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Accurate UVlight detectionis a crucial componentin modern Introduction
optoelectronic technologies. Current UV photodetectors are Common WBS UV
mainly based on wide-bandgap semiconductors (WBSs), such as photodetectors

I1I-V semiconductors. However, conventional WBSs have reached Dimensionality engineering
abottleneck of low integration and inflexibility. In this regard, and tunable performance

low-dimensional WBSs, which have suitable UV absorption, tunable Device design
performance and good compatibility, are appealing for diversified UV Applications
applications. UV photodetectors based on low-dimensional WBSs have
broad application prospects inimaging, communication, multispectral
and/or weak light detection and flexible and wearable electronics. This
Review focuses onthe progress, open challenges and outlook inthe
field of UV photodetectors on the basis of low-dimensional WBSs. We
examine how material design, dimensionality engineering and device
engineering of WBSs can control their morphological structures and
properties and attempt to clarify the interplay among material growth,
device structure and application scenarios.

Challenges and outlook
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Introduction

UV photodetector industry

UVresearch began as early asthe nineteenth century, focusing oninvis-
ible radiation beyondblue light'. UV radiationis divided into three main
spectral regions: UVC (200-280 nm) radiation, which is completely
absorbed by the ozone layer and cannot reach the ground, and thus
thereis little background radiation of this region on the surface of
the Earth; UVB (280-320 nm) radiation, most of which is absorbed
by the atmosphere, but the 2% that reaches the surface of the Earth
can be harmful to the human body and cause skin diseases; and UVA
(320-400 nm) radiation, which can penetrate atmospheric clouds to
reach theground and can cause skindamage and wrinkles inlarge doses.
The deep-UV region generally refers to radiation <280 nm. UV radia-
tion <200 nm, called vacuum UV (10-200 nm), is easily absorbed by
molecules and cannot propagatein the air. The effects of UV radiation
onorganisms and materials will vary greatly depending onits specific
wavelengths. However, because UV radiation cannot be observed by
the naked eye, UV technology has been developed rapidly to observe
and quantify it, including UV spectroscopy?, UV light sources® and UV
sensors®.

UV sensors, which include photochromic sensors and photode-
tectors, are devices that detect and measure levels of UV radiation.
Photochromicsensors have poor repeatability and low instantaneous
response intensity and cannot detect weak light>®. UV photodetectors,
which convert UV light signals into electrical signals, are utilized to
detect the UV radiation level and are considered to be crucial com-
ponents of modern optoelectronic technologies’. Compared with
infrared (IR) photodetection, UV photodetection is not susceptible
to long-wavelength electromagnetic interference, and it has a good
concealment. UV photodetectionis anindispensable key component
in civil fields, scientific research and military fields>®. In daily life,
accurate detection of UV radiation intensity and dose are required in
sterilization, water purification, environmental monitoring and UV
curingtechnologies. Inscientific research, UV photodetection is widely
used in medicine and biology, because UV light is easily absorbed
by biomolecules and is only slightly interfered with by background
signals; it also has important applications in space detection. In mili-
tary defence, solar-blind and visible-blind UV photodetectors have
unique advantages in UV communication, detection and warning.
The transmission distance of UV communication can be up to a few
kilometres, anditis also able to bypass obstacles by reflection and scat-
tering processes. Inaddition, solar-blind radiation is nearly absorbed
by oxygen and ozone in the atmosphere and thus demonstrates alow
background noise near the ground’. These unique features make UV
communication especially attractive for secure communication and
military communication. For example, a UV communication system
consisting of an Si-based avalanche photodiode showed arecord data
rate ashighas 2.4 Gb s (ref. 9).

With the growing popularity of sensing technology, the broad
UV photodetector market covers diverse consumer electronics and
industry applications (Fig. 1a), such as automotive, pharmaceutical,
medical diagnostics, environmental monitoring and industrial process
control, among others®” ', The consumer electronics segment has
a great demand for UV photodetectors, which serve as disinfecting
devicesinfabricating smartphones, tablets, watches, laptops and video
game controllers. The up-to-date global market of UV photodetectorsis
boosted by risinginvestmentin the smartphone segment and elevated
efficiency of the automotive market®. The UV disinfection industry
has risen in popularity given increasing demands from biopharma

and pharmaceuticals, especially during the COVID-19 pandemic, in
which UV photodetectors are used to monitor the level of UVC radia-
tion across laboratory environments during sterilization', and from
water treatment plants, in which UV disinfection systems kill bacteria
and viruses. UV photodetectors are also used to detect the presence
of seals, labels, pills and other packing items in the packaging industry
and to monitor fermentation tanks in global industrial processes in
which bacteria are completely removed from liquids. UVA/B sensors
are primarily used in our daily lives'. UVA sensors have the ability to
sensitively and accurately detect objects in dark areas, whichis useful
in numerous applications such as electronic toll collection systems
and automotive security systems. The main UVB sensor applications
include clinical trial, food safety and air quality monitoring.

Because the market size of UV photodetectorsis greatly increasing
with demand for photodetection chips, searching for and optimizing
UV-sensitive semiconductorsis at the core of UV photodetector devel-
opment. Commercial UV photodetectors have mainly been Si-based UV
photodiodesand UV photomultiplier tubes™. UV photomultiplier tubes
are capable of high-response UV photodetection, but their practical
application is limited by requiring low-temperature working condi-
tions and high power supply (above 1-kV voltage)'®. Although Si-based
UV photodiodes show a broad response range from the UV to near-IR
regions, their low responsivity in the UV wavelength ranges and the
requirement of optical filter systems limits their UV photodetection
application. The third-generation wide-bandgap semiconductors
(WBSs) represented by GaN, SiC, Ga,0,, ZnO and diamond, among
others, have been emerging as potential alternatives for constructing
filterless UV photodetectors, owing to their suitable cut-off wavelength
within the UV wavelength’.

WBSs themselves have chemical stability, good thermal conduc-
tivity and high saturation electron drift speed, making them ideal
semiconducting materials for fabricating UV photodetectors. Com-
pared with the early UV photomultiplier tubes and Si-based UV photo-
diodes, UV photodetectors based on WBSs have the advantages of
low operating voltage, low noise and high sensitivity'. WBS-based UV
photodetectors can also selectively detect UVA, UVB or UVC wave-
lengths and distinguish their UV composition. Among these photo-
detectors, the research development and industrial application of
those based on GaN and SiC materials are relatively mature, and their
products include photodetection probes, spectrometers, photode-
tection chips and other UV modules. With technological advance-
ments making UV photodetectors more affordable and efficient, their
current global market is expected to grow ever broader in various
applications. Thus, it is necessary to develop more WBSs and design
new structures to satisfy the increasing requirements for diversified
UV applications.

