their rich
physical properties and other characteristics play an important
role in the construction of photoelectric functional devices.
Fang et al. fabricated single-crystalline zinc selenide (ZnSe)
nanobelts using the ethylenediamine (en)-assisted ternary
solution technique and subsequent thermal treatment.'® The
nanobelts have a uniform thickness (~40 nm). Then, individual
ZnSe nanobelts were assembled into UVPDs (Fig. 6a). In addition,
the device exhibits a high spectral photoresponse at a bias of
30 V (Fig. 6b). Moreover, this group also reported thin-film-like
‘visible-blind’ micrometer-scale ZnS nanobelt UV light photo-
detectors in 2010."** The nanobelt device derived from a CVD
method exhibited a fast response speed and good stability
in different measurement environments. In addition, Wei and
co-worker demonstrated a Schottky contact UVPD using CdS
nanowires.>” With changing one of the CdS nanowire-electrode
contacts from ohmic to Schottky, detection sensitivities of the
device were as high as 10°% at —8 V, which was 58 times higher
than the corresponding ohmic contact device. In 2011, Peng
et al. fabricated Sb-doped p-type ZnS nanoribbons by using
Sb as the dopant.** The width of the nanoribbons ranges from
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200 to 400 nm and the length is from tens of micrometers up
to hundreds of micrometers (Fig. 6¢). Nano-Schottky barrier
diodes based on Al/p-ZnS nanoribbon junctions exhibited
excellent device performances with a high rectification ratio
of >10’. Furthermore, the conductivity of ZnS nanoribbons can
be significantly improved by Cl doping and could be tuned over
a wide range of 3-4 orders of magnitude by adjusting the Cl
doping level.** Notably, the photoconductive gain of ZnS:Cl NR
photodetectors can be as high as ~10”. Hu et al. fabricated
UVPDs with tunable spectral selectivity and a wide-ranging
photoresponse based on ZnO/ZnS biaxial nanobelts.** The
device exhibits higher spectral selectivity and a fast response
speed, which is much better than that of pure ZnO or ZnS
nanostructures. Notably, a good ohmic contact between the
ZnS/ZnO nanobelts and the Cr/Au electrodes is observed. The
responsivity and external quantum efficiency of the device is
5 x 10> AW "and 2 x 10%%, respectively. The spectral response
is enhanced from 348 to 400 nm and 300 to 348 nm, corres-
ponding to the intrinsic absorptions of ZnO and ZnS, respectively.
Fig. 6d shows the energy band diagram of the device. Under
illumination, electron-hole pairs are generated. Due to the inter-
nal field, the electrons move to the ZnO side and holes move to
the ZnS side. The separation of photogenerated carriers reduces
the recombination of electron-hole pairs, thereby enhancing the
photoresponse of the device. Similarly, Liang et al. developed a
UVPD by using individual ZnS nanowires as building blocks
which were fabricated on the n* type GaAs(111) B substrate by
MOCVD."® This device has a responsivity and external quantum
efficiency to the 325 nm light of 1.86 A W' and 710%, respec-
tively. Meanwhile, the device has a fast response speed (0.79 ms),
as shown in Fig. 6e. In addition, our group used Ga, Cl, and Sb as
dopants to study the effect of doping on the optoelectronic
properties of ZnSe nanoribbons and nanowires."”*>*° The devices
based on Ga and Cl-doped ZnSe nanoribbons exhibited a high
photo-to-dark current ratio and a high photoconductive gain,
respectively.'”** The single ZnSe:Sb nanowire based back-gate
FET (Fig. 6f) displays a rectification ratio as high as 10 at £5 V.
Moreover, the visible/UV photodetector based on the carbon-fiber/
ZnO-CdS double-shell microwire was demonstrated by Zhang
et al in 2013 (Fig. 6g).” This device exhibits an ultra-high
responsivity up to 10° A W' under 372nm illumination.
Tian et al. reported a branched architecture with ZnS backbones
and ZnO branches that was prepared by combining a facile
thermal evaporation process and hydrothermal growth.'®® ZnS-
ZnO branched heterostructures were transferred onto a PET
substrate, and Cr/Au electrodes were deposited to fabricate photo-
detector arrays (Fig. 6h). The physical image and optical micro-
graph of the devices are shown in Fig. 6i. The dark current of the
device is as low as 5.3 pA, and this device has great potential for
applications in flexible optoelectronics.

