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Recent Progress of Heterojunction Ultraviolet
Photodetectors: Materials, Integrations, and Applications

Jiaxin Chen, Weixin Ouyang, Wei Yang, Jr-Hau He,* and Xiaosheng Fang*

Ultraviolet photodetectors (UV PDs) with “5S” (high sensitivity, high signal-to-
noise ratio, excellent spectrum selectivity, fast speed, and great stability) have
been proposed as promising optoelectronics in recent years. To realize high-
performance UV PDs, heterojunctions are created to form a built-in electrical
field for suppressing recombination of photogenerated carriers and promoting
collection efficiency. In this progress report, the fundamental components of
heterojunctions including UV response semiconductors and other materials
functionalized with unique effects are discussed. Then, strategies of building
PDs with lattice-matched heterojunctions, van der Waals heterostructures,
and other heterojunctions are summarized. Finally, several applications based
on heterojunction/heterostructure UV PDs are discussed, compromising
flexible photodetectors, logic gates, and image sensors. This work draws an
outline of diverse materials as well as basic assembly methods applied in het-
erojunction/heterostructure UV PDs, which will help to bring about new pos-

(metals or conductive carbon materials).
For UV photodetectors, normally one
of the two materials is responsible for
photon absorption and the other helps to
form the junction. The creation of a het-
erojunction where charges are separated,
suppresses photocarriers recombination at
the interfaces to optimize photodetection
with higher responsivity, quantum effi-
ciency, and photogain.>-°!

Presently, the researches on perov-
skites, ! graphene,') and other mate-
rials®3-1% are emerging in an endless
stream and these materials with excel-
lent properties can be used for hetero-
junction UV PDs. Perovskites are a good
choice for optoelectronic devices because

sibilities and call for more efforts to unleash the potential of heterojunctions.

1. Introduction

It has been widely accepted that UV radiation has a profound
effect on the development of production and the improve-
ment of the quality of our life, for instance, overexposure to
UV rays can lead to sunburn, skin cancer, and other potential
problems.l] UV photodetectors that convert UV illumination
into electric signals are fundamental optoelectrical components
which have unique requirements for “5S” (sensitivity, selec-
tivity, stability, signal-to-noise ratio, and response speed).?”! To
that end, it is a common strategy to construct heterojunctions
for reducing carrier recombination, which can suppress the
PD’s photoresponse to high-energy photons. Generally, heter-
ojunctions applied in photodetectors are formed between two
kinds of semiconductors, or a semiconductor and a conductor
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of their tunable bandgaps, large extinc-
tion coefficient, and so on. It has been
confirmed that the excellent match in the
conduction band of perovskite-TiO, junc-
tions can effectively promote charge separation.'® The het-
erostructure between MAPDbI; quantum dots (QDs) and TiO,
shows a relative fast and stable response to UV light, and the
combining also enhances the long-term stability of perovskite
MAPDI;."! Another example is the heterojunctions between
graphene and wide-bandgap semiconductors. Combining wide-
bandgap semiconductors and graphene, which possesses high
carrier mobility and high transparency, is very useful for deep
ultraviolet detection. The rectifying effect between graphene
and semiconductors such as GaN and Ga,0; leads to promoted
responsivity and sensitivity of solar blind ultraviolet detec-
tors.192% These materials have brought diverse choices of light
absorption part of a heterojunction/heterostructure, and pro-
vided more methods for enhanced photodetection performance.

Heterojunctions used to be produced by combining semi-
conductors with different bandgap energies but closely
matched lattice parameters.?!l Above the influence of inter-
face defects and surface states, lattice-matched heterojunctions
can achieve high separation efficiency and easy transport of
photogenerated electron—hole pairs. For example, type II Se/Si
heterojunctions with matched lattice own a very small dark
current for high sensitivity.??! Such assembling needs strong
chemical bonds that are not easy to achieve, while in van der
Waals (vdWs) heterostructures, different materials are assem-
bled physically through weaker vdWs force.?3l VdWs integra-
tion frees heterojunction growth from strict requirements of
similar lattice characteristics and electrical properties. There-
fore, it provides a flexible method that is possible to com-
bine materials with different structures and properties.*
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In addition, 2D materials-based vdWs heterostructure has come
to the foreground in recent years. TMDs,*’ graphene,?®! etc.,
are used in some PDs for ultrahigh responsivity and detectivity.
However, lots of materials are not able to create vdWs junctions
due to poor surface roughness that keeps two materials too far
to build vdWs interactions, let alone atomically sharp interfaces
and electronically abrupt junctions. But the hybrid still presents
typical junction behaviors. They are also playing an important
role in UV photodetection.

Hence, we are keen to review this concept of a heterojunc-
tion UV photodetector to enhance the response by combining
two or more components.

In the first part of this report, much attention is paid to mate-
rials in various kinds of heterojunctions/heterostructures. These
materials are divided into two parts: one is the major photosensi-
tive component of a heterojunction that responds to light (such
as ZnO), while the other component functionalized with some
unique effects helps to form a built-in electric field. In the second
part, we discuss different types of heterojunction/heterostructure
UV PDs in terms of the integration ways, specifically, the interac-
tion strength between the two components. It should be noted
that we are mainly concerned about the enhanced performance of
PDs without giving too much attention to the origin of interface
interactions. In the third part, we give a brief description about
applications based on heterojunction UV PDs. Several represent-
ative flexible UV PDs are listed including image sensors and logic
circuits constructed on heterojunctions. What follows are a final
summary and a glimpse of future heterojunction UV PDs.

2. Materials for Heterojunction UV PDs

For the materials utilized in building UV PDs, the most
common candidate materials are UV active materials. The
formed heterojunction between these materials can regulate the
behaviors of photoinduced charge carriers, leading to improved
UV photoresponse.

In a heterojunction UV PD, if one material is set as UV
active materials, the other materials may also have response
to visible or even infrared light. Under UV irradiation, photo-
induced charge carriers can be generated in both materials.
With the help of inner electric fields, these charge carriers can
be efficiently separated and transported to electrodes, leading
to enhanced UV photoresponse. While under visible irradia-
tion, only the materials with a narrow bandgap can generate
photoinduced charge carriers. However, the hindrance of non-
responsive materials greatly increases the recombination pos-
sibilities of photogenerated electrons and holes, which results
in poor visible photoresponse.

If the heterojunctions are formed by two narrow bandgap
materials with response to visible or even infrared light, the
as-fabricated heterojunction PDs can exhibit broadband photo-
response, in which UV response can be enhanced because of
the formed electric field at interfaces. To realize UV selective
detection, UV-pass filters can be equipped to eliminate the
influence of visible photoresponse.

There are also some specific situations. If one material is up/
down converters, they can convert UV irradiation into visible
or deep UV irradiation. If the converted irradiation can be har-
vested and detected by the other material, the heterostructure
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constructed by these two materials can also exhibit UV photore-
sponse (more on this next).

2.1. Semiconductors with UV Response

Semiconductors with UV response are principal to a het-
erojunction UV photodetector. These semiconductors can
be divided into inorganic materials with different conduction
types, organic materials, and organic-inorganic hybrid mate-
rials. Specially, few-layer 2D materials with wide bandgaps
might also exhibit UV response, showing great potentials in
heterojunction UV photodetectors.

2.1.1. n-Type Inorganic Semiconductors

Most sensitive materials for UV photodetector are inorganic
semiconductors with a large bandgap and strong UV absorp-
tion. Plenty of the common active materials exhibit n-type con-
ductivity, and the majority of UV photodetectors are based on
n-type semiconductors.?”) In general, n-type metal oxide semi-
conductors are commonly used building blocks in photoelectric
devices because of their specific electronic and optoelectronic
properties.283% With suitable bandgap, unique electric prop-
erties, and confined carrier conduction pathways, their low-
dimensional nanostructures are suitable for sensitive materials
in photoelectric devices. Moreover, the ease of preparing metal
oxide semiconductor nanostructures makes them promising
for assembling high-performance UV PDs in large scale.?!! For
example, common binary metal oxides with a wide bandgap
such as ZnO,? Ti0,,1** and SnO,B* have been widely investi-
gated and applied in UV PDs. Meanwhile, ternary metal oxides
such as Zn,Sn0,,* Zn,Ga0,,*%! Zn,GeO,,1”38 and MgZnOB°l
have also been reported for their applications in UV PDs.*]
Figure 1a shows a photodetector based on Zn,GeO, nanorods
and it presents moderate photoresponse under UV light illu-
mination Besides, the bandgaps of multielement metal oxide
semiconductors can be tuned by alternating the stoichiometric
ratios of different atoms, suggesting that their derivatives are
good choices for broadband photodetectors.