Low-dimensional wide-bandgap semiconductors for UV
photodetectors

Great progressin high-performance photodetection has beenmadein
group llI-nitrides (BN, AIN, GaN and InN)""*%, Although inch-size wafers
canbesuccessfully grown, integrated photodetectors still encounter
serious current interference. Moreover, as UV light penetrates ata
shallower depth than visible and IR light, reducing the length scale of
the material downto UV penetration depths can substantially decrease
visibleand IR absorption and also potentially supply mechanical flex-
ibility lacking in the bulk®. In this regard, patterned low-dimensional
structures (herein referring to 0D, 1D and 2D nanomaterials) of WBSs
can be suitable for highly integrated and efficient photodetectors.
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Fig. 1| Applications and development of UV
photodetectors. a, Various industry, life and
military applications exist for the UVA, UVB,

UVC, vacuum UV (VUV) and extreme UV (EUV)
spectral regions, such as consumer electronics,
automotive, pharmaceutical, medical diagnostics,
environmental monitoring and industrial process
control**™*. b, By substantially reducing length
scale, bulk wide-bandgap semiconductors are
developed into low-dimensional nanomaterials
(2D materials, 1D nanowires and 0D quantum dots)
that exhibit flexibility and distinctive electronic
structure. These low-dimensional nanomaterials
canbe further assembled into large-area ordered
materials, such as wafer-scale thin layers,
nanowire arrays and quantum dot superlattices.
Finally, integrated chips are fabricated featuring
wearable, intelligent and multidimensional
functions, the latter of whichincludes acquiring
multidimensional information of wavelength,
polarization, phase and optical path. BN, boron
nitride; DUV, deep UV.
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From the view of electronic structure, when a WBS forms a
low-dimensional structure, its quasi-continuous band structure
will split into discrete quantum energy levels, and the absorbed
photon energy is obviously different from the bulk structure. In
various low-dimensional structures, 2D quantum structures easily
form a 2D electron or hole gas, which is more conducive to current
transport®. The discrete quantum energy levels of low-dimensional
semiconductors enable ultra-narrowband photodetectors. More-
over, wide-bandgap 2D materials that are only a few atomic layers
thick make flexible UV photodetectors possible?, such as those based
on wafer-scale few-layered BN, ultrathin 2D GaN single crystal and
chip-less GaN.

Following these lines of thought, bulk WBSs have been devel-
oped into low-dimensional nanomaterials (typically 2D materials®,
1D nanowires? or OD quantum dots®’) that exhibit flexibility and dis-
tinctive electronic structure (Fig. 1b). These materials can be further
assembled into large-area ordered materials, such as wafer-scale
ultrathin layers, nanowire arrays and quantum dot superlattices.
Finally, integrated chips featuring wearable, multidimensional and
intelligent functions are fabricated.

This Review focuses on the tunable properties of low-dimensional
WABSs and their application potential in next-generation UV photo-
detectors. We outline how specific properties of low-dimensional
WBSs are regulated by different technical routes, providing aroadmap
for designing novel UV-sensitive semiconductors. We also examine
diverse applications and the challenges that must be met to satisfy
their requirementsin complex scenarios. The Review aims to motivate
moreresearchers towork onstructure design, material synthesis and
functional application of UV detection technology.

Common WBS UV photodetectors

Classification and working mechanisms

Two-terminal photodetectors can be classified as photoconductor,
Schottky, metal-semiconductor-metal, PN junction, PIN junction
and avalanche photodiode types®. Both electrode-semiconductor
interfaces should have ohmic contact in photoconductor, PN junc-
tion and PIN junction photodetectors. The photoconductor usually
displays high current gain and slow photoresponse speed, whereas
PN or PIN junctions show fast photoresponse owing to the large
built-in electrical field. In Schottky and avalanche architectures,
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one electrode-semiconductor interface should have ohmic contact,
and the other should have Schottky contact***, To this point, the
optoelectronic performance of Schottky photodetectors is greatly
affected by the high Schottky barrier. Under the combined influence
of Schottky and junction barriers, the avalanche photodetector can
exhibit ultrahigh current gain and ultrafast photoresponse speed,
even for detecting ultraweak light*. Finally, both electrode interfaces
of the metal-semiconductor-metal structure are Schottky contacts.
A typical three-terminal photodetector is called a phototransistor,
which exhibits suppressed noise and amplifying photocurrent®,

Preparation routes

2D nanomaterial wafers. Wide-bandgap 2D semiconductors can
be prepared by universal top-down (such as liquid metal printing
technique, mechanical exfoliation and ion-exchange exfoliation) and
bottom-up (such as chemical vapour deposition, molecular beam epi-
taxy and wet-chemical synthesis) growth methods”. The nucleationand
growth of bottom-up methods involve the transition metal-catalysed
dissociation of feedstocks, the diffusion templates of the decom-
posed precursor and their self-assembly into thick islands. However,
these methods fail to fabricate large-area ordered single-crystalline
thin films.

In an example of a bottom-up method, a wafer-scale single-
crystalline hexagonal boron nitride (h-BN) film was grown through
self-collimated grain formation®®. Thereis anindividual minimumin the
formation energy profile of h-BN grain boundaries, inwhich the config-
urationis more stable than other orientations® (Fig. 2a). Thus, the h-BN
islands rotate and align on theliquid Au surface to this minimum-energy
orientation. These ordered grains them seamlessly coalesce to produce
the wafer-scale single-crystalline h-BN films. This self-collimated grain
formation method is a universal strategy to prepare free-standing
ultrathin wide-bandgap 2D semiconductor wafers.

Inspired by the vicinal step growth, a 100-cm? single-crystalline
h-BN thin film was epitaxially fabricated on a copper substrate®®. The
formation energy of h-BN along Cu <211> theoretically shows an energy
minimum at y = 0° on the Cu(110) substrate, in which y is the angle
between the h-BN zigzag and Cu <211> step (Fig. 2b). The meander-
ing step edge includes the straight step edge segment and adjacent
segments between the atomic kinks, thus the complementary kinks
ensure the growth of unidirectionally aligned 2D islands along winding
step edges on substrates®-*, This growth principle is universal in that
inversion symmetry breaking is used in the epitaxial preparation of
single-crystalline h-BN, which can be generalized to large-area single
crystals of other wide-bandgap 2D materials.

Remote epitaxy through graphene, which enables the growth,
release and transfer of large-area 2D materials, was able to realize a
free-standingsingle-crystalline layer and free transfer®. In the typical
process of remote epitaxy, the adopted 2D van der Waals (vdW) mate-
rial serves as asemi-transparent interlayer to enable remote epitaxial
growth andtherelease of target 2D materials (Fig. 2c). The monolayered
2D interlayer cannot completely screen the electrostatic potential of
the substrate, and the adatoms on the 2D interlayer can still interact
with the substrate lattice, thus leading to remote epitaxy between
adatoms and substrate lattices. This method allows epitaxy on 2D mate-
rials induced by weak vdW interactions, which opens the door for
fabricating highly ordered ultrathin WBSs***,

1D nanomaterial arrays. One of the most common top-down meth-
ods to produce nanowires is using a mask and dry etching, directly

making nanometre dimensions and subsequently smoothing the
rough surface?*®. To provide better control over the nanowire qual-
ity, bottom-up seeded growth from metal nanoparticles canalsobea
good choice. Auand Ninanoparticles and their alloys are widely used
as the metal seeds for the growth of GaN nanowires. The orientation
of the as-grown nanowires is determined by the substrate type (sap-
phire substrate, LiAlO,, silicon wafer and so on), the growth conditions
(temperature, atmosphere and so on) and the characteristics of the
interface between the metal nanoparticles and GaN**%, This method
easily obtains <11-20> or <10-10> oriented nanowires, but it is difficult
to obtain <0001> oriented nanowires on sapphire®.

Self-organized growth (such as self-seeded growth) is another
growth method, in which molecular beam epitaxy is usually used to
control the nucleation and growth process of GaN nanowires. The
growth parameters include Ga flux, substrate morphology and sub-
strate temperature, among others*’. This method can effectively
achieve substrate-independent growth of <0001> oriented nano-
wires, whereas the material polarity (Ga-polar or N-polar) cannot be
well controlled. Additionally, n-type or p-type GaN can be obtained by
doping with Si, Mg or Ge, but the spatial homogeneity of the dopant
content is insufficient*.

Template-assisted selective-areagrowthis an effective method for
preparing large-area, vertically aligned and uniform nanowire arrays
(Fig.2d). Regulating the size, depthand number of mask holes can tailor
the ordered arrays of patterned nanowires. At continuous-flow mode,
apyramid shape forms at the hole, and the continued growth forms a
new crystal surface between the pyramid cap and the bottom. The side
facets stop lateral growth, limiting the diameter of the nanowires,
whereas the continued growth of the pyramid surface continues to
increase the nanowire length*.