Rai et al. successfully fabricated a high-performance broad-
band UV/visible photodetector on a fully wide bandgap ZnO/
ZnS type-II heterojunction core/shell nanowire array.'’® First,
the ZnO nanowire array was synthesized through the thermal
evaporation of Zn powder in a tube furnace, and then ZnS
was grown using PLD to synthesize ZnO/ZnS nanowire arrays.

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 (a) Schematic illustration of the fabrication process of the ZnO/ZnS core/shell nanowire photodetector. (b) Photocurrent response of the ZnO/
ZnS core/shell nanowire array devices. Reproduced with permission from ref. 106. Copyright 2015, American Chemical Society. (c) A typical SEM image of
ZnS:Cl nanoribbons. Reproduced with permission from ref. 81. Copyright 2015, Springer Nature. (d) Scheme for the proposed working mechanism of the
device. Reproduced with permission from ref. 64. Copyright 2016, Springer Nature. (e) A schematic illustration of the ferroelectric side-gated single CdS
nanowire photodetector. Reproduced with permission from ref. 108. Copyright 2016, John Wiley and Sons. (f) 2D contrast map of the photocurrent of
the device. Reproduced with permission from ref. 109. Copyright 2017, IOP Publishing. (g) Wavelength-dependent photocurrent response of
ZnSp.495€0.51/ZnSe heterostructure nanowires and pure ZnSe nanowire photodetectors. The inset is the corresponding semilogarithmic plot.
Reproduced with permission from ref. 10. Copyright 2019, John Wiley and Sons. (h) Schematic illustration of the possible charge transfer mechanism

of the self-powered TiO,/Ag/ZnS UVPD. Reproduced with permission from ref. 111. Copyright 2020, Royal Society of Chemistry.

Finally, the photodetector was fabricated by sputtering Ag on the
top of the nanowire array (Fig. 7a). As shown in Fig. 7b, the peak
photocurrent of the device increases when the compressive load
is increased under the steady photon flow, and the maximum
photocurrent (1.5 mA) is ~31 times higher than the photo-
current without a load (51 pA). The high performance of the
device is attributed to the piezo-phototronic effect. Due to the
presence of negative piezoelectric charges, the upward bending
of the energy band of ZnO eliminates the potential barrier ¢ that
is not conducive to electron separation, enabling the quick
separation of electrons and holes in ZnO and ZnS. Compared to
the unstrained case, a higher photocurrent is generated at the same
bias and illumination. Wang et al. synthesized the ZnS nano-
ribbons by using CI as the dopant via a thermal co-evaporation
method (Fig. 7¢).*" The nanoribbons have an electron mobility of
64.9 cm V' s " and an electron concentration of 5.7 x 10"” cm™>.

