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Abstract: Semiconductor nanowires have demonstrated excellent electronic and optoelectronic properties. When integrated into photodetectors, excellent device performance can be easily attained. Apart from the exceptional performance, these
nanowires can also enable robust and mechanically flexible photodetectors for various advanced utilizations that the rigid counterparts cannot perform. These unique applications include personal healthcare, next-generation robotics and many others. In
this review, we would first discuss the nanowire fabrication techniques as well as the assembly methods of constructing largescale nanowire arrays. Then, the recent development of flexible photodetectors based on these different nanowire material systems is evaluated in detail. At the same time, we also introduce some recent advancement that allows individual photodetectors to integrate into a more complex system for advanced deployment. Finally, a short conclusion and outlook of challenges
faced in the future of the community is presented.
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1. Introduction
In the past few decades, the development of semiconductor devices has reshaped our lifestyle. One of the major advancements is the development of sensor that can response
with the change of the environment. Among different types
of sensors, photodetector is an optoelectronic device that
transform light signal to electric signal. Upon the illumination of a light source, the electricity passes through the photodetector changes. Photodetector has found applications in
different categories, from flame and smoke detection[1] to
healthcare[2] and from military to wireless communication[3].
In general, photodetectors are built on rigid substrate
like bulk silicon. The limitation of the rigid photodetector is
that when undergo even a small deformation, the photodetector will crack and cannot function properly. Also, rigid
sensor cannot be used on curved surface and hence restrict
the usage in certain area like body temperature monitoring[4].
So, a photodetector that can be bent or twisted to a certain
degree is necessary to be developed for some special applications.
A photodetector is typically constructed with a photosensing channel and two electrodes at the both ends of the
channel. The sensing materials can be a bulk film or nanostructures like nanosheets, nanowires (NWs), nanotubes (NTs) or
quantum dots (QDs). Among them, the 1D nanostructures
like NWs and NTs exhibit some special properties like large
surface-to-volume ratio that can enhance the photoresponse
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compare to their bulk counterparts. Also, due to the low dimensional feature, 1D nanostructure can withstand larger
bending without cracking compares to their bulk counterparts. These features make the 1D nanostructure one of the
ideal candidates to be integrated into flexible photodetector.
In recent years, there are various attempts to develop NWbased flexible photodetector, from the material selection,
fabrication and assembly techniques, to device fabrication
and integrating them into a more complicated system for potential real-life application. In this review, the recent progress of NW fabrication and assembly techniques for flexible
electronics are first reviewed. After that, some recent research progress is presented based on different material
groups. Then the reports on integration of the flexible NW photodetector to more complicated system are introduced.

1.1. Types of photodetector
Before reviewing the recent progress, the background information would be first introduced. Firstly, some common
types of photodetector are briefly introduced here. Photodetector can be classified as three groups based on their working principles. They are:
a) Photoconductor type: in which the excessive free
charges is generated by absorption of photons. Those excessive charges increase the overall conductivity of the photodetector channel. Usually composed by a semiconductor channel as the sensing materials and two ohmic contacts as the
source and drain for charges transfer.
b) Photovoltaic type: in which a built-in electric field is existed within the photodetector without illumination. This can
be done by building a p–n junction within the sensing channel or a Schottky barrier junction between the contact and
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the semiconductor interface. Upon the illumination, the builtin electric field separates the photo-induced electron–hole
pair and hence the generation of photocurrent.
c) Photogating type: in which an electric field is generated under the illumination. There are two types of mechanisms for the photogating effect generation. One is the photoinduced charges are trapped by the defects and the other is
trapped by the surface absorbates. The trapped charges act
as a local gate and modulate the current flow along the photodetector upon the illumination.
Different types of photodetectors have their individual advantage for applications. For example, photovoltaic type can
be used to constructed self-powered photodetector which
can reduce the total weight of the sensing unit as no external power source is needed[5]. One should also be reminded
that here we just introduced those mechanism briefly and
there are other photosensing mechanism[6–8]. Refs. [6–8] are
referred if one want to have more information.