0D nanomaterial superlattices. WBS quantum dot superlattices,
which can be assembled by slow evaporation of solvents from colloidal
dispersions, are currently in their infancy”. Some notable progress
has been made in PbSe colloidal quantum dot superlattices, such as
shape control, oriented self-assembly** and high mobility**~*. This
considerable mobility is ascribed to the electron coupling interaction
in the highly ordered superlattices. It is believed that quantum dot
superlattices of WBSs can be fabricated in the near future by adjusting
the energy levels, interparticle coupling and structural arrangement
of the quantum dots***,

Dimensionality engineering and tunable
performance
Basic optoelectronic performance metrics of aphotodetector, includ-
ing responsivity (R,), specific detectivity (D*), response speed and
external quantum efficiency (EQE), are summarizedin Tableland Box 1.
These metrics form a comprehensive evaluation of a photodetector.
To date, OD, 1D and 2D nanomaterials are all capable of relatively
high UV photodetection, although detection of deep-UV light suf-
fers from a low responsivity*®*’ (Fig. 3a). Fast response speed can be
realized in 1D and 2D nanomaterials, especially ordered structures
such as nanowire arrays and single-crystalline 2D materials. However,
0D material-based photodetectors suffer from slow response speed;
the decay time of some devices may last for tens or hundreds of seconds.
Much effort has been paid to improving photodetector decay speed,
especially in OD material-based systems™ (Fig. 3b). In this section, we
focus on working processes of a photodetector (photon absorption,
charge separation, carrier transport and carrier collection) to outline
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Fig. 2| Ordered assembly of large-area single-crystalline low-dimensional
wide-bandgap semiconductors and their basic mechanisms. a, Self-collimated
grain formation of hexagonal boron nitride (h-BN) single-crystalline thin film.
The formation energy minimum represents the most stable in-plane orientation
ofthe h-BN grain. The growth process includes grain rotation, alignment and
seamless coalescence’®”. b, Epitaxial growth of h-BN single-crystalline thin

film on copper. The formation energy minimum represents the most stable
epitaxial direction along the vicinal step. Growth is activated by the step edge
and resultsin unidirectionally aligned grains®***. ¢, Remote epitaxy adopts a2D
van der Waals material as an interlayer to grow a free-standing, single-crystalline

thin film, including numerous wide-bandgap semiconductors®. d, Selective
area epitaxial growth of GaN nanowire arrays. A mask is patterned with
nanometre-sized circular openings, inside which pyramid facets develop to form
new facets at the edges between the vertical side facets and the top pyramid, and
finally grow into nanowires in the continuous-flow mode'®. Panel aadapted with
permission fromref. 28, AAAS, and ref. 29, APS. Panel b adapted fromref. 30,
Springer Nature Limited, and adapted with permission from ref. 32, copyright
2019 American Chemical Society. Panel d reprinted with permission fromref. 18,
copyright 2019 American Chemical Society.
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Table 1| Performance parameters and definitions of photodetectors

Metric Unit Definition

Photocurrent (/,,) A Generated current stimulated by illumination

Dark current (Iy) A Current in dark state

On-off ratio - Ratio of photocurrent to dark current

Gain (G) - Number of detected carriers divided by number of absorbed photons
Responsivity (R)) AW Photocurrent at a certain wavelength divided by incident light power
External quantum efficiency (EQE) % Ratio of the number of collected electrons to the number of incident photons

Specific detectivity (D*) cm Hz"”? W' (Jones)

Spectral detection rate per unit surface area (1cm? and per unit bandwidth (1Hz)

Response time (t) s Rise time (t,) is the period from 10% to 90% of the maximum photocurrent.

Decay time (t) is the period from 90% to 10% of the maximum photocurrent
-3dB bandwidth (BW) Hz Modulation frequency of responsivity of the photodetector is half of that at steady state
Noise current (Iy) A Root mean square of current fluctuation

Noise-equivalent power (NEP)

Optical power required to generate the given noise current spectral density

Linear dynamic range dB

Range of incident light power for linear response

the optoelectronic performance development of photodetectors
based on low-dimensional WBSs, as shown in Table 2. The relation-
ship between low-dimensional structure and tunable performance is
discussed in detail.

0D nanomaterials

In OD semiconductors, charge carriers (holes and electrons) are con-
strained inside the nanoparticles or quantum dots, limiting carrier
transport in three dimensions. This constraint leads to a poor photo-
detecting performance withlow responsivity and slow response speed.
Nanoparticles are difficult to assemble into dense films, so they will
cause large current leakage in vertical photodiode structures; thus,
photodetectors based on nanoparticle semiconductors commonly
use horizontal photoconductor structures’’. Ordered quantum dot
superlattices can be an effective route to enhance the carrier mobility
and thus improve the optoelectronic performance***.

0D nanoparticles have the advantage of being compatible with
other semiconductor chips through solution-processed methods (spin
coating, spray coating, injecting, scraping and so on). Commercially
available silicon wafers, which have long been applied for detecting
broadband light, are taken as an example. Owing to the shallow pen-
etration depth (to high-frequency photons), high reflection coefficient
and hot electron loss, Si displays a low responsivity to UV light**>>,
0D wide-bandgap ZnMgO quantum dots, given their excellent UV
photodetecting ability, were easily spin-coated on Si chips to make
up for the shortcomings of the latter in the UV region®*. Meanwhile,
because these quantum dots are almost transparentin the visible and
IRregions, and the thickness of the layer of nanoparticles can be easily
regulated to minimize the light loss attributed to wave-guiding effects
orinternalreflection, they will not deteriorate the performance of the
photodetector in the visible-IR region (Fig. 3¢).

Oxide semiconductor nanoparticles have seen great development
inthe UV detectionfield. Owingto the large surface-to-volumeratioin
nanoparticles, many oxygen vacancies are produced in these oxide
particles, resulting in a high conductivity and responsivity; however,
these vacancies may act as dense surface trapping states to capture
free electrons, impeding the adsorption and desorption of oxygen
molecules and thus greatly slowing down the response speed of the

photodetector’®. To improve the response speed, the surface of
the OD semiconductors can be modified with inorganic, organic, metal-
lic or other non-semiconductor types of nanoparticles***. For
example, graphdiyne nanoparticles were assembled electrostati-
cally onto the surface of ZnO nanoparticles to form graphdiyne:ZnO
nanocomposites®. Interfaces between the two nanoparticle types cre-
ateabundant PNjunctions throughout the whole film and can expand
the depletion regions for the photodetector to rapidly dissipate the
photo-induced current as light switches off (Fig. 3d). In addition,
the minority carriers become trapped in the introduced heterogene-
ous nanoparticles, hence prolonging their lifetime, which canimprove
the photoconductive gain and photocurrent.

1D nanomaterials

Unlike OD quantumdots, 1D nanomaterials (including nanowires, nano-
tubes and nanorods) are confined only in two dimensions, and charge
carriers propagate freely along the third dimension®. 1D nanowires
featuring large aspect ratios are suitable for fabricating photonic plat-
forms, such as interconnects and waveguides. These building blocks
with several-micrometre-lengths bridge the nanoscopic and macro-
scopic worlds, creating possibilities for designing high-performance
optoelectronic devices®.

Theefficient transport of charge carriersin one dimension can gen-
erate a continuous photoconductivity effect (corresponding to high
photoconductive gain).Inaddition, a1D carrier transport mode makes
charge collectionmoreefficientin the most basic photoconductor-type
photodetector structure®’. Meanwhile, the distinct high aspect
ratio of 1D nanomaterials gives them an unexpectedly high absorp-
tion cross-section, enhancing their capacity for sufficient photon
harvest®***, Especially in the short wavelength region (covering the UV
region) (Fig. 3e), 1D nanomaterials have aninherent antireflection effect
compared with their analogous thin-filmstructure, laying afoundation
for high-responsivity UV photodetectors®. Given their notable photon
absorptionand transportand collection of charge carriers, 1D materials
arebetter able to maximize the use of photons and improve responsivity
compared with their thin-film-structure counterparts.