This journal is © The Royal Society of Chemistry 2022

Schottky barrier diodes based on the ZnS/Au junctions exhibited a
rectification ratio of over 10%. Huang et al. described a graphene/
ZnS film hybrid photodetector with not only high performance but
also reproducible performance.®* A schematic diagram of the
device structure is shown in Fig. 7d. Upon the absorption of light
with an energy larger than the ZnS bandgap, electron-hole pairs
are generated in the ZnS films. The photogenerated holes are
spontaneously transferred to the graphene channel, and the ultra-
high carrier mobility of graphene enables large holes to drift to the
electrode at an ultrafast speed, thereby substantially improving
the optoelectronic performance of the device. In 2016, Lou and
co-workers successfully synthesized 1D ZnS/CdS heterostructures
and fabricated the high-performance UV/visible photodetectors."®”
This device showed excellent photoresponse properties, such as an
ultrahigh I,,/I¢ ratio (>10%) and detectivity (2.23 x 10** Jones) and
good stability and reproducibility. In addition, ferroelectric polymer
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side-gated CdS nanowire UVPDs were also reported (Fig. 7€)."” The
ultrahigh electrostatic field of the ferroelectric polymer depletes the
intrinsic carriers within the CdS nanowire channel, thus reducing
the dark current of the device. The single CdS nanowire UVPD
exhibited a high photoconductive gain of 8.6 x 10°, a responsivity
of 2.6 x 10° AW, and a detectivity of 2.3 x 10" Jones at a low
power density of 0.01 mW cm > for A = 375 nm. Wu et al.
successfully developed photodetector arrays based on graphene/
single-crystal ZnS nanowire film hybrids."” The device has a high
photocurrent of 320 pA, a high responsivity of 2.6 x 10° AW, and
a high detectivity of 8.0 x 10" Jones. Finally, the potential
application of the device in image sensing is verified (Fig. 7f).
The “T” shaped LED light source is focused above the device arrays
and the output photocurrent of each device is measured. Each
device is treated as a pixel, and the measured photocurrents are
combined into a 2D plot to generate a “T”” shaped image pattern.
The letter “T” is clearly resolved. This system has great application
value in large-scale imaging. As long as the channel length is scaled
down, most of the photogenerated carriers quickly drift to the
electrodes, effectively reducing the recombination rate of electron—
hole pairs. Hence, the use of short-channel photodetectors sub-
stantially improves the performance of the device. Sub-100 nm
channel length photodetectors have been achieved based on the
ZnSe film/graphene hybrid by Xu et al. in 2018."*° ZnSe films with a
thickness of 60 nm were deposited by the e-beam evaporation
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method with standard photolithography and lift-off processes. The
70 nm-channel ZnSe film/graphene hybrid photodetector shows a
fast response speed (50 ms) and an ultrahigh responsivity (1.2 x
10° A W), which is 3 orders of magnitude higher than that of
a 5 um channel. Obviously, the responsivity of the device is
significantly enhanced as the channel length decreases. In 2019,
Mu et al. reported the development of a photodetector by using
high-quality ZnS, 40S€51/ZnSe axial heterojunction nanowires
(HNWs) with a uniform diameter distribution of 50-100 nm."’
The axial ZnSy49Seys:/ZnSe HNWs were synthesized using an
improved two-step CVD strategy. It is found that the axial
ZnS, 405€9 51/ZnSe HNW based photodetector exhibits a wide photo-
response range of 360-480 nm (Fig. 7g), with a large R and EQE of
6.3 x 10° AW ' and 2.08 x 10°%, respectively. In addition, the
UVPD based on TiO,/Ag/ZnS nanotubes shows self-powered char-
acteristics with high stability and a fast response.'*" In this device,
TiO, and ZnS generated the photogenerated carriers under UV light
illumination. The built-in electric field in the TiO, and ZnS hetero-
junction facilitates the efficient separation of electron-hole pairs.
It is worth noting that, for this device, the Ag nanoparticles not only
enhance the light absorption efficiency but also play an important
role in the electron transport between TiO, and ZnS (Fig. 7h).
Furthermore, another MSM junction photodetector based on
ZnS:Mn NRs showed the solar-blind superior UV photodetection,
and a fast response of 12 ms.'*?
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Fig. 8 (a) Spectral sensitivities of the n*-i-p structure ZnSSe PIN on p*-GaAs. Reproduced with permission from ref. 116. Copyright 2006, John Wiley
and Sons. (b) Schematic cross-sectional diagram of the fabricated integrated photodetector. (c) /-V characteristics of the ZnSe-based integrated
photodetector, and the inset shows the circuit diagram designed for the device. Reproduced with permission from ref. 117. Copyright 2009, IOP
Publishing. (d) Schematic structures of organic—inorganic hybrid photodetectors. Reproduced with permission from ref. 118. Copyright 2010, John Wiley
and Sons. (e) Experimental setup for capturing emission spectra from the candle flame. Reproduced with permission from ref. 119. Copyright 2011, IEEE.
(f) Photoresponsivity of the various length ZnO NW/CdS devices as a function of the illumination wavelength. Inset: /-t curves of the length ZnO (500 nm)
on the CdS photodetector. Reproduced with permission from ref. 120. Copyright 2017, Springer Nature.
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3.3 Other structured materials for photodetectors