Notably, ZnS, a wide-bandgap metal sulfide semiconductor
(=3.72 eV for cubic zinc blende and =3.77 eV for hexagonal
wurtzite), is considered as an arising star for photodetection
because of its good electron mobility, moderate charge transport
ability, and high transmittance toward visible light.*!! ZnS has a
large direct bandgap corresponding to the UV region, making it
a good choice for a UV-responsive visible-blind semiconductor.
In addition, ternary sulfide Ga,IngSy is also an n-type semi-
conductor exhibiting great potential in UV detection. Through
a controllable chemical vapor deposition (CVD) growth pro-
cess, ultrathin 2D Ga,In,So with long carrier lifetime and long
minority carrier diffusion length can be synthesized.*?!

2.1.2. p-Type Inorganic Semiconductors
Different from n-type semiconductors with electrons as the

majority carriers, the majority carriers of p-type semiconductors
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Figure 1. a) Image of Zn,GeO, nanorods and their on/off photocurrent responses under UV (254 nm) light. Reproduced with permission.*!l Copyright
2016, Wiley-VCH. b) Typical SEM image of CuGaO, nanoparticle film and current-voltage (I-V) curves of the CuGaO,/ZnS device under 280, 300, 360,
and 400 nm illumination and dark conditions. Reproduced with permission.[*”] Copyright 2017, Wiley-VCH. c) TEM image of 2D Pbl, and current—
time (/-t) measurement at V4, =5V on Pbl,-based photodetector under different power densities of a 375 nm laser. Reproduced with permission.”l

Copyright 2019, Wiley-VCH.

are holes originating from the defects in the crystal.’! Diamond
is introduced as the representative of single-element p-type mate-
rials applied in photodetection. Due to its wide bandgap, high
breakdown voltage, high carrier mobility, high radiation tolerance,
high dark resistance, and low self-noise, diamond has become
one of the most interesting candidates for the next-generation
photodetectors used in the spectral range from UV to X-rays.*’!

Binary-element SiC and GaN can be p-type semiconduc-
tors and they have been applied as sensitive materials in com-
mercial photodetecting devices. Silicon carbide (SiC) with a
bandgap of 2.4-3.3 eV has developed as one of the most impor-
tant wide-bandgap materials of UV photodetection. p-Type SiC-
based photodetectors can achieve solar-blind photodetection
with fast speed and high signal-to-noise ratios.*] With a large
direct bandgap of 3.4 eV, gallium nitride (GaN) is another out-
standing material for visible-blind UV detection because of its
large light absorption coefficient, high saturation-electron drift
velocity (310 cm s71), good thermal and chemical stability, and
remarkable tolerability of harsh environments.[*! The superior
mechanical properties and chemical stability make SiC and
GaN devices ideal UV photodetectors while working in harsh
environments.

As a typical binary p-type metal oxide semiconductor, NiO
has a wide direct energy bandgap in the range of 3.2-3.8 eV.
Due to its low cost, earth abundance, visible light blindness,
large excitonic binding energy, and wide bandgap, NiO can be
a superior candidate for UV photodetectors utilized in the envi-
ronment surrounded with inevitable thermal energy.[*¢]

CuGaO, and BiOCl are representative ternary-element
p-type metal oxide semiconductors applied in UV photode-
tectors.B1#7l Delafossite CuGaO,, as a p-type material with a
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hybrid orbit for holes to transport driven by sp hybridization
between 3d!° of Cu* ion and 2p of two 0%, has emerged as an
excellent p-type material for UV photodetection due to its large
bandgap (=3.6 eV) and good transparency.[*¥l Figure 1b displays
a photodetector based on CuGaO, nanoplate/ZnS microsphere
film. The heterostructure shows a higher UV absorption and
enhanced photoresponse properties. Bismuth oxide halides
(BiOX (X = CI, Br, and I)) have a layered structure, which con-
sists of tetragonal [Bi,O,]*" positive slabs interleaved by double
negative slabs of halide atoms along the c-axis.*) The layered
structure provides a space large enough to polarize the related
atoms and orbitals. The induced dipole separates the electron—
hole pair efficiently, which is beneficial for enhancing photo-
catalytic activity and photoconductivity.”® Depending on diverse
preparation methods, the bandgap of BiOCI varies from 3.0 to
3.5 eV, which makes BiOCl nanostructures suitable for UV-A
light detection.!l However, these BiOCl-based UV photodetec-
tors suffer from poor conductivity and low photoresponse.’?
More efforts should be paid to overcome these deficiencies.

2.1.3. Organic Materials

Due to the small mass, low cost of fabrication, and easy pro-
cessing compared with inorganic counterparts, UV photo-
detectors based on organic materials especially small molecular
materials and polymers, have thrived rapidly. Materials such as
2-(1,10:30100-triphenyl-50-y1)-9,9-diphenyl-9H-fluorene ~ (TPF)
and  (9,9-diphenyl-9H-fluoren-2-yl)diphenylphosphine  oxide
(DEPPO) are provided with higher electron mobility and feasible
level alignment.”! UV photodetectors based on polymers such
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as tris-(8-hydroxyquinoline) gadolinium (Gdq)?®? and poly(5,7-
bis(4-decanyl-2-thienyl)-thieno(3,4-b)diathiazole-thiophene-2,5)
(PDDTT)P! present fast response and high sensitivity. These
organic materials have flourished for UV photodetectors.
Because of their specific qualities including relatively short
excited state lifetime, intense phosphorescence emission, high
thermal stability, and excellent charge transport ability, tricar-
bonyl di-imine rhenium complexes and more organic materials
have also been adopted in highly sensitive UV photodetectors.>®!

2.1.4. Organic—Inorganic Hybrids

Perovskites with unique electrical and optoelectronic proper-
ties are representative organic-inorganic hybrids.’”) World-
wide researchers’ attention has been paid on perovskites to
producing broad applications of light-emitting diodes (LEDs),
optically pumped lasers, pholoelectrochemical (PEC) cells,
and photodetectors.’l The direct bandgap nature, high light
absorption ability, and wide-range light absorption of perov-
skites make them suitable candidates for photodetectors with
broadband photoresponse.®l The short conduction pathway for
photogenerated charge carriers ensures the related photoelec-
tric devices with fast response speed. Moreover, very low con-
centration of defects and traps in perovskites greatly reduces
charge carrier recombination.’8! These characteristics strongly
recommend the organic-inorganic hybrid perovskites as ideal
building blocks for high-performance PDs. Perovskites with
different structures (polycrystalline film,®! single crystal,!!
and low-dimensional nanostructurel®))have been synthesized.
Together with various device configurations, perovskites-based
devices demonstrate unprecedented progress in photodetecting
performance.l®’ In preliminary research, common perovskites
such as CH3NH3Pbl; and CsPbl; are generally narrow-bandgap
semiconductors and they exhibit broadband photoresponse.[®!l
With the extended investigations on perovskites, some perov-
skites with wide bandgaps such as methyl ammonium lead
chloride (MAPBCL;)I263 and (PEA),PbBr, (C¢HsCH,CH,NH;",
PEA*)( single crystals are transparent to visible but sensitive
to UV radiation, which are recognized as promising candidates
for UV photodetectors.