To date, photodetectors based on a single 1D nanomaterial
have achieved a high responsivity®. However, they display weaker
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photocurrent signals than their corresponding large-area photodetec-
tors, because the area of the 1D material is constrained by its nanoscale
diameter (merely 2-200 nm)®. The photocurrent can be improved
by placing multiple nanowires side-by-side lengthwise, which would
increase both thelight-absorbing area of the photodetector and the num-
ber of channels for charge carrier transportand collection. For example,
several bridged Ga,0, nanowires were efficiently assembled into one
photodetector, establishing parallel charge transport channels and
increasing the photocurrentoutput®. Itisworth noting that the orienta-
tion of nanowires to each other is also important, and photodetectors
based onarrayed 1D nanomaterials have been developed. For example,
ordered and high-density vertical titanium dioxide (TiO,) nanotube
arraysenablealarge photocurrent, because charge carriers are efficiently
transported and collected vertically through the ordered arrays®®.

In addition, axial (double junction) or radial (core-shell) het-
erojunctions can be constructed in 1D materials to provide a built-in
electricfield and endow the device with self-powered performance® "
(Fig. 3f). The built-in electric field can prevent the injection of charge
carriers in the dark state and suppress the dark current; photogen-
erated electron-hole pairs can be separated and transported under
the function of the internal electric field, without additional applied
voltage. This self-powered photodetector can eliminate dependence
on a power supply and adapt to application scenarios requiring high
integration and portability. At present, limited by inefficient charge
collection strategies, the maximum self-powered photocurrent of
UV photodetectors based on 1D heterojunction arrays can reach only
nanoscale amperes (nA)*72,

Box 1

2D nanomaterials

As the thickness of abulk material (such as Sior Ge) isreduced to several
nanometres, surface and internal defects will inevitably diminish the
carrier mobility of the material”. Unlike bulk materials, 2D semicon-
ductors (including nanosheets, nanobelts, monolayers or bilayers and
quasi-2D films or nanomembranes) can maintain a high carrier mobility
under atomic-scale thickness, owing to passivated surfaces that are
free of dangling bonds, minimizing the scattering effect’. Benefiting
from the ultrathin 2D material, the carriers can be effectively controlled
by introducing gate voltage and thus can suppress the noise current
of the device and reduce the power dissipation of the photodetector.

In 2D materials, atoms are strongly connected within planes by
covalent bonds, whereas they are weakly associated between layers
through vdW forces. 2D materials can be transferred onto almost any
substrate to realize monolithic integration regardless of lattice mis-
match. This type of vdW integration can easily combine 2D materials
of different dimensions, crystal structures or electronic properties”
without lattice and processing constraints and is a common strat-
egy to improve the responsivity, detectivity and response speed of a
photodetector.

However, most 2D semiconductors, such as metal dichalco-
genides’, black phosphorus” and graphene®, are not competitive for
the detection of UV light, especially solar-blind deep-UV light, owing to
their relatively small bandgap (<2.5 eV). Searching for 2D WBSs for UV
detection has been an important topic. 2D h-BN has been developed
as a deep-UV-light-sensitive semiconductor given its large bandgap
of about 6 eV and high absorption coefficient of about 7 x 10°cm™

Performance metrics for UV photodetectors

Responsivity

Responsivity (R,) is the most basic performance metric of a
photodetector. It describes its optoelectronic conversion capability,
given by the equation:

/ph
R)\ = E,

Pis the light power density of the incident light and S represents
the area of the photodetector. The photocurrent (/) of the
photodetector determines its R when fixing P and S. On the basis of
the working process of the photodetector, the photocurrent can be
enhanced by improving the photon absorption capacity, improving
the charge separation and transport efficiency and improving the
collection efficiency of carriers of the device.

Specific detectivity

Specific detectivity (D*) is not only related to the photoresponse of
a photodetector under illumination but also related to its current
signals in a dark state, which can be evaluated by the capability of
a photodetector to detect the weakest light. It is a comprehensive
indicator, defined by the equation'®'*";

D = JANF
" NEP '

Iy

NEP= X
in which A represents the active area of the device (cm?), Af (Hz)
is the electrical bandwidth of the noise measurement, NEP is the
noise-equivalent power and I is the noise current. There are three
main sources of noise, including shot noise, Johnson (thermal)
noise and flicker noise. D* cannot be calculated simply through dark
current (basically corresponding to shot noise), which may result in
a larger estimation than the actual value. In addition, dark current
can be effectively suppressed by defect engineering'*"*° and device
engineering strategies®"'*?. Meanwhile, under some extremely weak
light detection circumstances (such as single-photon detection),
it is necessary to minimize the interference of thermal noise to the
output photoresponse signal of the photodetector by lowering
temperature.

Response speed

Response speed of a photodetector can be evaluated by the
response time (rise time and decay time) or -3dB bandwidth. In most
cases, response speed is mainly restricted by the decay time, which
is bound up with the recombination process of charge carriers as
light switches off.
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Fig. 3| Dimensionality engineering and tunable optoelectronic performance.
a,UVC photodetectors (especially deep-UV photodetectors) display a responsivity
almost three to four orders of magnitude lower than that of UVB and UVA
photodetectors. The data are from Table 2. b, Photodetectors based on 1D or
2D materials can obtain relatively fast response times of several microseconds,
whereas OD materials suffer from response times as slow as several milliseconds
or evenseconds. The dataare from Table 2. ¢, UV-sensitive quantum dots can be
coated onanSiphotodetector to enhanceits UV photoresponse and will not affect
its responsivity to visible-near IR light**. d, Wide-bandgap quantum dots can be
decorated with other quantum dots to facilitate the carrier-exchange process
through energy band regulation®. e, By rationally designing the wire diameter,
length andfilling ratio, 1D nanowire arrays can have higher absorptance than their
film counterpart in the UV-wavelength region®. f, Self-powered performance in

aphotodetector can be obtained by constructing a nanowire heterojunction®.

g, The bandgap of a2D material can be regulated by its number of layers (L)*.

h, Diagram of bandgap versus in-plane lattice parameter from bulk to monolayerin
llI-nitrides. The inset is the bandgap variation with the number of atomic layers®.
i, The bandgap of a 2D material can be tuned by component design, including
introducing substituted ions or changing their compositions. Here, A unit

refers to Ca,Nb,0,, B unit refers to Ca,Ta;0,,and A,B, refers to Ca,Nb;_,Ta,0,,,
where Nb** ions are partially substituted by Ta** (ref. 83). CB, conduction band;
PD, photodetector; QD, quantum dot; VB, valence band. Panel c adapted with
permission from ref. 54, Wiley. Panel e adapted with permission from ref. 65,
copyright 2007 American Chemical Society. Panel g adapted with permission
fromref. 82, Wiley. Panel hreprinted from ref. 85, Springer Nature Limited.

(refs. 78,79); however, it has long suffered from low responsivity. One
solution s to introduce metal (such as Au and Al) nanoparticles onto
the surface of h-BN nanosheets to create vdW integrations where local-
ized surface plasmon resonance effects will be produced, augmenting
UV light absorption*®. The fabricated vdW integrations promote the
separation of photogenerated carriers, thus enhancing the photocur-
rent and responsivity of the photodetector*®*°, Nevertheless, h-BN
performs far from satisfactorily for deep-UV photodetection, with
a maximum responsivity of about 5 A W™ and an undesirably high
dark current density of 0.6 pA cm™ (refs. 2,49); thus, it is necessary to
discover alternative materials to achieve the optimal balance between
responsivity and detectivity (dark current).