Besides the above semiconductor nanostructures, some solid-state
thin films are also good candidates for constructing high-
performance UVPDs. In the past few decades, various sophisticated
techniques, such as MOCVD, MBE, PLD, and some solution
synthesis methods, have been developing rapidly, which have
provided vast opportunities for thin-film materials.”>"'**™"'> Wong
et al. developed an autocorrelator based on two-photon absorption
of ZnSSe photodetectors for the first time."** This autocorrelator is
capable of measuring femtosecond laser pulses ranging from 800
to 400 nm and has the advantages of a broad bandwidth, high
sensitivity, and high repetition rate. Miki et al. demonstrated the
UV PIN photodiodes based on the ZnSSe n'-i-p structure/p’-GaAs
substrate.'*® Due to the ultra-thin n* window layer (~200 A) and a
high-energy valence band effect, the responsivity of the ZnSSe n'-i-
p/p'-GaAs photodetector in the UV region is drastically improved
compared with the ZnSSe PIN/n*-GaAs device (Fig. 8a). Chen et al.
successfully fabricated monolithically integrated photodetectors
composed of a heterojunction bipolar transistor (HBT) and a ZnS
and ZnSe metal-semiconductor-metal (MSM) photodiode using a
patterned oxide growth technique (Fig. 8b)."*” In this work, the ZnS
and ZnSe MSM photodiodes showed responsivities of 0.028 and
0.08 A W', respectively. Moreover, the ZnS (R3zonm/Rassnm) and
ZnSe (Rys0nm/Reoonm) devices exhibited high rejection ratios of
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2.6 x 10° and 1.6 x 10° respectively. The voltage amplification
sensitivities were —8.7 mV uW ' and —29.6 mV uW * for the ZnS-
and ZnSe-based integrated photodetectors, respectively. As shown
in Fig. 8c, the knee voltage depends on the intensity of the optical
input power, and the required voltage supply for the device
increases with the input optical power intensity. The maximal
measurable input optical power intensities were 273 and 94 pWw,
respectively. In 2010, organic-inorganic hybrid Schottky-type photo-
detectors with the conducting polymer as a window layer on ZnSSe/
p-GaAs wafers have been demonstrated (Fig. 8d).""® The present
device exhibited a high EQE of 80% (300 nm) in the UV region,
which is higher than that of the commercial Si UV photodiode
(54%). Furthermore, this device also shows a high EQE in the
DUV region (71% at 250 nm). Meanwhile, the dark current density
of the photodiode is as low as 10 pA mm™? at a reverse bias of
10 V. Cheong et al. developed a ZigBee-based wireless sensor
network node for the UV detection of flames.’™® In this device,
the ZnSSe-alloy was deposited on an epi-ready 2-in device wafer
on n + -GaAs(100) substrates by the MBE technique. The sensor
node consists of a ZnSSe UVPD, a current-sensitive front-end,
and other components. The experimental setup is shown in
Fig. 8e. The sensor node has a reliable flame detection speed of
70 ms and consumes an average of only 2.3 mW at a bias of 3.3 V.
In addition, the high surface-to-volume ratio of nanostructures has
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(a) UV-vis absorption spectra of CuGaO,, ZnS films, and CuGaO,/ZnS heterostructured thin films on the quartz glass. Reproduced with

permission from ref. 121. Copyright 2017, John Wiley and Sons. (b) /-t characteristics of ZnSe-based MSM UVPDs under a 325 nm Cd-He laser
illumination. Reproduced with permission from ref. 57. Copyright 2017, John Wiley and Sons. (c) The responsivity of the MgZnO/ZnS device. Inset:
Structure of the MSM MgZnO/ZnS heterojunction UVPD. Reproduced with permission from ref. 52. Copyright 2020, Elsevier. (d) /-V characteristics in the
logarithmic scale of the UV-vis-NIR photodetector based on the ZnO-ZnS microstructured composite. Reproduced with permission from ref. 124.