2.1.5. New Trends

2D materials, which feature a layered structure weakly bonded
by vdWs forces in atomic or molecular thickness and infinite
planar dimensions, are easy to prepare and transfer. 2D mate-
rials with tunable bandgaps from 0 to 6 eV are sensitive over
a wide range of the electromagnetic spectrum. They are rec-
ognized as useful items with remarkable electronic, photonic,
and mechanical properties and are deemed the research focus
in the next few decades.[®>% The commonly investigated 2D
materials such as MoS,, WS,, and MoSe, always exhibit broad-
band photoresponse (especially visible-light response) because
of their narrow bandgaps. Limited by the availability of wide-
bandgap 2D semiconductors, the progress of UV photodetec-
tors based on 2D materials is restricted.®®’% However, the
newly investigated 2D materials of GeSe,, "' Sr,Nb;O;,,1!
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and GeS,”? have shown bandgap of about 3 eV, and they have
been fabricated into UV photodetectors showing competitive
photoresponse with state-of-the-art UV detectors. As a typical
2D layered semiconductor, the Pb and I atoms of Pbl, are cova-
lently bonded within each plane and the planes are stacked
together by weak vdWs force (Figure 1c). As its layer number
changes, the bandgap of a Pbl, nanoflake varies from 2.38 to
2.5 eV. With a direct bandgap and a higher light absorbance
capability, multilayered Pbl, is favorable for constructing UV
photodetectors.!”3]

Thanks to the advance of micro/nanofabrication technolo-
gies, more 2D nanostructures shall be produced and their fas-
cinating properties will facilitate the enhancement of related
PDs.

2.2. Materials Functionalized with Specific Effects

Photoconductive-type UV photodetectors based on single
semiconductor always suffer from relatively high dark current
and slow response speed because of the surface defect states.
Constructing heterojunctions can effectively deal with these
deficiencies. To achieve improved photodetection, metal nano-
particles with localized surface plasmon resonance (LSPR)
effect, QDs and nanocrystals with multiple exciton generation
effect, and down/upconverters can be utilized in a heterojunc-
tion to enhance the light absorption, thus increase the genera-
tion of photoinduced charge carriers.

Carbon materials, organic materials, and other appropriate
semiconductors can form heterojunctions with UV response
semiconductors to achieve more efficient separation and trans-
port of charge carriers. These modifications have positive influ-
ence on the carrier behaviors in heterojunctions, resulting in
superior UV photodetection.

2.2.1. Localized Surface Plasmon Resonance Effect

The photoexcitation-induced collective oscillations of free
charges confined in a highly conductive nanocrystal are
described as LSPR. In recent years, metal nanocrystals (such
as Au, Ag, Pt, Bi, and Cu) with LSPR effects have been exten-
sively investigated for their intriguing optical properties and
versatile technological applications. The light absorption of
these metal nanostructures can be tailored over a broad spec-
tral range from UV to infrared by tuning the size, shape, metal
composition, and environment.””! Due to the light-confine-
ment effect and tunable light absorption, various plasmonic
PDs combine low-dimensional semiconductor nanostructures
and these plasmonic metal nanocrystals have demonstrated
excellent plasmon-enhanced device performance, for instance,
by sputtering Au nanoparticles, the responsivity of Se can be
largely enhanced in a wideband range (Figure 2a).”®

The decay of resonant surface plasmon can generate a nonra-
diative way and the resulted additional scattering and relaxation
of these high-energy carriers produce photocurrents in PDs.l””]
The bandgap of semiconductor is no longer the determining
factor for the generation of hot carriers as usual, the Schottky
barrier height or tunnel junction becomes the leading factor,
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Figure 2. a) Spectral responsivity of Se photodetectors with various Au sputtering times under 2 mA current (bias =5 V) and spatial distribution of
the electric field intensity of Au NPs with the diameter of 40 nm and the interspace gap of dimer of 10 nm at the wavelength of 600 nm. Reproduced
with permission.l’¢l Copyright 2016, Wiley-VCH. b) Spectral response and proposed mechanism for the improved photoelectric performance of the
Au NPs-decorated CdMoO4-ZnO photodetectors at 5 V bias. Reproduced with permission.?’l Copyright 2017, Wiley-VCH. c) Cross-sectional SEM and
EQE peaks of a typical PbSe quantum dot film solar cell device. Reproduced with permission.l’’l Copyright 2011, American Association for the Advance-
ment of Science. d) PL emission and excitation spectra of the CsPbBr; QDs and the inset shows the photo of as-prepared CsPbBr; QDs solution in
cyclohexane under white light or UV light illumination. And the calculated number of photos arrived at the perovskite surface with (lower) and without
down conversion by QDs fluorophore. Reproduced with permission.®l Copyright 2019, Wiley-VCH.

making it possible to detect photons with energies lower than
the bandgap of semiconductors. The hybrid metal-semicon-
ductor system can function as plasmonic PDs. The geometry
of plasmonic nanostructures, the composition of plasmonic
material, and the interface conditions of plasmonic materials
and semiconductors can have great influence on the hot-carrier
processes, the regulation of which can be achieved by the pre-
cise control of these factors, which can be confirmed by the
CdMo0O,4/ZnO heterojunction modified with Au nanoparticles
(Figure 2D).?I The deeper exploration and utilization of the hot
electron injection effect would lead to modified optoelectronic
performance. Furthermore, the direct coupling of electronic
excitations of optical energy through plasmon resonance can
achieve enhanced photogain and selectivity in various optoelec-
tronic applications.

2.2.2. Multiple Exciton Generation Effect

In common, a photon excitation can produce only one elec-
tron—hole pair at once and the conversion efficiency from pho-
tons to electron—hole pairs can hardly reach a hundred percent.
However, upon the absorption of a single photon that bears at
least twice the bandgap energy, semiconductor nanocrystals or
QDs with multiple exciton generation effect will generate more
than one pair of electron-hole.’8l Moreover, after the photoex-
cited electrons are trapped at the QD surface, long-lived holes
are left behind and circulate through the photoconductor and
the external circuit multiple times before recombining with
electrons. Thus, the conversion efficiency can exceed 100%.7"!
The multiple exciton generation process in these systems is an
instantaneous event that finishes within 200 fs. Besides, these
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nanocrystals or QDs also possess semiconducting property
which enables construction of heterojunctions with semicon-
ductors.B% As presented in Figure 2c, the combination of metal
oxides with PbSe QDs with this multiple exciton generation
effect should result in greatly improved EQE of the device.[#82

2.2.3. Down/Upconversion

The coupling between new structural concepts and optoelec-
tronic applications based on up/downconverters is of great sig-
nificance.®¥ It can achieve light harvesting in the long (short)
spectral range and the extended photon up (down)-conversion
range under sunlight irradiation to achieve maximum energy
conversion. Thus, these up/downconverters can be used to
construct UV heterojunction photodetector without the partici-
pation of semiconductors with UV response. CsPbBr; QDs can
be prepared as a fluorophore and applied to solar-blind UV light
detection. By integrating as-fabricated all-inorganic CsPbBr;
QDs, the photodetection system exhibits an enhanced detection
for UV-C light (279 nm), which is mainly due to the increased
number of photons irradiated on the perovskite absorber layer
by over three orders of magnitude via downshifting the UV-C
light into visible light (Figure 2d).[8%

2.2.4. Photovoltaic Effect
Photovoltaic effect can take place in the hybrid of carbon mate-
rials, organic materials, and other appropriate semiconductors

with UV response semiconductors. Originated from the photo-
voltaic effect, the as-formed electric field at the interfaces can
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promote the separation and transport of photoinduced charge
carriers, leading to improved photoresponse and response
speed of related PDs.

Conductive Carbon Materials: Conductive carbon materials
such as graphene, activated carbon, and carbon nanotubes, are
a suitable option for UV PDs owing to their superior optical
and electric properties.