A series of ternary 2D semiconductors with tunable bandgaps,
made by varying the material stoichiometry, is an exciting devel-
opment in UV detection®®. Changing the number of layers of the
2D semiconductors can also control the bandgap (Fig. 3g), allowing
the detection of light with different wavelengths®. Figure 3h dem-
onstrates the variation in bandgap with the lattice parameter and
number of atomic layers in Ill-nitrides®. The bandgap of lll-nitride
increases with decreasing number of atomic layers. Monolayer AIN,
with the smallest lattice parameter, exhibits the greatest bandgap of
upto7.0 eV.Previous studies have demonstrated that arelatively nar-
row bandgap is often caused by excessive thickness of the material,
so fabricating high-quality ultrathin nanoflakes is an inevitable way
to obtain a wide bandgap®. For example, BiOBr, whose bandgap was
2.65eVinathick sample, achieveditslargest bandgap of 3.69 eV when
itsnumber of layers was tailored to 1(0.57-nm thick). A photodetector
based on this monolayer delivered a remarkable deep-UV detecting
performance with an ultrahigh responsivity (12,739.13 A W™), ultra-
high EQE (6.46 x 10°%) and superb detectivity (8.37 x 10*Jones) under
245 nm with a -35-V photogating control®. In addition, the bandgap
of a 2D material can be tuned by component design. For example,
Ca,Nb;0,, nanosheets can realize tunable bandgaps by B-site cation
substitution, in which Nb>* is partially substituted by Ta>* to form
Ca,Nb,_,Ta,0,, solid solutions (Fig. 3i).

Device design

Device design principles can optimize the performance of UV photode-
tectors. A graphene charge-injection photodetector integrates three
functionalities to broaden the detection bandwidth and simplify the
readout process® (Fig.4a). The device structure includes single-layer
graphene for non-destructive direct readout and multilayer graphene
for IR photocharge injection. Upon light illumination, a photothermi-
onic emission process is generated, leading hot holes to be injected

from the multilayer graphene layer to n-type Si (Fig. 4b). Photocarriers
are then stored in deep-depletion wells at the voltage pulse. Finally,
the top single-layer graphene directly reads out the stored carriers
through a photogating effect. This design of phototransistorincorpo-
rates low-dimensional graphene and deep-depletion wells to enhance
theresponsivity ina controllable way. Overall, this device combines the
independent pixel structure of acomplementary metal-oxide semicon-
ductor (CMOS) and the charge integration feature of a charge-coupled
device (CCD).

A bipolar junction phototransistor can switch or amplify elec-
tronic signals in integrated circuits and can be realized through mul-
tijunction or tandem strategies in energy-harvesting optoelectronic
devices®®. A bipolar UV photodetector based on p-AlGaN/n-GaN
nanowire arrays on an n-type Si(111) substrate was reported”. Anindi-
vidual nanowire comprises an axially aligned Mg-doped p-AlGaN seg-
ment and an Si-doped n-GaN segment in an electrolyte environment
(Fig. 4c). In this device architecture, the top p-AlGaN part is designed
to absorb high-frequency photons (deep-UV light), and the bottom
n-GaN segment can absorb low-frequency photons (lower-energy
light). Furthermore, the relatively small band offset provides efficient
carrier transport between the n-GaN and n-Si conduction band edges.
Upon 254-nmillumination, electron-hole pairs are generated in both
p-AlGaN and n-GaN segments (Fig. 4d). Electrons of the p-AlGaN side
facilitate the proton reduction reaction, whereas the electrons and
holes recombinein the space charge region. Thus, the remaining holes
inthe n-GaN side migrate under the effect of the external circuit, lead-
ing to a negative photocurrent signal. Upon 365-nm illumination, the
holes facilitate the oxygen evolution reaction, while the remaining
electrons drift towards the external circuit, thus exhibiting a positive
photocurrent signal. Clearly, the two bipolar photoresponses have
entirely different operation mechanisms at the nanowire-electrolyte
interface. Bipolar phototransistors are believed to have potential for
reconfigurable neural network vision sensors®.

A negative photoresponse, in which the current decreases after
illumination, is an abnormal optoelectronic phenomenon®. Nega-
tive UV photoconductivity observed in vertical ZnO nanowires was
originally ascribed to the electron trappingin the alumina membrane®.
However, owingto the slow progressin developing devices with nega-
tive UV photoresponse, more work must be done to further determine
the working mechanism. As one example, a working mechanism was
proposed for the negative UV phototransistor in few-molecular-layer
2D crystals®. The device exhibits a typical n-type transistor perfor-
mance under a positive gate voltage and dark conditions and a lower
current under UV illumination (Fig. 4e). Under UV light illumination,
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Table 2 | Figures of merit and progress of UV photodetectors based on low-dimensional wide-bandgap semiconductors

Dimension Material Growth method Bandgap Wavelength R, D* (Jones) Response Applied Year Ref.
(eV) (nm) time voltage (V)
0 ZnMgO nanoparticle-  Solution method 4.22 260 75mAW’ 2022 54
coated Si
Cu nanostructures + Solvothermal method 3.2 365 234AW 74/29s 10 2019 131
ZnO quantum dots
ZnO quantum dots Femtosecond-laser 3.3 224 100mAW™ 70ms 5 2018 55
ablation in liquid
ZnO nanoparticles + Solvothermal method 3.3 365 ~200mAW™" 3.6x10"% 3.55/1.49s 10 2018 132
Au nanoantennas
ZnO quantum dots + Solvothermal method 3.4 9.9x10°AW" 10" 5/85.1s 10 2017 133
graphene
Graphdiyne +ZnO Solution preparation 3.2 365 1,260AW" 6.1/21s 10 2016 59
nanoparticles
ZnO nanoparticles Flame spray pyrolysis ~ 3.37 300-400 13AW 200/150s 5 2015 50
ZnO nanoparticle- Hydrolysis method 3.4 360 1,001AW™ 3.4x10" 142/558pus 9 2012 56
polymer blend
ZnO nanoparticles Solvothermal method  3.35 370 61AW" <01s/1s 120 2008 51
1 TiO, nanorod arrays+  Hydrothermal 3.2 370 195AW™" 4.3x10®  1.08ps -15 2023 134
TizC,T,/Au synthesis methods
n-AlGaN nanowires + Plasma-assisted 3.82/3.4 254 3.7mAW" 0 2021 70
n-GaN nanowires molecular beam
epitaxy
Arrayed ZnO- Hydrothermal method ~ 3.37 325 014mAW”’ 3.3x10" 10ms 0 2021 69
CuO core-shell
nanorods + Au
nanoparticles
CsCujl; nanowires Antisolvent method 373 250-350 32.3AW" 1.89x10”  6.94/214ps 5 2020 135
Y**-doped TiO, Electrospinning 350 45AW 1.6x10" 2.53/116s 3 2020 98
nanofibres
AlGaN nanowires Plasma-assisted 254 48mAW™ 83/19ms 0 2020 136
molecular beam
epitaxy
-Ga,0, nanowires Vapour-solid synthesis  4.75 <300 233AW" 816x10”  0.48/0.04s 10 2019 137
Single-nanowire GaN Plasma-assisted 3.4 <370 355AW ~10 s 3 2019 66
molecular-beam
epitaxy
ZnO-AIN core-shell Vapour phase 325 2.05x10*AW™ 28ms 5 2019 138
nanowires transport
p-CuzZnS/n-TiO, arrays  Anodic oxidation 3.2 300 2.54mAW”" <0.2s 0 2018 68
process
ZnO nanorods Hydrothermal 3.37 365 0.55AW"’ 3.1/1.25s 10 2017 139
synthesis methods
AIN micro-nanowire Physical vapour 6.2 190 0.39AW" 0.1/0.2s 20 2015 23
transport
Parallel arrayed ZnO All-printable 365 75x10° AW"  3.3x10" 1 2014 62
nanowires fabrication
Bridged 3-Ga,O4 Chemical vapour 4.5 <280 <<20ms 50 2010 67
nanowires deposition
2 h-BN + Al Metal organic vapour 5.96 205 12uAW™? 10 2022 48
nanoparticles phase epitaxy
y-Bi,0, flakes Chemical vapour 3.4 365 64.5AW 1.3x10™ 290/870us 5 2022 84
deposition
h-BN 2D Solid state-assisted 6 210 5.022AW" 6.1x10" 200ms 5 2021 49
nanosheets + Cu synthesized
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Table 2 (continued) | Figures of merit and progress of UV photodetectors based on low-dimensional wide-bandgap