Copyright 2021, Elsevier.
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an important contribution to improve the carrier collection
efficiency of the device. The UVPDs with ZnO nanorods/CdS thin
film heterostructures have been fabricated by Lam et al. in 2017."*°
The UV photoresponsivity of the device becomes higher as the ZnO
nanorod length was increased (Fig. 8f), attributed to the high
surface-to-volume ratio of the ZnO nanostructure easily providing
a carrier collection efficiency.

On the other hand, heterojunctions made of ZnS and other
semiconductor materials also find promising applications in the
assembly of sensitive UVPDs. By using a simple strategy asso-
ciated with the oil/water interfacial self-assembly approach, Li
et al. synthesized the large-area CuGaO,/ZnS heterojunctions
by growing ZnS microspheres on the top surface of CuGaO,
hexagonal platelets."*' As shown in Fig. 9a, the UV light adsorp-
tion of CuGaO,/ZnS heterostructured thin film is apparently
higher than that of the unitary ZnS microsphere films. The
UVPD based on CuGaO,/ZnS heterostructured films shows a
low dark current of 35.2 pA at 5.0 V. Xu et al. fabricated the
transparent diodes based on p-type CuS-ZnS/n-type ZnO thin

View Article Online
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films by sequential chemical bath and sol-gel spin methods.”®
This UVPD shows a self-powered characteristic, and has a fast
photoresponse under an UV light illumination of 300 nm. In
2018, Liu et al. developed a compact solid-state UV flame sensing
system based on a wide bandgap II-VI group thin film
semiconductor.'* The MBE-grown Cr/ZnSSe Schottky barrier
UVPD is used as the UV light sensing element. In this sensing
system, the average gain of the amplification circuit is 16 600,
and the feedback resistance is 50 GQ. The overall photoresponse
of the developed flame sensing system displays a maximum
spectral response at 250 nm with a long-wavelength rejection
power of approximately ten orders. In addition, the system
avoids the effect of indoor lighting on the detection results. This
sensing system has a good detection effect on the butane flame
within 10 cm, suggesting that it has great potential in fire safety
applications.

For the ZnSe crystal based MSM photodetector without
interdigital contacts, the device shows a high rejection ratio
of 7900 and a low dark current (3.4 nA).”” As shown in Fig. 9b,

Table 2 Summary of the performance parameters of some representative UVPDs based on II-VI group semiconductors