Graphene is a one-atom-thick planar structure of carbon
atom and its discovery has led the research of 2D materials.
Up to now, there are extensive graphene-/graphene oxides-
based applications in photodetection. Owing to the high car-
rier mobility, the preceding investigations of graphene have
demonstrated its metallic conductivity, which can separate the
photogenerated electron-hole pairs effectively.®®) What's more,
zero-bandgap 2D graphene-based photodetector usually exhibits
UV-vis—IR photoresponse. In addition to their good environ-
mental stability, tunable work function, and mature processing
technique, graphene and its derivative have been adopted as
one important component in vdWs heterostructures assem-
bling.'! The hybridization of graphene with semiconductors
may not only compensate for graphene’s intrinsic weakness
and fully exploit its potential to new special functions, but also
serve as a general strategy for enhancement of hybrid photo-
detecting system.[87]

Because of their unique band structure, excellent elec-
tronic and optoelectronic properties, and super mechanical
and chemical stabilities, carbon nanotubes (CNTs), another
important allotrope of carbon, are preferred in optoelec-
tronics. A flexible and thorn-like ZnO-multiwalled carbon
nanotubes (MWCNTS) hybrid paper with high aspect ratio is
designed for efficient UV-sensing application. The photode-
tector fabricated from the hybrid paper demonstrates a high
sensitivity and fast transient response to UV light, which is
attributed to efficient carrier transport and collection of the
hybrid paper. These fascinating properties make it advanta-
geous to assemble a low-cost and flexible CNT-based photo-
detector with high quantum efficiency, high sensitivity, and
high speed.[®]

Organic Materials: With the advantages of easy fabrication,
broadband absorption range, and elastic modulating of their
semiconductor characteristics, p-type organic materials are very
suitable for photodetection.’® The hybrid PDs based on p-type
organic molecules with tunable functionality and n-type inor-
ganic semiconductors with superior intrinsic carrier mobility,
usually present high photodetecting performance, thanks to
the efficient separation and transfer of photoinduced charge
carriers resulting from the p-n heterojunctions. Various kinds
of organic materials, such as polyaniline (PANI),®? poly(vinyl
alcohol) (PVA),Y poly(arcylonitrile) (PAN),?’] poly(vinyl carba-
zole) (PVK),? polypyrrole (PPy),*l and even pyrene-tricyano-
furan derivatives,*! are also adopted to modify the photoelec-
tric properties of semiconductor-based PDs.!

Semiconductors: Heterojunctions formed between different
semiconductors have profound influences on the electronic
properties and present potentials in multifunction and prop-
erty tuning, these as-built heterostructures have been exten-
sively applied in solar cells, PEC cells, photodetectors, and
other photovoltaic devices. It has been broadly reported that the
built-in electric field formed at the heterostructure interface,
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can efficiently separate photogenerated electron-hole pairs and
regulate the transport of carriers in photoelectric devices.*’]
Referring to the different conduction types of semiconductors,
this kind of heterojunctions can be classified into n-n, p-n, and
p-i-n generally.#7:989

A majority of UV response semiconductors utilized in het-
erojunctions present n-type conduction behaviors, the detailed
description of heterojunction built between n-type semiconduc-
tors has been frequently summarized in other reviews,31:190]
the related contents will not be mentioned in this section. This
part intends to concentrate on the heterojunctions formed
between UV response semiconductors and other semiconduc-
tors that are categorized according to the numbers of constitu-
tion elements.

1) Single elemental semiconductor: p-type single-element semi-
conductors comprise group III (boron), group IV (silicon,
germanium, and several carbon materials), group V (phos-
phorus), and group VI elemental semiconductors (o-sulfur,
selenium, and tellurium). Here, some representative elemen-
tal semiconductors applied in UV PDs are presented.

With an estimated bandgap of 1.5 eV, a theoretical high
conductivity (=102 Q7' cm™), and a high carrier mobility
(102 cm? V! s71), 2D boron nanosheet is an elemental p-type
semiconductor with potential as a UV-vis broadband photo-
detection material.[1%%1%2] Figure 3a shows morphology and
device performance of a typical photodetector based on
2D Dboron and as-fabricated photodetector displayed mod-
erate photoresponse under 325 nm light illumination. What
researchers can do with adopting is that the high responsivity
is from its high crystallinity. The single-crystalline boron
nanosheets with high quality are prepared by a vapor-solid pro-
cess and it can realize large-scale production. In addition, 2D
boron has been combined with semiconductors to form hetero-
junction UV photodetector.[193104

Single-wall carbon nanotubes (SWCNTs) can be either
semiconducting or metallic, depending on their geometrical
characteristics. By changing its diameter and chirality, the
bandgap of semiconducting SWCNTs can be tuned. Semicon-
ducting SWCNTs not only present ultrahigh carrier mobility,
ballistic transport, and superior mechanical flexibility, but
also exhibit strong broadband light absorption (peak absorp-
tivity > 10° cm™), fast light response up to picoseconds, and
Ohmic contact with electrodes.'®! Graphene nanoribbons
(GNRs) are narrow stripes of graphene, where quantum con-
finement effect may induce a bandgap in the electronic struc-
ture. Bandgap can be adjusted by varying the edge shape and
width of GNR.[100]

Graphdiyne (GD) possesses both sp and sp? carbons with
two diacetylenic linkages between the adjacent carbon hex-
agonal structures and exhibits an electronic conductivity of
2.56 X 107" S m™L. It is promising for the optoelectronic and
photocatalytic applications because of its large specific area,
high hole mobility, and semiconducting behavior with a calcu-
lated bandgap of 0.47 and 1.12 eV.'%) GD:ZnO nanocomposites
are applied in the assembly of UV photodetectors. It is dem-
onstrated that the junction formed between the GD and ZnO
nanoparticles greatly promotes the carrier-exchange process,
and hence significantly enhances the photoresponse.!'®!
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Figure 3. a) Typical SEM image of ultrathin boron nanosheets and I-V as well as /-t curves for this photodetector under 325 nm light. Reproduced with
permission.['%4 Copyright 2015, Wiley-VCH. b) TEM image and on-off measurements of a ZnO/WS, nanowire. Test conditions: at 1V bias and under
0.5 W cm™2 illumination of 405, 532, and 660 nm. Reproduced with permission.['*? Copyright 2018, American Chemical Society.

As a stable layered structure allotrope of phosphorus, widely
studied group V semiconductor black phosphorus (BP) is found
to show bipolar conduction behaviors and achieves very high
carrier mobility up to =1000 cm? V-1 71109110 The bandgap
of bulk BP is about 0.3 eV. After exfoliated to monolayer BP,
its bandgap is calculated to be 1.5 eV, demonstrating its light
detection ability from UV to visible region.''!] Considering its
specific properties, 2D layered BP has been adopted to improve
the UV responsivity of a photodetector.'1?]

Another important elemental group VI p-type semicon-
ductor is Se, which processes many excellent physical prop-
erties, such as low melting point (220 °C), high conductivity
(8 x 10* S cm™), and relative high intrinsic carrier concentra-
tion (9.35 x 10'® cm™3).l'"3 The bandgap of elemental Se is
about 1.67 eV, indicating its potential for broadband photode-
tection. These specific properties make Se a very promising
component for heterojunction UV-visible photodetectors with
fascinating performance.[''+115]

2) Metal oxide: p-type metal oxide semiconductors (such
as CuO and NiO) have also been utilized to form p-n
heterojunctions.''17] A solution-processed p-n hetero-
junction photodiode is fabricated based on NiO and ternary
Zn;_Mg,O (x=0-0.1). The fabricated visible-blind p-n junc-
tion photodetector demonstrates an excellent rectification
ratio and displays good UV responsivity and high quantum
efficiency.!'!8]

3) Metal chalcogenide: Semiconducting metal chalcoge-
nides mainly include group IIIA, IVA, and VA chalcoge-
nides that have demonstrated their numerous intriguing
characteristics and tremendous potential in photoelectric
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detection.11120] Especially, 2D TMDs with the generalized
formula MX, (where M denotes a transition metal element
and X denotes a chalcogen such as S, Se, or Te) possess cer-
tain bandgaps and are low-cost, earth-abundance, stable, and
eco-friendly.l'?!l The group VIB dichalcogenides (MoS,,!'??!
WS,,121 MoSe,, 121 WSe,, 1251 MoTe,, 1201 WTe,['?7]) with
a moderate bandgap of 1-2 eV, are among the most repre-
sentative TMDs.[®l Except for materials mentioned above,
researchers have also discovered and synthesized a number
of novel TMDs, e.g., group IVB, VB, VIIB, and VIII dichal-
cogenides.[128-1301 These newcomers present various novel
characteristics and compensate for the deficiencies of the
conventional compounds.