1.2. Figure of merits
Another important background information is the performance figure of merit for assessing the photodetector.
With these figure-of-merits, the performance of different photodetector can be compared. There are several figure-of-merits that are frequently used for assessing photodetector and
briefly introduced here.
Responsivity (R): Responsivity is a description of the efficiency of charge/voltage generation under illumination. It is
the measured photocurrent or photovoltage divided by the
power of the illumination source on the active area of the sensing material. It can be expressed as:

R=

I or V
,
P

(1)

where I and V are photocurrent and photovoltage respectively, and P is the illumination source power.
External quantum efficiency (EQE): The EQE is the ratio of
the total generated electron pairs which contribute the photocurrent and the total numbers of incident photons. The EQE
can be expressed as:

EQE =

I/e
hc
=R ,
eλ
P/hv

(2)

where e is the elementary charge, h is Planck's constant, v is
the frequency of incident light, c is the speed of incident
light, and λ is the wavelength of incident light.
Response speed: Response speed is used to describe
how fast a photodetector response upon the light illumination. It is usually described as two values: one is rise time and
the other is the decay time. They are defined as the time
used for the photocurrent to rise from 10% of the peak photocurrent to the 90% of the peak photocurrent for the rise time,
and the time used for the photocurrent to drop from 90% of
the peak photocurrent to the 10% of the peak photocurrent
for the decay time.
Detectivity (D): Detectivity is used to describe the ability
to detect signal from noise. It can be expressed as:

I
D= √
,
p qIdark

(3)

where q is the light intensity and Idark is the dark current of
the photodetector.

2. NW growth and assembly method for flexible
electronics
2.1. Nanowire growth method
This part of the review will briefly introduce some NW fabrication techniques. Each technique has its own advantages
and disadvantages. Basically, NW fabrication can be divided
into two major categories, namely the “top–down” and the
“bottom-up” approaches. The top–down approach means the
NWs are fabricated from bulk materials and thin down the
sizes and dimensionality. It is a simple and relatively straightforward method that involves material removal from a thin or
thick film. Patterning is needed prior to the NW synthesis in
order to define the NW position, shape and dimension. Material removal is performed by chemical etching or plasma
etching. One example is metal-assisted chemical etching
(MacEtch), which uses a patterned metal film as the catalyst
to etch the substrate isotropically in order to create a high aspect-ratio structure[9, 10]. For instance, periodic high aspect-ratio GaAs NW arrays are produced by MacEtch by using n-type
(100) GaAs substrates and Au catalyst films patterned with
soft lithography[9]. The Si-doped (100) GaAs substrates are
used as substrate, and potassium permanganate (KMnO4) as
an oxidizing agent mixed with deionized water (DI) and
either sulfuric acid (H2SO4) or hydrofluoric acid (HF) are adopted as etchant. Nanoscale Au patterns were prepared by a
soft lithography method. Fig. 1(a) illustrates the formation
mechanism of GaAs NW arrays by MacEtch involving H2SO4
at high temperature of 40–45 °C. MacEtch begins when holes
(h+) are generated from the oxidant on the metal surface,
and the holes are removed as soon as they reach the boundary of Au, GaAs, and solution. High aspect-ratio vertical GaAs
NW array with diameter of ~600 nm were produced by this
method, as shown in Fig. 1(b). Compare to the bottom–up
approach, the top–down approach gives better control on
the shape and dimension. The major challenges are the resolution limit of the diameters and the high facility cost. The
top–down approach depends heavily on multistep lithography and lift-off techniques, which are expensive and timeconsuming.
Bottom–up approach refers to the synthesis of NWs by
employing their constituent atoms that grow anisotropically
along the axial direction to obtain 1D single-crystalline structure. The ‘vapor–liquid–solid’ (VLS) method is a typical growth scheme that promotes seeding and oriented growth by introducing a catalytic liquid alloy phase, which can rapidly adsorb the vapor-phase precursor source to the supersaturation level, and then induce the precipitation of NWs and producing various types of semiconductor materials in a relatively
large quantity[11, 12]. In details, during the VLS process, vaporphase precursors are introduced at temperatures above the eutectic point of the metal-semiconductor system, resulting in liquid metal droplets. Continuously feeding the precursors
leads to the supersaturation of catalytic droplets, upon which
the semiconductor material starts to nucleate out of the melt
and eventually grow into crystalline NWs. Another similar
mechanism is known as the vapor–solid–solid (VSS) mode,
whereby the catalyst remains in the solid phase during the
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Fig. 1. (Color online) (a) Schematic illustrations of the formation mechanism of GaAs NWs. (b) SEM images of high aspect ratio GaAs NW produced from a 600 nm wide square Au mesh pattern in H2SO4 and KMnO4 solution at 40–45 °C. Reprinted from Ref. [9] with permission, Copyright 2011, American Chemical Society.