semiconductors

Dimension Material Growth method Bandgap Wavelength R, D*(Jones) Response Applied Year Ref.
(eVv) (nm) time voltage (V)
2 (continued) Ca,Nb,0O,, flakes High-temperature 3.85 280 14.94AW™ 8.7x10" 0.08/5.6ms 3 2021 140

solid-state reaction
and liquid exfoliation

Ca,Nb,:Tay ;010 High-temperature 3.65 295 469.5AW 8x10" 0.9/152ms 1 2021 83

nanosheets solid-state reaction
and liquid exfoliation

AlGaN + GaN Metal organic 365 1,670AW™ 0.05/0.36s 2021 141
chemical vapour
deposition

Sr,Nb,O,o nanosheets  High-temperature 3.9 270 1,214AW™ 1.4x10" 0.4/40ms 1 2020 86
solid-state reaction
and liquid exfoliation

BiOBr nanoflakes Chemical vapour 3.69 12,73913AW"  8.37x10% 110/160us 10 2020 82
deposition

ZnO nanosheets Soft template-assisted ~ 3.37 254 20,000AW"  6.83x10" 3.97/5.32s 2020 142
growth

BiOCl flakes Chemical vapour 35 250 357AW" 2.2x10% 1 2020 143
deposition

GeSe, Chemical vapour 2.96 266 200mAW™" 1.6x10" 214/304ms 10 2019 144
transport

Diamond film Chemical vapour 55 220 6AW 3 2006 145

deposition

D*, specific detectivity; h-BN, hexagonal boron nitride; R,, responsivity.

electron-hole pairs are generated and then separated at the hetero-
junction interface (Fig. 4f). Later, the majority of carriers are trans-
ferred and recombined with the gate-induced electrons, leading to a
substantial current decrease. When the channel layer contains dozens
of molecular layers, the electrons near the interface are recombined
but many residual electron carriers remain, resulting in considerable
positive current and poor negative current. Negative UV phototransis-
tors have potential in fabricating light encoders, which can encrypt
electrical signals by light.

Applications
Flexible electronics
Bulkinorganic semiconductors are often mechanically rigid owing to
their strong covalent bonding and moderate thickness. Reducing the
size of atleast one dimension to hundreds or even tens of nanometres
willimprove the flexibility of the material®***. Furthermore, compared
with soft organic semiconductors, inorganic low-dimensional WBSs
have better environmental stability (including to oxygen, steam and
temperature) and mechanical wearing resistance®*”,
Two-dimensional WBSs with layered and non-layered struc-
tures are composed of single or several stacked atomic layers and are
extremely thin, which endow them with good elasticity and adhesion®.
They canbe transferred onto flexible substrates or directly onto human
skin to realize free-standing skin electronics***”. Two-dimensional
WBSs keep close and imperceptible contact with skin, so they can moni-
tor high-fidelity biological signals for a long time without disturbing
the daily activities of the wearer and may enable remote monitoring of
accurate healthin the future. As an example of such abiomedical sens-
ing platform, alow-power-consumption, high-sensitivity, stretchable
electronic skinwas fabricated on the basis of ultrathin single-crystalline
GaN films. This chip-less, wireless sensor presented an outstanding

spectral selectivity responsivity of10.06 A W™, Owing to its ultrathin-
ness (around 300 nm), the electronic skin has improved softness and
comfort, and less power waste, compared with a relatively thick skin
device (300-500 pum)””.

One-dimensional WBSs, with nanoscale diameters and macroscale
lengths, have excellent bending performance®. A wearable macro-
scopic3Dflexible device based on1D nanotubes canberealized through
direct anodic oxidation of Ti microwires®, Similarly, free-standing
fibrous membranes based on TiO, nanowires can be prepared directly
froma TiO, precursor solution by electrostatic spinning technology;
their mechanical flexibility can be improved by component doping
engineering’®. Nanofibre membranes are also breathable, effectively
reducing skin inflammation in epidermal electronics applications®.
Inaddition, in many application scenarios (such as electronic skin and
motion detection), a photodetector will bear tensile, compression
and twisting forces, soit must be stretchable to avoid serious damage to
performance from device breakage. One strategy to achieve abalance
between flexibility and optoelectronic performance is to randomly
distribute interpenetrating networks of 1D WBSs in an elastic matrix
(such as polydimethylsioxane, styrene-ethylene-butylene-styrene
or thermoplastic polyurethane). The functional WBSs provide UV
photodetection, and the elastic matrix endures the tensile stress’.
As this device is stretched, it corresponds microscopically to a large
number of flexible nanowires bearing bending stress. However, asingle
nanowire cannot achieve axial stretching because its atoms in the axial
direction are tightly bound by strong covalent bonds.

UVimaging

UVimaging technology is an effective supplement to the spectral
response range of current commercial visible light cameras, and it has
important application prospects in space UV optical remote sensing,
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a, Schematicillustration of agraphene charge-
injection photodetector, which consists of
multilayer graphene for infrared (IR) charge
injection, single-layer graphene for direct non-
destructive field-effect readout and a deep-
depletionsilicon well for charge integration.

b, Band diagram and carrier movement of graphene
charge injection. The thermalized hot carriers are
injected into silicon under IR light illumination, and
the visible light-excited holes are integrated in the
silicon well®”. ¢, Schematic of the p-AlGaN/n-GaN
nanowires on n-Sisubstrate”’. d, Band diagram and
operation model of the p-AlIGaN/n-GaN nanowire
photodetector with light-induced photocarrier
excitation, recombination and diffusion

processes. Under 254-nmillumination, a negative
photocurrent signal is obtained owing to proton
reduction at the p-AlGaN surface. Under 365-nm
illumination, a positive photocurrent signal is
generated owing to water oxidation at the n-GaN
surface’’. e, Transfer curves of 1D/2D molecular
crystal p—n heterojunctions under light and dark
conditions. The current is higher without light
illumination, owing to the negative photoresponse.
f,Schematicillustration of the p—n heterojunction
under light and dark conditions and of the

negative optoelectronic process. Under UV light
illumination, electron-hole pairs are generated and
the excitons are separated at the heterojunction

Si Multilayer

graphene

IR

n(E)

Thermalization
E

|

Negative
photocurrent

:

Positive
photocurrent

UV ligh ~ o
| ight ExcnorE e e ‘\6 \

| interface’. CCD, charge-coupled device; DS, drain

source; GS, gate source; Vis, visible. Panelsaand b
reprinted fromref. 87, Springer Nature Limited.
Panels cand d reprinted fromref. 71, Springer
Nature Limited. Panels e and freprinted with
permission fromref. 90, Wiley.

Recombination

PO
b 2.0 .60 000
-0 O 10 20 30 40 50 60
+ + + + + + +
V. (V
GS() V.>0

GS

close-range criminal investigation and photography'°®'", CCDs and
CMOSs are widely incorporated into imaging sensor technology. Owing
to the disadvantages of limited readout speed, high fill factor, high
power consumption and high costin CCD imaging sensors, CMOS tech-
nology is more popularin UVimaging applications. ACMOS-integrated
64-pixel UVimaging sensor based on awide-bandgap SiC semiconduc-
tor achieved readout times down to 0.39 Hz and power consumption
aslowas 60 pW (ref. 24).