These metal chalcogenides are regarded as hopeful com-
ponents for heterojunctions, relying on the following advan-
tages.!3U First, the weak vdWs interaction and the absence
of surface dangling bonds make heterostructures easier to
construct by lowering the strict thermal and lattice-matching
requirements. Second, some TMDs (e.g., 2H-MoS,, 2H-WSe,)
show indirect-direct bandgap transition with decreasing layer
numbers down to monolayer, which can be used to promote
optoelectronic performance.

The heterojunctions containing TMDs have been widely
adopted in UV photodetectors. 1D/1D heterostructures of
ZnO/WS, core/shell nanowires are assembled in a single-
nanowire photoresistive device. The photoelectric results
show that the introduction of a few layers of WS, significantly
enhances the photoresponse in UV range and drastically
shortens the response time by almost two orders of magnitude,
compared with the pure ZnO nanowire PD (Figure 3b).[13%
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A PtSe;/GaN heterojunction is fabricated by in situ synthesis
of vertically standing 2D PtSe, film on n-GaN substrate. The as-
fabricated heterojunction device demonstrates excellent photo-
response properties in deep-UV region and presents quick
response to 266 nm pulse laser with a rise time of 172 ns.[33
Another p-n diode is based on a stacked BP and rhenium
disulfide (ReS;) heterojunction. The heterojunction shows
a clear gate-tunable rectifying behavior and displays a high
photoresponsivity under UV illumination. Moreover, by
adjusting the back-gate voltage, the photoresponse properties
of this device can be tuned.['!?]

3. Heterojunction Integration for UV PDs

Heterojunction photodiodes are entitled with various materials
and device architectures thanks to the abundant flexibility in
material synthesis and device construction. The rapid devel-
opment of semiconductors has effectively satisfied the mate-
rial requirements, and plenty of studies have been reported to
date with remarkable device performance. For one thing, the
device performance of a heterojunction photodiode is partially
determined by the individual material properties, such as car-
rier mobilities, doping density, energy band structure, and light
absorption ability. For another thing, the energy band matching
and the heterojunction interface may strongly influence the
photoelectric properties.

The energy band matching plays an important role in het-
erojunctions. Compared to the homojunction, heterojunction
offers extra situations besides the type II energy band matching
owing to the different material bandgaps, and the potential bar-
rier peak may also change the wavelength selectivity of a het-
erojunction photodiode. Therefore, high-efficiency single-color
response,[34 bi-color response, 3% and bias-tunable color selec-
tivity'“l have been achieved in heterojunction photodiodes.

3.1. Lattice-Matched Heterojunction

However, the junction interface becomes a weak point for
heterojunctions. Unlike that in homojunctions, severe lattice-
mismatch often exists in heterojunctions and causes negative
effects on device performance. Initially, the lattice-mismatch
in-plane strain may deteriorate the contact quality of the two
semiconductors, especially in crystallized materials. The weak-
ened heterojunction with interface morphology defects such as
wrappings and cracks can severely damage the electric proper-
ties of the heterostructure. What's more, the lattice mismatch
introduces non-negligible surface states at the interface and
influences the energy band structures, causing weaker junction
barrier. Finally, the lattice mismatch itself may act as atomic
interface defect. It can damage the uniformity of the built-in
electric field and generates stronger Auger scattering effect to
hinder the current collection and delay the response speed.['¢!
Above all, the lattice mismatch is a considerable weak point
of heterojunction, and special attention should be paid to the
interface quality during the device construction.

Seeking lattice-matched materials may effectively solve
the interface challenges resulting from lattice mismatch. As
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presented in Figure 4a, naturally unstable Bi,Se;sTe;s nano-
plates are prepared on graphene substrate, where a high-perfor-
mance photodetector is constructed.'3”] The interface structure
is greatly optimized as lattice mismatch diminished, resulting
in the increased material stability and the obvious performance
enhancement. However, only a few heterojunction structures
have been reported with acceptable lattice mismatch due to the
variable crystal structures and lattice parameters of different
semiconductors. Moreover, lattice-matched UV-sensitive hetero-
junctions are highly limited considering the additional bandgap
requirements.

Some lattice-matched heterojunction devices based on mod-
erate-bandgap materials can extend the response spectral to
UV region and act as broadband UV-to-visible/IR photodetec-
tors. For example, the lattice-matched Se/Si(111) heterojunc-
tions are reported with broadband spectral response from UV
to visible light, and the lattice matching contributes to a very
fast response speed with improved photovoltaic properties
(Figure 4b).122l However, the wavelength cutoff of these devices
lies beyond the UV region and sets obstacles to selective UV
detection or solar-blind UV detection. Wide-bandgap materials
are preferred then.

Owing to the abovementioned material limitations, very
few studies have been reported to achieve wide-bandgap
lattice-matched heterojunctions, and we can only find GaN/
ZnO,P¥ In Al Ga;_, N/GaN,[*) and ZnO/Ga,05M**! to
our best knowledge. GaN and ZnO both have wurtzite struc-
tures with similar lattice parameters (ZnO: a = 0.318 nm,
¢=0.518 nm; GaN: a = 0.325 nm, ¢ = 0.523 nm). High crystal
quality p-GaN/n-ZnO bilayers are guaranteed using molecular
beam epitaxy technique, and the lattice-matched heterojunc-
tion generates a clear rectifying effect with considerable
bias-free UV photoresponse and a turn-on voltage of 3.7 V
(Figure 5c). Similarly, large-bandgap In,Al,Ga;_, N quater-
nary alloy is reported to replace AlGaN to form heterojunction
with GaN crystals, in which the lattice mismatch is kept small
enough to avoid cracks and misfit dislocations. Apart from
that, although the lattice mismatch of ZnO/Ga,0; reaches
about 5%, the interface energy is still effectively reduced to
support a high-quality core—shell heterostructure, based on
which novel UV photodetectors like piezo-phototronic effect
modulated devicel'*!! and solar-blind avalanche photodiodel'4"!
are achieved.

Despite a few reported successful examples, the severe
material limitation is still the biggest challenge of lattice-
matched heterojunctions. Therefore, future studies should
continue to focus on other lattice-matched materials. In
addition, considering the highly limited material candidates,
interface strategies like utilizing an interlayer are also worthy
of consideration to reduce the negative effects of lattice
mismatch.

3.2. Van der Waals Heterostructure
The prosperity of 2D crystals sheds light on their huge poten-
tial in optoelectronic devices. Many 2D crystals are entitled

with excellent carrier mobility, and the vdWs force can sup-
port an excellent heterojunction interface regardless of the
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Figure 4. a) The reduced lattice mismatch and the enhanced device performance in Bi,Se; sTe; s/graphene heterostructure photodiode and the I~V
data of Bi,Se; sTe; s/graphene and Bi,Se; sTe; 5 device under illumination of 635 nm laser. Reproduced with permission.l3”] Copyright 2016, Wiley-VCH.
b) The simulated lattice-matched lattice structure of Se/Si(111) interface and the I-V curves of fabricated photodiodes based on Se/Si(111) heterojunc-
tions. Reproduced with permission.?2l Copyright 2018, American Chemical Society. c) The high-quality lattice match in ZnO/GaN heterojunction and
the solar-blind UV photoresponse of ZnO/GaN photodiodes with considerable rectification effect. Reproduced with permission.['38 Copyright 2014,

American Institute of Physics.

lattice-match condition thanks to the atomically sharp 2D struc-
tures.'¥”] Therefore, numerous vdWs heterostructures have
been reported based on a rich family of 2D crystals. However,
only some of them are applicable for UV detection owing to
the low device bandwidth. For example, 2D TMDs are one of
the 2D crystal families, but their material bandgaps are typi-
cally limited to less than 2 eV, which is far below the UV border
(3.1 eV). The low bandgaps reduce the UV photosensitivity and
avoid the wavelength cutoff in the UV region. Wide-bandwidth
vdWs heterostructures are still highly desired to achieve high-
performance UV detection.