NW growth. In this way, the particles can provide low-energy
interfaces for trapping the precursor materials and yield higher epitaxial growth rates than elsewhere on the substrate[13].
Besides, other mechanisms such as the vapor-solid (VS) and oxide assisted growth (OAG) schemes do not require the existence of any catalyst, but the obtained NW diameter control becomes more challenging. As a result, the template-assisted
(TA) mechanism as another common growth technique is introduced to achieve better NW diameter control by utilizing a prefabricated template, including anodic aluminum oxide (AAO)
membranes and others in order to guide the NW growth. The
NW diameter can be precisely manipulated by tuning the
pore size of the AAO; however, an extra processing step is required to remove the template after the NW growth, increasing the risk of damaging the NW surfaces.
Among all these methods, the VLS mechanism is most
widely used in the growth of NWs due to its simplicity and versatility. Various techniques have been adopted to generate vapor-phase precursors, for example, by decomposition of the
semiconductor reactants in chemical vapor deposition
(CVD)[14], or by energy transfer methods such as pulsed laser
ablation[15] or molecular beam epitaxy (MBE)[16]. So far, CVD
growth method has been widely explored in recent years for
the growth of various NWs because of its relatively low setup
and operating cost, simple growth procedures and, importantly, no involvement of toxic gas precursors compared to other sophisticated growth systems such as MBE and metal-organic CVD. In a CVD growth, metal nanoclusters serve as the catalysts and form liquid alloy seeds at a high temperature in a
conventional tube furnace, and the solid powder source decomposes into gaseous precursors. Source powder is put at
the upstream of a two-zone tube furnace, while hydrogen is
used as a carrier gas to transport the evaporated source material to the downstream, and a substrate pre-coated with the
metal catalyst is positioned at the downstream for the NW
growth[17–19].
Solution-mediated wet-chemical approaches are widely
used for NWs growth due to the relative simplicity and economical potential[20–22]. Micro/nanofluidic technologies can
precisely manipulate not only fluid flows but also mass transport of small molecules at micro- and nanoscales, and potentially provide controllable and high-throughput parametric
screening in wet chemical or solution-mediated fabrication processes[20, 23, 24]. Zhou et al. demonstrate a micro/nanofluidic fabrication method to produce methylammonium lead iodide
(MAPbI3) NWs in a controllable manner, which makes it possible to manipulate the initial nucleation point and sub-

sequent growth path of perovskite NWs using MAPbI3, as
shown in Fig. 2. They use a micro/nanofluidic device with a
crack-assisted nanochannel connected two microchannels
and adopt the “crack-photolithography” to facilitate the production of polydimethylsiloxane (PDMS)-based micro/nanofluidic channel networks. The number of MAPbI3·DMF NWs
can be controlled by choosing the initial points and paths of
PbI2·DMF nanocrystal precursors when designing the
micro/nanofluidic channel network, and the generation of
PbI2·DMF-related crystals is guided by the nanochannel and
drives the growth of MAPbI3·DMF NWs. The micro/nanofluidic fabrication technique enables precise control of the
growth of MAPbI3 NWs to manipulate the number, location,
and orientation of the NW arrays. Flexible substrate materials
can be used with the PDMS micro/nanofluidic platform for
solution-mediated perovskite NW growth, indicating the
potential of the micro/nanofluidic fabrication technique for
low-cost, large-scale, flexible optoelectronic applications.