Device geometries Mode A [nm] ITdark [DA] RAW ] D* [Jones] 7, [8)/7a [S] Ref.
ZnS nanoribbons Photoconductor 254 — 2.9 x 10° — 76/463 43
ZnS/ZnO microspheres Photoconductor 350 15.1 94.5 — — 98
7ZnS/ZnO nanobelts Photoconductor 320 3030 5 x 10° — 0.3/1.5 44
ZnS QDs Photoconductor 254 0.27 1.6 x 1073 5.51 x 10° 1.1 45
ZnS nanowires Phototransistor 254 — 4.7 x 10° 95/209 63
ZnS: Ga nanoribbons Photoconductor 320 — 5 x 10° 1.3 x 10" 0.0032/0.01 46
ZnS/Sn0O, nanoribbons Heterostructure 320 3500 6.2 x 10* — 8/61 58
7ZnO/ZnSe nanowires Heterostructure 385 2.77 x 10° 8.7 — 125
ZnS nanorods Photoconductor 340 — 0.056 — 0.04 47
ZnS/CdS nanobelts Heterostructure 450 1073 — 2.23 x 10 0.005/0007 107
Gr/ZnS film Phototransistor 365 2.79 x 107° 1.7 x 107 — 0.05/3.5 64
p-CuZnS/n-ZnO films Heterostructure 300 0.012 — 0.7/0.86 59
Gr/ZnSe film Phototransistor 365 2.43 x 107° 3.9 x 10° — 0.03/0.04 64
ZnS nanotubes Photoconductor Xenon lamp 8.44 x 107° 16.5 1.41 x 10° 0.12/0.4 48
ZnS nanowires Photoconductor 254 — 4.97 x 10° — 9/24 49
ZnS/InP nanowires Heterostructure 332 — 295 1.65 x 10" 0.75/0.5 60
ZnS nanotubes Photoconductor Xenon lamp 0.015 2.56 1.67 x 10*° 0.09/0.07 50
ZnS QDs Heterostructure 320 — 0.19 — 0.024/0.011 61
ZnO/ZnS nanorods Heterostructure 370 0.74 0.104 — 126
ZnS film Photoconductor 350 1.04 4970 — 0.05/1.03 51
ZnSe/ZnS QDs Phototransistor 405 2000 — 0.52 62
Gr/ZnS QDs/4H-SiC Heterostructure 250 55.64 2.9 x 10°* 1.41 x 10*° 2.8 x 1077 23
ZnS QDs Photoconductor 365 — 5.8 1.97 x 10" — 127
ZnS/MgZnO film Heterostructure 325 1 900 9 x 10™ 4.12/3.26 52
ZnS: Mn nanorods Photoconductor 310 — 1.62 — 1073 112
ZnS microspheres Photoconductor 365 — 2.74 x 107* 2.02 x 10° 0.15/0.21 53
ZnS nanobelts Photoconductor 365 — 1.8 x 10° 3.3 x 10" 0.04/0.05 54
ZnS: Mn** QDs Photoconductor 255 500 0.2 1.2 x 10" 6.5 x 1077 55
ZnO/ZnS nanowires Heterostructure 385 1.2 x 10* 0.2 — — 106
ZnS/ZnO nanobelts Photoconductor 320 670 5 x 10° — 0.3/1.7 44
ZnSe film Photoconductor 448 — 0.128 2.44 x 10" — 114
ZnSe-nanobelts Photoconductor 400 10°° 0.12 — 0.3 19
ZnSe: Cl nanoribbons Photoconductor 460 — 7.9 x 10° — 0.3 56
ZnO/ZnSe nanowires Heterostructure 385 10° 27.1 — — 125
ZnSe crystal Photoconductor 325 3.4 4.44 1.4 x 10" 1.6 x 10°* 57
ZnSSe film Photoconductor 330 1074 0.163 1.28 x 10" — 115
ZnSSe/GaAs PIN photodiode 300 1073 0.12 — — 116
ZnSSe/p-GaAs Schottky diode 300 0.01 0.2 — — 118
ZnSSe/ZnSe nanowires Heterostructure 360 1073 6.3 x 10° — 10°* 10
ZnCdS/ZnMgS/GaP films Heterostructure 320 1073 0.11 — — 128
ZnCdS/ZnS/GaP films Photoconductor 350 107* 0.03 — — 129
ZnSSe films Photodiode 400 0.58 0.19 — — 25
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the rise and decay time were estimated to be 0.25 and 0.15 ms,
respectively, for the photodetector without interdigital electrodes
(Fig. 9b). In addition, a broadband flat panel photodetector
integrated a ZnS photoconductor and ZnO nanowire field emitters
and exhibits a high R of 5.93 x 10> AW " and an EQE of 1.03 x
10°% under 350 nm light.>' The effect of a ZnSe/ZnS/GaAs
distributed Bragg reflector on the spectral response of an MSM-
diode was investigated by Averin et al in 2020.'** The experi-
mental results showed that the MSM photodiode was based on a
periodic ZnSe/ZnS/GaAs heterostructure from a distributed Bragg
reflector. This detector shows a low dark current of 5 x 10 '* A at
40 V, and the response wavelength of the photodetector can be
adjusted by appropriately selecting the parameters of the hetero-
structure layers. The MgZnO/ZnS heterojunction-based UVPD also
exhibits excellent performance.’> Compared with the MgZnO
photodetector, the MgZnO/ZnS heterojunction-based UVPD
has a low dark current of 1 nA and an ultrahigh photo-to-dark
current ratio (up to 10°). Moreover, this heterojunction device also
exhibits a remarkable responsivity of 900 AW~ (Fig. 9¢). In 2021,
Benyahia et al. demonstrated a broadband multispectral photo-
detector that exhibited a high UV-vis-NIR photoresponse.'**
Furthermore, the sensitive device composed of ZnO/ZnS hetero-
structures also achieves an apparent photovoltaic effect with UV,
visible and NIR photocurrent values of 0.7, 0.2 and 0.1 pA at V =
0V, respectively (Fig. 9d).