2D sandwich vdWs heterostructure, also called 2D Lego, in
which different 2D crystals with various material properties are
stacked together to finish the device construction, is a typical
type of vdWs heterostructures.*8! Metals or semimetals like
graphene may act as electrode materials, and insulators like
2D hBN can serve as the dielectric layer. 2D semiconductor is
used as the photosensitive layer here, and 2D semiconductors
with larger material bandgaps are preferred in UV-sensitive 2D
sandwiches. Compared to 2D TMDs, metal oxides and inor-
ganic perovskite-type oxides with dO transition metal atoms
(Ti*", Nb>*, Ta*", W, etc.) have been reported to achieve large-
bandgap 2D crystals in early studies.'*¥ Figure 5a displays
some of them. The monolayer Ti;_sO, on Si/SiO, substrate
is reported with a thickness of merely 0.75 nm, and few-layer
LaNDb,0; and Ca,Nb;0;, nanosheets perform large bandgaps
with selective UV absorption. Apart from the metal oxides,
metal sulfides like HfS,/?° can also reach suitable large band-
gaps in recent researches. However, many of them have not
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been utilized in UV detectors because of the small size (sev-
eral micrometers or less) caused by exfoliation process. Larger-
size 2D crystals are usually produced by vapor-based growth
so that the vdWs heterostructures can be formed directly on
the epitaxial substrate or through a two-step transfer process.
Few-layered 2D NiPS; with a thickness of 3.2 nm have reached
a lateral size of about 10 pm, and a high-performance solar-
blind UV detector is constructed based on that with fast speed
(=5 ms) and ultralow dark current (10 fA).l'*4 More impres-
sively, ultrathin CuBr nanoflakes (0.91 nm) give an edge size of
45 um and exhibits excellent solar-blind UV photoconductivity
(Figure 5b).*! Although current reports have not focused on
the vdWs heterostructures based on large-bandgap 2D crystals,
these materials have the potential to form 2D sandwich hetero-
junction photodiodes.

Apart from pursuing large-bandgap 2D materials, forming
2D-XD hybrid vdWs heterostructures may make full use of
the mature low-bandgap 2D crystals, in which low-bandgap
2D crystals like 2D TMDs or graphene are composited with
non-2D wide-bandgap semiconductors. As mentioned in last
section, the low-bandgap 2D crystals mainly serve as carrier
blocking layer or current collector in the UV region and
the composited semiconductors absorb the incident UV light.
The hybrid vdWs heterostructures combine UV photosen-
sitivity and high carrier mobility, and a promoted UV detec-
tion (usually broadband spectral response) is achieved. For
example, ZnO QDs are printed on graphene and generated a
2D-0D hybrid vdWs heterostructure with ultrasensitive detec-
tion of UV light,%l and other nanocrystals like FeS,-PbS!#
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Figure 5. a) The AFM data and the crystal structures of some wide-bandgap 2D semiconductors which have the potential to be used for UV detection,
including few-layer Ti;_sO, (top),'*l LaNb,0O; (middle),l"*d and Ca,Nb;O, (bottom).[*2l Reproduced with permission.['*2l Copyright 2010, American
Chemical Society and reproduced with permission.[*3] Copyright 2012, Wiley-VCH. b) Morphologies and device performance of UV detectors based on
large-size wide-bandgap 2D crystals (top: NiPS;,[*l bottom: CuBrl'#). Reproduced with permission.*4l Copyright 2017, Wiley-VCH and reproduced
with permission.'*] Copyright 2019, Wiley-VCH. c) 2D-0D Hybrid vdWs heterostructure device based on ZnO QD/graphene and its selective UV
response according to the spectral performance. Reproduced with permission.l%6! Copyright 2017, American Chemical Society.

and FeS,°% are utilized to similarly strengthen the light
absorption in other reports. Apart from the 2D-0D hybrid
vdWs structures, 2D-0D hybrid structures based on bulk semi-
conductor crystals are also reported. Bulk GaAs can be used
to enhance the short-wavelength absorption and constructed
a heterojunction photodiode with graphene.?l Their device
exhibits a self-powered broadband photoresponse from 325
to 980 nm and the device performance is further improved by
sputtering Ag particles.

In general, the UV-sensitive vdWs junction has huge
advantages in ultrafast photoresponse and it is in a rapid
development now. More and more researchers become inter-
ested in the fabrication as well as the photoelectric proper-
ties of large-bandgap 2D crystals, but studies on the device
constructions are still insufficient. In addition, although
there is no need to worry about the lattice mismatching in
vdWs structures, interface defects may still exist in nonepi-
taxial heterostructures owing to the residual solution or the
environmental contaminants. Encapsulation methods are
also considerable to stabilize the device performance under
air exposure.

3.3. Other Heterojunctions

Heterojunctions used to be defined as junctions combining semi-
conductors with closely matched lattice and different bandgap
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energies.’!l They tend to form strong chemical bonds and
strongly depend on lattice similarity and similar electronic proper-
ties, which reduces the possibilities of integrating different mate-
rials for better behaviors. Since the blossoming of nanoscience
and the exploration of diverse materials of different dimensions,
the previous definition is not suitable for research nowadays.*l

As stated before, lattice matching can suppress capturing
photogenerated carriers and enhance the separation as well as
collection efficiency of photogenerated carriers.['>!l Research on
2D materials leads the attention to vdWs integration where dif-
ferent materials are assembled together with weak vdWs inter-
actions.?*! Although these heterojunctions give excellent inter-
face properties with enhanced device performance, they also
suffer severe limitation of finite material candidates and poor
surface roughness that is not able to create vdWs integrations.
Other heterostructures are worthy of consideration to construct
goodish devices, which is fortunately available for almost all
semiconductor materials. Therefore, we here expand the scope
of a heterojunction and take a general look at heterostructures,
in which materials of different dimensions can be integrated
not only by chemical epitaxial growth or physical vapor deposi-
tion, but also through a lot of simple methods, such as drop-
casting, spin-coating, and dip-coating.

This part mainly focuses on those heterojunctions/het-
erostructures apart from lattice matching and vdWs inte-
gration, most of which are semiconductor-semiconductor
junctions!!0®114115.151] and semiconductor—conductive materials
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junctions.®20152] The basic function of a heterojunction is to

create built-in electrical fields near the interfaces and effectively
separate photogenerated carriers.''4115153] A typical example is
the heterojunction between BiOCI nanosheets and TiO, nano-
tubes (NTs).%®! The junction is prepared by simple impreg-
nation methods, and the performance is comprehensively
improved because of built-in electrical field. The response
speed is improved because depletion region stops the carriers
transport when light stimulation is off, thus leads to extremely
low dark current. It is interesting that the amount and orien-
tation of BiOCl nanosheets have great impact on the perfor-
mance. Only proper growth of BiOCI (six spin-coating cycles of
BiOCl on TiO,) can result in synergistic effect of p-n hetero-
junction and the self-induced internal electric field.

Many heterojunctions are integrated just by simple
methods such as sputtering, direct transferring, and spin-
coating 1132915371591 1t is a much more flexible way to combine
various materials of different dimensions. Here, we put an
example of perovskite QDs decorated TiO, NTs synthesized
by simple spin-coating methods. In general, perovskite QDs
would suffer from UV photobleaching and poor stability. It is
worth noting that through the weak binding between perovskite
and TiO,, the stability is improved and the device can survive
the 72 h stability test in wet air. In this article,] the reason TiO,
NTs outperformed TiO, NWs lies in the special tubular struc-
ture, which causes a much thicker depletion layer leading to
higher photocurrent.

Heterojunctions based on organic semiconductors also have
achieved great progress in recent years. Considering that the
requirements of lattice-matching junction and van der Waals
integration are not quite suitable for organic materials, they
are often assembled via simple fabrication process. A donor-
acceptor-type heterojunction is constructed in such way by
combining electron-deficient isoindigo (II) and electron-rich
thienoisoindigo.'®” Isoindigo m—m* transitions contribute
to the UV-visible absorption. Through 2D covalent-organic
framework (COF) integration with soluble fullerene deriva-
tive (PC,;BM), the device realizes nearly complete inversion of
spectral sensitivity between blue and red light as well as green
and NIR range for the first time. PC;;BM can also be used in
organic photodiodes to break the compromise between respon-
sivity and response speed.['6]

Due to relatively accommodative requirements to build
such kind of heterojunctions, naturally researchers have more
freedom to realize some complex structures. In a Ga,0;-based
device (Figure 6a), it is apparent that the strategy of using two
back-to-back junctions formed a pronounced rectifying effect,
and the device exhibits good selectivity with peak sensitivity at
=220 nm.[? The junctions are assembled via simple multilayer
graphene transfer. However, the response speed is very slow
(rise/fall time = 94.83 5/219.19 s), in exchange for high respon-
sivity and EQE (responsivity = 39.3 A W', EQE = 1.96 x 10%%
at 20 V).