At present, high resolution is an important goal for imaging
technology and depends on the integration of high-density photo-
sensitive devices. In high-density arrayed 1D nanomaterials, a single
nanowire or nanotube can function as a photosensitive pixel. If the
photocurrent signals in each nanowire can be electrically addressed,
this type of densely arrayed device may exceed the highest resolu-
tion of the most advanced CCD or CMOS image sensor'%%. However,
it remains difficult to electrically address individual 1D materials.

Two-dimensional materials can avoid this problem by being transferred
onto a CMOS-based silicon integrated circuit to realize monolithic
integration. In this case, large-area, uniform and isotropic 2D mate-
rials are necessary to ensure the accuracy of the image. In addition,
combining flexible low-dimensional materials and imaging techno-
logy can enable flexible UV imaging devices. For example, an artifi-
cialretina, enabled with flexible UV imaging, can achieve wider angle
image recognition'®.

Meanwhile, single nanowire or small-area 2D semiconductors
have application prospects in the field of single-pixel imaging'®*.
A single pixel can provide high-resolution UV imaging by relying on
the movement of thelight spot to image the entire object'®. Compared
with acamerabased on CMOS or CCD technology, single-pixelimaging
has the advantages of simple readout circuitand no required compat-
ibility with silicon. Theimaging pixel is not restricted by the density of
the photo sensors and is only related to the size of the spot and of the
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moving path. The disadvantageisthat itis a kind of scanning imaging,
which needs to read the optical current point by point, resulting in a
slowimaging speed.

Weak UV light detection

The ability to detect weak light makes it possible to observe atalonger
distance or in an environment in which photons are scarce, such as
in ultralow power remote sensing, night operation and obtaining
high-resolution 3D images from a far distance. The difficulty in real-
izing the detection limit of photodetectors makes weak light detection
achallenge. There are three possible solutions: toimprove the absorp-
tion probability of photons (even total absorption of photons), to find
an appropriate charge gain mechanism and to reduce the noise level
(mainly thermal noise).

Experimental and theoretical studies show that vertically ori-
ented nanowires can become nearly perfect absorbersif designed with
appropriate nanowire parameters (length, diameter and spacing) and
can have nearly uniform absorption efficiency in a wide wavelength
range'®. For example, by designing an array of conical nanowires
(inwhich thesize of the tip is smaller than the bottom) and optimizing
the spacing between the nanowires, photon absorptionis maximized'””.
Therefore, although the thickness and volume of the nanowire array
aremuch smaller than those of its corresponding film, the absorption
at some resonance wavelengths can even exceed that of the film®.
In addition, owing to the volume reduction, the dark current of the
nanowire arrays will be smaller than that of the film, whichis conducive
to photon detection at room temperature®'”’,

The construction of aheterojunction can function as a highresist-
ance state in the space charge region (built-in electric field) and can
effectively suppress the current in the dark state®. By further utiliz-
ing the avalanche effect of photodiodes, high gain can be obtained to
detect weak light. In addition, 2D materials have atomic layer thick-
ness and no danglingbond interface, and nanoscale vdW heterostruc-
tures can be fabricated. The nanoscale 2D/2D heterostructure has
ashort effective region located in the sub-average free path region,
so that it can realize ballistic avalanche without phonon scattering.
This is conducive to increasing multiplication factor and reducing
excess noise, thus realizing the detection of weak light*. Therefore,
low-dimensional WBSs are suitable candidate materials to achieve
weak UV light detection.

Multispectral photodetection
Distinguishingamong UVA, UVB and UVC lightisimportant for carrying
out the best prevention or application of UV radiation.

One way to realize UV spectrum recognition is inspired by the
design of currently commercialized colour cameras. Colour imaging
is attained when photons pass through colour separation filters and
are converted into electronic signals through wideband-response
Si photodetectors. Similarly, spectrum recognition of UV light can
be realized by integrating UV narrowband filters with a full-UV-band
response photodetector on one chip. It remains a challenge to develop
a full-UV-band response photodetector from one semiconductor, so
low-dimensional materials with different UV spectrum response ranges
can be transferred onto a single chip to achieve full-UV-band detec-
tion. The advantage of this method is that it can recognize multiple UV
bands as long as there are appropriate UV filters and simultaneously
perform both UV intensity measurement and spectrum recognition.
The disadvantage is that the integration of multiple semiconductors
makes the device structure complex.

Another strategy is based on the special optoelectronic proper-
ties of low-dimensional UV photodetectors. Generally, current flows
unidirectionally. However, in multijunction devices based on 1D mate-
rials, bipolar directional current output is possible by combining the
principles of optoelectronic conversion, optoelectronic chemical
conversion and photothermal conversion'®"'°. Under theirradiation
of excitation light with different UV wavelengths, this type of device can
generate distinguished photocurrent signals with opposite polarities,
soasto differentiate within the UV spectrum”°®, The advantages of this
method are that the device structure is simple, and the intensity of UV
light canbe measured. The disadvantage is thatit can only distinguish
narrow UV bands.

Thethird way is to take advantage of the complete optoelectronic
and photoluminescence characteristics of wide-bandgap quantum
dots and integrate them on a CMOS Si image sensor’*. Given the effi-
cient luminescence and large Stokes shift of quantum dots, they canbe
used as adown-conversion material to convert the UV light into visible
light. Meanwhile, wide-bandgap quantum dots have compositionally
tunable bandgaps, and the colour of their spectral emission depends on
the wavelength of UV excitation. The UV spectrum can be recognized
by stacking UV-photosensitive quantum dots with different bandgaps.
Simultaneously, converting UV light into visible light can enhance the
responsivity of Si photodetectors in the UV region. The advantage of
this method is that UV light can be easily and directly recognized by
the human eye by converting itinto visible light, and the quantum dot
iscompatible with CMOS circuitintegration. The disadvantageis that
the accuracy of spectrum recognition is low and there are individual
differences in distinguishing different colours.

Traditional UV photodetectors cannot acquire the complicated
informationin acomplex environment that is often needed for appli-
cations. Low-dimensional WBSs may enable high-performance UV
photodetectors with multidimensional functions, owing to their scal-
able UV absorption, tunable performance and distinctive anisotropic
optical property™. These multidimensional features include not only
multispectral photodetection but also the ability to capture abundant
lightinformationincluding polarization, phase and optical path. Devel-
oping UV photodetectors with multidimensional features will likely be
amainstream trend in this intelligent era.

Challenges and outlook

Nowadays, UV photodetectors are not only recognized as a light-
functiondeviceto transfer optical signalsbutalso serve asanimportant
componentinoptoelectronicintegration circuits, whichalsoinclude
electroniccomponents, optical waveguides and light-emitting diodes
onthe chip. However, there s still plenty of roomto develop UV photo-
detectors towards weak-light photodetection, high-gain (responsivity,
noise equivalent power and quantum efficiency) devices, transparent
and flexible electronics and photonics.

Discovery and engineering of low-dimensional WBSs

With advances in synthetic methods, the library of WBSs has been
enriched to include bulk crystal and few-layer 2D materials involv-
ing carbides, nitrides, oxides, chalcogenides and halides, among
others. These materials cover the bandgap range from3.2eVto 7.3 eV
(Fig. 5a), making them promising candidate semiconductors for
next-generation UV photodetection technology. Filterless vacuum UV
photodetectorsinparticular are expected to adopt ultrawide bandgap
semiconductors'>*’ (more than 6 eV). Therefore, it is desirable to dis-
cover many more wide-bandgap semiconductors with low-dimensional
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structure. Another challenge in material design is that high-mobility,
p-type WBSs are still lacking. Exploring highly conductive p-type and
n-type low-dimensional WBSs is being pursued at the same time to
make progress in the near future'.