2.2. Assembly method for flexible electronics
In the previous section, some NW fabrication techniques
is introduced. To integrate them into photodetector, special
transfer and assembly method in a controllable manner is crucial especially for flexible devices. For single NW devices, the
NWs are randomly distributed on substrate by drop-casting
method. However, it’s impossible to adopt this method with
random and disordered NWs for large scale device arrays and
mass production. For the fabrication of flexible NW detectors,
typically there are two approaches: direct NW growth on flexible substrates and NW transfer to flexible substrates by different methods such as electrospinning method, contact printing, and peeling transfer method[25].
Recently, contact printing technique has attracted considerable attention, which can be utilized for large-scale assembly of NW parallel arrays on both rigid and mechanically
flexible substrates followed by subsequent device fabrication.
This approach can provide high performance and stable
device operation at low cost[26–28]. A simple contact printing
approach for wafer-scale assembly of highly ordered, dense
and regular arrays of NWs with high uniformity and reproducibility were demonstrated by Fan et al.[28]. In this process, a
growth substrate with dense NWs as the donor substrate is directionally slid on top of a receiver substrate coated with lithographically patterned resist, resulting in the direct transfer of
aligned NWs to the receiver chip, as shown in Fig. 3(a). Lubricant can be used as a spacing layer between the two substrates to minimize the NW-NW friction during the sliding pro-
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Fig. 2. (Color online) Illustration depicting the growth mechanism of a MAPbI3·DMF NW by in situ monitoring with an UV−Vis microspectrometer.
Reprinted from Ref. [20] with permission, Copyright 2018, American Chemical Society.
(a)

Donor
substrate

(f)

Contact
printing

Patterned
receiver
substrate

Weight
Resist
lift-oﬀ

S

D
Lubricant
Removal of
the donor
substrate

InGaAs
NW array

Ni

Ni

SiO2
p+Si
(c)

(g)225
IDS (μA)

(b)

(d)

250 μm

2 μm
(e)

10 μm

400 nm

(h)60
Mobility (cm2 (V·s))

10 μm

VDS = 0.1 V
200
VDS = 0.4 V
175
VDS = 0.7 V
150
VDS = 1 V
125
100
75
50
25
0
−12−10 −8 −6 −4 −2 0 2 4 6
VGS (V)

50
40
35
20
10
0
−12 −9

−6

−3 0
VGS (V)

3

6

Fig. 3. (Color online) (a) Schematic of the process flow for contact printing of nanowire arrays. (b) Dark-field optical and (c) SEM images of Ge
NWs (d ~ 30 nm) printed on a Si/SiO2 substrate showing highly dense and aligned monolayer of nanowires. The self-limiting process limits the
transfer of NWs to a single layer, without significant NW bundling. (d) and (e) Optical images of double layer printing for Si NW (d ~ 30 nm) cross
assembly. Reprinted from Ref. [28] with permission, Copyright 2008, American Chemical Society; (f) (Top) SEM and (bottom) schematic of a backgated InGaAs NW array FET. The scale bar is 1 μm. (g) Transfer characteristic of a representative InGaAs NW parallel device under VDS = 0.1, 0.4,
0.7, and 1 V, about 200 NWs bridging S/D. (h) Mobility assessment of this NW array device under VDS = 0.1 V. Reproduced from Ref. [29] with permission, Copyright 2012, American Chemical Society.

cess, and the density of the printed NWs can be easily modulated to meet the requirements of various NW-based device

applications. After the NWs printing, the patterned resist was
removed by a standard lift-off process, and the NWs were dir-
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Fig. 4. (Color online) Schematic of the spray-coating process that involves a direct transfer of NW suspension to the receiver substrates.
(a) Schematic and scanning electron microscopy (SEM) image of the
NW sample used in this study. (b) Schematic of the NW suspension. (c)
Schematic of the assembled apparatus used in this study. (d) Schematic and optical microscopy image of Si NW spray-coated on the SiOx /Si
substrate. Reprinted from Ref. [31] with permission, Copyright 2012,
American Chemical Society.