For heterojunctions with distorted lattice, it is a smart
strategy to build an upper heterojunction to create dual built-in
electrical fields. p-type organic poly(3,4-ethylenedioxythioph
ene):polystyrene sulfonate (PEDOT:PSS) with high transpar-
ency is insensitive to interface defects, thus is appropriate for
constructing an upper heterojunction (Figure 6b).l">!l During
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the formation of Ga,0;/p-Si heterojunction, the barrier con-
struction would be hindered by interface oxygen vacancies and
carriers could not be collected. But with the help of Schottky
barrier between PEDOT:PSS and Ga,0;, carrier separation is
so greatly enhanced under the force of built-in electrical field,
that EQE reaches 15% without any external power supply.
The photovoltaic device responds quickly to deep ultraviolet
(240 nm) at the speed of 60 ms (rise time) and 88 ms (decay
time).

New type junctions can also prevent high recombination
of photogenerated carriers in a more efficient way. An atomic
layer deposition (ALD) alumina inversion layer is added to
further minimize surface recombination.'®¥ What's more, it
reduces dopant-induced recombination as well. This photo-
diode consisting of black silicon and alumina exhibits a wide
response spectral (250-950 nm) without external power supply,
and the highest EQE dramatically reaches 96% for the whole
response range. The strategy greatly increases the density of
effective charges.

As it is possible to directly combine different materials for
better photodetection performance, combining other elec-
tronic effect seems easy to realize. ZnO is a common UV-
sensitive material with pyroelectric effect. In a report, the
pyro-photoelectric three-way coupling effect makes it pos-
sible to take strong control over photogenerated carrier trans-
port.l'8] The Si/ZnO p-n junction is prepared by sputtering
seed layer and hydrothermal methods. Charge carriers trans-
port is greatly influenced by the pyro-polarization owing to the
light-induced transient temperature change when UV is on/
off, thus the response speed and responsivity are significantly
improved.

Piezoelectric polarization charges can also be produced when
applying external strain to ZnO as shown in Figure 6c.['52
Pyropolarization and piezopolarization can be coupled in a
ZnO-based heterojunction to realize self-powered UV photo-
detectors. A simple PEDOT:PSS/ZnO heterojunction is
assembled through spin-coating methods. The pyroelectric
mechanism is similar to p-Si/ZnO p-n junction.'®3] In this way,
external strain is used to further control pyropolarization and
photovoltaic effect from p-n junction. Thanks to the four-way
coupling, the photocurrent dramatically increases by 600% with
fast response speed.

Ferroelectric materials are often used in UV detection for
regulating the distribution of photogenerated carriers, for
example, the combination of UV-response ZnO and self-polar-
ized BaTiO;.'%Y The ferroelectric localized field introduced by
common ferroelectric films depletes those defect/trap-induced
carriers and decreases dark current.'>-1%7] In a heterojunction,
the ferroelectric field can modulate the junction energy band so
that the transport and separation of photogenerated carriers are
efficiently promoted. The heterojunction between ferroelectric
V-doped ZnO nanosheets and p-Si exhibits an increased respon-
sivity and fast response speed, which indicates a promising
route to design high-performance heterojunction UV PDs.[168]

Heterojunctions that efficiently reduce charge recombination
and enhance charge separation are also a very important part
of PEC photodetectors to modify photoanodes.!'®! For instance,
the TiO,/SnO, branched heterojunction that works as a PEC
type photodetector presents a self-powered property with high

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. a) Schematic diagram, -V curves in dark and under 254 nm irradiation and current at 2, 4, 6, and 8 V of multilayer graphene/-Ga,O; deep
UV PD. Reproduced with permission.?l Copyright 2016, Wiley-VCH. b) Spectral response at 0V, test diagram, I~V characteristic curve in dark and under
255 nm illumination, and time-dependent photocurrent of PEDOT:PSS/Ga,0;/p-type Si device. Reproduced with permission.l'>! Copyright 2019, Wiley-
VCH. c) Schematic diagram, 2D mapping of the pyro-phototronic and piezo-phototronic current, relative change of Iyo.photor Al/lg 0f PEDOT:PSS/ZnO
heterojunction. Reproduced with permission.[52l Copyright 2017, Wiley-VCH.

responsivity of 0.6 A W~! under UV illumination.l'’%! The heter-
ostructure of TiO,/ZnO also suppresses charge recombination
due to well-designed type-IT energy band alignment.['”!] These
works provide an instructive strategy to build PEC type hetero-
junction UV photodetectors.

We review different heterojunctions in this section and
classify them into different kinds according to junction inter-
actions: lattice-matched heterojunctions, vdWs heterostruc-
tures, and other heterojunctions. And we list some typical
representatives in Table 1 trying to follow the tracks of recent
research. Each of the three kinds has unique requirements for
materials and leads to different properties. It is smart to choose
proper integration methods before constructing a heterojunc-
tion/heterostructure for enhanced photodetection.

Adv. Funct. Mater. 2020, 30, 1909909 1909909

4. Heterojunction UV PD Applications

Since heterojunction UV photodetectors are receiving
increasing attention for its excellent properties, some future
applications are also investigated. Here, we mainly introduce
some practical photodetectors that are the basis of future wear-
able or implantable smart devices.

MAPDI; QDs decorated TiO, NTs are promising for flexible
PDs when constructed on mica substrates through simple spin-
coating methods (Figure 7a).”l On rigid substrates the hetero-
junction represents excellent photodetection ability, and when
substrates are changed for mica the performance shows good
stability. The device shows high flexibility with stable opto-
electronics performance, as well as high transparency. The
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Table 1. Different kinds of heterojunction UV PDs.

Heterostructure type Active materials Wavelength [nm] Bias [V]  Responsivity [nAW-"]  D* [Jones] Response speed Reference
Rise time Fall time
Lattice matching Se/n-Si 350-600 -2 - - - - [22]
GaN/ZnO 358 0 0.68 - - - [138]
Zn0/Ga,0; 251 0 9.7 6.29 % 102 100 ps 900 s [140]
Zn0/Ga,0, 268 -3 - - - - [141]
van der Waals NiPS; 254 10 126 1.22x 10" 32ms =17.5 ms [144]
CuBr 345 10 3.17x10° 1.4x10" 32ms 48 ms [145]
ZnO QDs/graphene 340 10 9.9x 10" >1x10™ 5s 85.1s [146]
V-HfS, 405 1 - - 24 ms 24 ms [25]
FeS,-PbS/graphene 340 0.1 1.78 x10° 6.46 x 10" - - [149]
FeS,/graphene 340 0.1 1.78 x10° 8.76 x 10" 0.6s 0.6s [150]
Graphene/GaAs 325 0 186 2.63x 10" - - [26]
Others PEDOT:PSS/Ga,05/p-Si 240 0 0.029 x 10° - 60 ms 88 ms [151]
Graphene-$-Ga,0; 254 20 39.3x10° 5.92x 10" 94.83 s (4V) 219.19s (4V) [20]
MAPbI;/TiO, 350 1 1.3x10° 2.5x10" 2s 1s 7
Si/ZnO 325 —0.04 13 - 19 us 22 us [163]
PEDOT:PSS/ZnO 325 0 3.5 7.5x10° 5.8 ms 73 ms [152]
BiOCI/TiO, 350 -5 41.94x10° 1.41x10™ 129 0.81s [98]
GD:ZnO/ZnO 365 10 1260 x 10° - 6.1s 2.1s [108]
CuznS/TiO, 350 3 6.4%10° - - - [134]
ZnO/PVK 325 0.2 30 - 155 65 n72)
TiO,/MAPbl; 350 1 1300 2.5x 10" 2s Ts 7
Zn0O/Zn,Sn0O, 300 1 - 9.0x 10" 47 ms 47 ms 73]

photocurrent stays almost unchanged when bending at 0°, 45°,
90°, 180° and keeps stable after 200 cycles when bending to 90°.