Furthermore,inagiven UV radiation, itisachallenge to accurately
differentiate the proportion of UVA, UVB and UVC wavelengths, each
of whichis strongly associated with human health and industrial activi-
ties™. The main problem lies in realizing spectral narrowband photo-
response in a UV photodetector. Although some strategies (charge
collection narrowing, organic additives and stacked device structure)
have enabled narrowband photodetection, there remains plenty of
room to design narrowband UV photodetectors on the basis of WBSs.
By controlling the number of atomic layers and thus regulating the
absorption wavelength, an ultranarrow deep-UV photoresponse down
to 9 nmwas achievedinalow-dimensional (AIN),,/(GaN), superlattice
photodetector*', Therefore, accurately controlling the thickness of
WBSs will be key to the development of narrowband UV photodetectors.

Engineering the low-dimensional structure of WBSs creates lots
of opportunity to actualize integrated nanoscale optoelectronics.
Assembly of OD colloidal nanocrystal quantum dots is a method to
obtaintailored electronic properties, such as mobility, carrier density

andbandgap. The nanocrystal packing canalso lead to semiconductors
with anisotropic electronic properties and isotropic optical proper-
ties or vice versa. One-dimensional nanowire techniques introduce
a small epitaxial interface even under high lattice mismatch, which
brings high-quality single-crystalline materials and a sub-femtofarad
capacitance for both high-speed and low-power operation. Ultrathin
2D semiconductor layers are potentially attractive for fabricating min-
iaturized and fast optoelectronic devices. Functionalized nanocavity
structures enhance the light-matter interaction and improve the light
absorption in the ultrathin nanomembrane™®. In general, most fast
photodetectors have microsecond response speeds; very few devices
canrespond innanoseconds. Ordered low-dimensional structures are
an important route to pursue faster response speeds and meet the
contemporary demand for high-speed electronic devices®®.

Integrated flexible UV systems

Wearable devices based on photodetectors track personal health the
least invasively and are therefore very useful in the consumer market.
The key problem to be solved is that conventional devices still lack
overall flexibility and the ability to bend freely, owing to the rigid com-
ponents (gate drivers and readout integrated circuits) of the flexible
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Fig. 5| Perspectives on UV photodetectors based on low-dimensional
wide-bandgap semiconductors. a, Typical wide-bandgap semiconductors and
potential ultrawide bandgap semiconductors (bandgap higher than 6 eV), such
assingle-layer h-BeO, AIN, cubic boron nitride (c-BN) and 2D MgO. b, UV imaging
technology is developing from complementary metal-oxide semiconductor
(CMOS)-compatible to printable and flexible systems. State-of-the-art
neuromorphicvisionsensors can further enable intelligentimaging systems,
whichintegrate sensing, memory and processing functions for integrated

flexible artificial visual systems'”. ¢, A chip-less and wireless electronic skin based

on afree-standing single-crystalline GaN ultrathin film. This device serves as a
low-power-consumption health monitoring system to detect UV light, strainand
ion concentrations in sweat with long-term stability”. d, Future scenarios for

full UV communications, which are attractive for secure communication. ADC,
analogue-to-digital converter; h-BN, hexagonal boron nitride; LED, light-emitting
diode; PDs, photodetectors; SAW, surface acoustic wave; TFT, thin-film
transistors. Panel c adapted with permission fromref. 97, AAAS.
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imagingsensor. Fully integrated flexible UV systems can be constructed
solely from flexible low-dimensional WBSs, which have the character-
istics of stretchability, breathability, adaptability, high sensitivity, low
power consumption and long-term wearability. A thin and flexible scan-
ner, which will enable nail-to-nail fingerprint scanning in the future, is
apromising step in the development of flexible UV imaging sensors'”’.

An important application prospect for WBS-based UV photo-
detectors is the integrated flexible UV system (Fig. 5b). Graphene
charge-injection-based UV photodetectors provide an intriguing
strategy to integrate this flexible UV imaging system, which includes
non-destructive direct readout and IR photocharge injection from UV
to mid-IR wavelengths. Additionally, an effective way to realize overall
flexibility is to introduce wireless powered optoelectronic devices for
sensing and processing signals, which includes printable elements
(energy harvester, photodetector, antenna, capacitor, thin film transis-
torandso on). Furthermore, state-of-the-art neuromorphic vision sen-
sorsintegrate sensing, memory and processing functions for aneffective
artificial visual system that possesses low power consumption and less
redundant datain UVimagingapplications"®"*°, Thisemergingin-sensor
computing exhibits potential for flexible intelligent applications™".
Although most reported neuromorphic sensors simulate the human
visual system in the visible range'?, UV sensing is also important for
animal species (suchas bees) to ensure their survival and reproduction.
Inspired by this point, the development of the UV neuromorphic sensor
could be attractive for flexible intelligent UV sensing devices™.

Rigid devices thatlack aconformableinterface with the skin can-
not easily acquire accurate data of the human body. By contrast, the
versatile health monitoring system showninFig. 5c, achip-less wireless
e-skin based on a free-standing single-crystalline GaN ultrathin film,
detects UV light, strainand ion concentrations in sweat with long-term
stability”. Graphene sensitized with semiconducting quantum dots
promises asensor structure without non-transparent and bulky read-
outelectronics, benefitting from the intrinsic photoconductive gain'>.
Graphene quantum dots have also been used to build a broadband
image sensor'?* and integrated with a flexible near field communica-
tion circuitboard to fabricate a UV skin exposure monitoring system'*
that transfers databetween photodetector and smartphone wirelessly
and without batteries'”. Without the obstacle of opaque and rigid
readout circuitry, thismonolithic monitoring system boasts enhanced
transparency and flexibility while maintaining exceptionally high
optoelectronic performance. Moreover, the development of scalable
roll-to-roll production provides amass-produced and low-cost pathway
towards fully integrated wearable platforms.

On-chip UV optical links

Optical communication technology has been widely studied from UV
to IR light, and visible-range communication has realized a high data
rate of more than10 Gb s™and alow bit-error rate of 3.8 x 107 (ref. 126).
With the rapid development of solar-blind photodetectors and deep-UV
light-emitting diodes, UV communication has great potential to supple-
ment traditional wireless communication, mainly owing to its advan-
tages of low background noise, omnidirectional communication links
and non-line-of-sight ability’. However, the photodetector and light
source are still two main factors limiting applications in the era of the
internet of things. It is believed that low-dimensional WBSs are prom-
ising candidates in UV communication systems, outperforming their
conventional bulk counterparts, because they can realize high stability,
high security, high speed, low power consumption and high integra-
tion. For example, the low-dimensional Ga,0,semiconductor, withits

bandgap of 4.9 eV, is highly suitable for solar-blind photodetectors.
Inparticular, fabrication techniques are expected toimprove in terms of
material, device, manufacturing and encapsulation. Advanced printing
techniques may be developed in the near future as scalable fabrication
methods that enable effective integration with several optoelectronic
elements, such as LEDs, microlenses and waveguides'”. In this way,
highlyintegrated and industrial-scale full UV communication systems
are expected to be come true (Fig. 5d). More importantly, full optical
link optoelectronic technology has greatly affected mobile devices
and consumer electronics'**'*. Controlled monolithic integration
techniques needto be utilized to provide tight integration, higher band-
width density and better efficiency. Low-dimensional semiconductor
optoelectronics allow for releasing data traffic,improving integration
density and reducing computing power consumptionin the optical link
process. Thus, low-dimensional WBSs demonstrate high UV absorption
coefficientsto serve as highly integrated high-speed photodetectors,
which are important components of on-chip optical transceivers™’.
In summary, from component design and preparation to dimen-
sionality engineering, the morphologies and structures of WBSs canbe
directionally controlled, endowing them withintended properties. UV
photodetectors based on low-dimensional WBSs can thus realize sin-
gle or multifold practical functions or solve common problems faced
in typical application scenarios. We hope this Review inspires more
researchers to explore the complex properties of low-dimensional
WBSsandtosolve practical problemsin the field of UV photodetectors.
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