The above study has shown that low-dimensional II-VI
group semiconductor nanostructures (e.g., 0D, 1D and 2D) are
promising building blocks for the assembly of various sensitive
UVPDs. The detection range of these devices is determined by
not only the size of the QDs or nanoparticles, but also the
bandgap of other II-VI group semiconductors. Some UVPDs
based on 1D II-VI group semiconductors exhibit an ultra-high
photoresponsivity (>10> A W), such as nanoribbons, nano-
belts, and nanowires.'®****49%3 After optimizing the device
structure, the photodetectors often show a faster response
speed.'®***¢>7197 we summarize the important parameters
of UVPDs based on various types of II-VI group semiconductor
nanostructures in Table 2.

4. Conclusion and outlooks

II-VI group semiconductors prove to be the promising materials
(nanostructures, thin films, single crystals, etc.) in assembling
high-performance UVPDs. In this review article, we summarize
the basic concepts and evaluation parameters of the UVPDs, and
then the research progress and the applications of UVPDs based
on II-VI group semiconductors are briefly reviewed. Due to the
small device size, photodetectors based on ZnS and ZnSe nano-
structures exhibit a high responsivity and fast response speed.
Besides, on the basis of the quantum confinement effect, the
bandgap can be increased by reducing the size of II-VI group
semiconductor quantum dots, thereby the detection band of the
device can be further broadened. Considering the continuous
development of the semiconductor process and integrated cir-
cuit technology, the performance of UVPDs is likely to improve

This journal is © The Royal Society of Chemistry 2022
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in the future. Furthermore, II-VI group semiconductor UVPDs
have been initially used in image sensing, flame detection, etc.
Despite the great progress obtained in the research of UVPDs
based on II-VI group semiconductors, the realization of high-
performance devices and their large-scale applications still faces
many challenges:

(1) High responsivity and fast response speed are difficult
to achieve simultaneously. The photoconductor has a slow
response speed because of the persistent photoconductivity
(PPC) effect. Photodetectors based on the photovoltaic effect
usually have a faster response speed owing to the built-in
electric field, but the device responsivity is low due to the short
carrier lifetime. Therefore, there is a trade-off between the
responsivity and response speed. To overcome this challenge,
2D materials may be used as the active layer of the device, and
the light absorption can be increased by improving the device
structure. This will improve the photoresponsivity while main-
taining a relatively short carrier lifetime.

(2) It is a significant challenge to fabricate large-scale and
high-performance integrated systems for UVPDs. Among the
research achievements, the II-VI group semiconductor UVPDs
have been applied in flame detection, image sensing and other
fields. However, in flame detection, the detection distance is
still short and has low sensitivity. The image sensing system
has some deficiencies, such as the low resolution and single
colour. In the following work, we should combine the circuit
design principles to develop the relevant device integration
technology, develop large-area array detection with a low power
consumption, small size, high sensitivity and high integration
and study the weak signal processing technology. These will
pave the way for II-VI group semiconductor UVPDs in becom-
ing an essential part of future commercial electronic and
optoelectronic components.
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