A solar-blind photodetector is constructed on a graphene—
diamond heterojunction.’*®! The microcrystalline diamond
can be easily peeled off from Si substrates because of internal
residual stress resulting from lattice mismatching. Thus,
applying the diamond thin film to tapes would complete a
flexible PD. Monolayer graphene is transferred to the surface of
diamond/Au electrode/tape film through wet-transfer method.
This flexible junction shows high responsivity under stimula-
tion of 220 nm illumination because of the photogain resulting
from the defects at graphene/diamond interface.

Fiber photodetectors are a typical kind of flexible
optoelectronics. As shown in Figure 7b, a p-n junction based
self-powered fiber photodetector is prepared and shows a high
responsivity (9.96 m A W1).72 The built-in electric field
between ZnO and polyvinylcarbazole (PVK) is used to separate
photogenerated charge carriers. This optoelectric fiber can be
woven into a web and bent at 90°. In Figure 7c, another fiber PD
is based on the p-n junction between p-CuZnS and n-TiO,.['34
It is obvious that the PD shows typical rectifying characteristics
and owns an ultrahigh responsivity (640 A W' at 3 V) toward
UV light. Thanks to the high photocurrent (=mA), the device
can be integrated with commercial electronics and forms a real-
time UV monitoring system, which can send UV intensity to
phones and can be used as a wearable device. The excellent

Adv. Funct. Mater. 2020, 30, 1909909
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performance is mainly attributed to conformal coating of
p-CuZnS on TiO, and the 360° collection of photocarriers.

Due to the small volume of a fiber, it seems easier for fiber
PDs to achieve large-scale integration. Human hair can act as
the core for supporting a fiber PD.%l As seen from Figure 8a,
simple sputtering and hydrothermal strategies are in turn
applied to form the Al-doped ZnO/ZnO nanorods layer on
a hair substrate. PVK and PEDOT:PSS are used to form p-n
junction and transport holes, respectively. Under different
bending states, the heterostructure exhibits good stability and
the photocurrent only reveals a slight fluctuation. Based on
this flexible fiber photodetector, photon-triggered logic gates
and a UV image sensor are fabricated. The logic gates are con-
structed by integrating several hair-based photodetectors into
circuits. This system can be used as phototriggered AND, OR,
and NAND logic gates. Researchers also use seven hetero-
junctions to form a conceptual image sensor showing clear
numbers.

A more complex UV image sensor is fabricated
(Figure 8b).173] The heterojunction consisting of ZnO QDs
decorated Zn,SnO, nanowires is assembled via a solvo-
thermal process. Through band engineering, the ZnO QDs
effectively help to separate electron-hole pairs and lead to
high UV light photoresponse. The photoconductive gain
reaches 1.1 x 107 and the speed is quite fast (47 ms). The
flexible PD is fabricated on PET, and the performance

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. a) Optical images and /-t curves before and after bending of the flexible and transparent heterojunction based on MAPbl; QDs decorated
TiO, NTs. Reproduced with permission./l Copyright 2017, Wiley-VCH. b) Schematic representation, optical images, and I—t curves at different bending
states of ZnO/PVK PD. Reproduced with permission.72l Copyright 2016, Elsevier Ltd. c) SEM image, on-off switching tests at different states and
applications of CuZnS/TiO, PD. Reproduced with permission.l34l Copyright 2018, Wiley-VCH.

remains almost unchanged after 2000 bending cycles at 150°.
The image sensor is constructed using 10 x 10 heterojunction
arrays, indicating that the device has the potential for future
application.

In this part, we briefly introduce several applications of het-
erojunction UV photodetectors about flexible and wearable
electronics, image sensors, and logic circuits. Ultraviolet is a
very important part of light spectrum, and it will play a more
essential role in medical treatment, military development, and
daily life once we are confident enough on the technique matu-
rity. With the unceasing progress of material synthesis and
device assembly technologies, more gripping applications of
UV photodetectors can be expected.

5. Summary and Outlook

This article provides a summary of heterojunction UV PDs in
recent years. The photoelectric performance of a heterojunction

Adv. Funct. Mater. 2020, 30, 1909909
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photodetector is determined by the composition and the way of
integration.'”#17%1 We have summarized some new developed
building blocks applied in heterojunction/heterostructure UV
PDs. They are separated into two parts: half part of a heterojunc-
tion is semiconductors with light response, while the other half
is functionalized with specific effects. Their physical and chem-
ical properties are concisely and comprehensively introduced.
Then a discussion regarding different kinds of heterojunction/
heterostructure UV PDs has been given. Lattice-matched het-
erojunctions without interface defects and interface surface
states show greatly improved performance, but only a few com-
binations of semiconductors can meet the strict requirements.
VdWs integrations are free from one-by-one chemical bonds
and have huge potential in UV photodetection, yet there is still
a long way to go considering their synthesis and stability in air.
Other heterojunctions with rough interfaces seem much easier
to integrate, while they inevitably suffer from defects and sur-
face states at the interface. After that, we have also presented
some specific applications of heterojunctions/heterostructures
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Figure 8. a) Schematic diagram, photocurrent before and after bending, and applications of Al:ZnO/ZnO/PVK/PEDOT:PSS PD. Reproduced with
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on flexible photodetectors and image sensors. In the end, we
put forward several issues worthy of paying attention to.

It is undoubted that 2D materials are the most favored mate-
rials for present UV PDs research. 2D layered semiconductors
that span chalcogenides, halides, nitrides, and other composites
show strong interaction with incident light. Moreover, they are
provided with high carrier mobility, significant quantum con-
finement effect, and satisfactory photon absorption as well as
electron-hole generation efficiency. Additionally, 2D nonlay-
ered materials filled with surface dangling bonds endow their
surfaces with high chemical activity, which can be necessary
complement to 2D layered materials. Attention should be paid
to adjusting the dimension and the conducting of intercalation,
which can modify the electronic and optoelectronic properties
and leads to promotion of related devices. It is worth noting
that because of their high transparency and good mechanical
flexibility, the atomic-thick 2D layered semiconductors provide
the possibilities for flexible, wearable, or portable electronics.
Last but not least, despite pursuing the extreme of individual
device, to enhance the stability, scalability, and processability
of 2D materials-based photodetectors should carry the same
weight.

As for heterojunction integration, VdWs integrations are
assembled by weak interactions and provide an alternative
bond-free integration strategy, which realizes excellent perfor-
mance via multiple combination of diverse materials regardless
of lattice and processing compatibility. However, considering
the uniformity, surface contamination, and transferring pro-
cess that largely rely on manual operation proficiency, it is still
challenging to realize scalable production of reliable and stable
vdWs heterostructure device. Moreover, high-performance sem-
iconductors are not limited within two dimensions. Developing
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vdWs integration of various dimensions with atomically clean
and electronically sharp interfaces is also a big challenge.

The challenges for practical heterojunction UV PDs are the
reliability and the integration. In accordance with our review,
most UV PDs are applied in flexible devices. Other materials
with intrinsic rigidness and brittleness are difficult to bend and
some interactions between materials are not strong enough to
bear the stress, such as vdWs assembling. To realize flexibility,
UV response heterojunctions are usually constructed on flexible
planar or fiber substrates, which encounters a latent problem
of holding substrates and materials together. In addition, large-
scale integration of heterojunction UV photodetectors seems
beyond realization, unless the technology grows mature to
produce quite reliable heterojunctions. And these need end-
less efforts from fabrication of heterojunction building blocks
to designing of heterojunction architecture, especially dealing
with interface conditions carefully.

As presented, more efforts should be made to take full advan-
tage of heterojunctions for efficient photodetection. Generally,
it is still a great strategy to integrate heterojunction UV PDs
with carefully selected building blocks and well-aligned energy
bands for suppressing dark current, improving response speed,
and gaining high quantum efficiency.
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