ectly transferred from the growth substrate to the patterned
regions of the substrate as parallel arrays. Figs. 3(b) and 3(c)
present the optical and SEM images of assembled Ge NWs on
the receiver substrate, demonstrating that the transferred
NWs can form a uniform and well-aligned monolayer. Also,
double layer printing of Si NW crosses can be achieved by a
multi-step printing method as illustrated in Figs. 3(d) and
3(e), and the controlled stacking of NW crosses indicates the
versatility of the contact printing method for optoelectronic applications.
As expected, the contact printing process can also be
widely adopted for various semiconductor NWs, such as InAs,
InGaAs and InGaSb NWs[26, 29, 30]. Hou et al. demonstrated the
feasibility of large-scale integration of the NWs for electronic
applications, and fabricated InGaAs NW parallel arrays by this
contact printing method[29]. The SEM image and schematic of
the printed NW array FET device are shown in Fig. 3(f), and
the electrical transfer characteristics of a printed array with
~200 nanowires in the channel are shown in Fig. 3(g). The
current density of this device is found to be ~1 μA/μm under
VDS = 1 V and VGS = 6 V with an ION/IOFF ratio of ~500, and the
corresponding field-effect mobility against gate voltage, VGS,
is evaluated as shown in Fig. 3(h). The NW device performance can be further improved by the enhancement of the
NW print density, the alignment, the channel length scaling,
and the passivation of the NW surfaces. Furthermore, Takahashi et al. demonstrate GHz device operation of InAs NW
arrays assembled on a mechanically flexible substrate for the
first time[26]. The NW array transistors exhibit a maximum
oscillation frequency of ~ 1.8 GHz, and a cutoff frequency of
~1 GHz which is due to the high saturation velocity of electrons in the high-mobility InAs NWs, confirming the potential of NW array FET devices for future high-performance electronic device and sensor applications. Besides, InGaSb NW parallel array photodetector with efficient photoresponse characteristics in the 1550 nm regime has been achieved by contact printing technique[30]. Ultrafast response times, ranging
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between 30 and 50 μs, has been observed for these NW parallel array devices.
Spray coating technique is a simple method for the deposition of highly ordered and aligned NW arrays on different substrates, including silicon, glass, metals, and flexible
plastics with controlled density[31–33]. Assad et al. report an efficient spray-coating route for the deposition of highly ordered
and highly aligned NW arrays on a wide range of receiver substrates as shown in Fig. 4[31]. The spray coating system consists of a hot plate for controlling the temperature of the receiver substrate, a pressure flow spray nozzle module, a
nozzle movement module, a nozzle angle control module,
and a nozzle cross-section control module. Well-aligned and
well-controlled Si NW, GaN NW, and Ag NW arrays can be
achieved under controlled conditions of the nozzle flow rate,
droplet size of the sprayed NWs suspension, spray-coating
angle, and temperature of the receiver substrate.
Electrospinning is a facile, cheap and efficient technology to fabricate randomly oriented NWs on certain substrates. During the electrospinning process, the precursor liquid forms a Taylor cone at first and then turns into a
charged jet under high electrostatic voltage. The charged jet
will be further elongated and thinned under electrostatic
force and Coulomb repulsion during travelling from outlet of
injector to collector. With simple modification, such as field assisted method[34−36], rotating collector assisted method[37−39]
and near-field assisted method, highly ordered NW arrays can
be achieved on various substrates with high throughput by
electrospinning as well[40–45]. Liu et al. demonstrates an allprintable fabrication of parallel arrayed ZnO granular NWs (GNWs), which combines high throughput electrospinning and
ink-jet printing[44]. Fig. 5 illustrates the schematic of the GNW
printing system. Zinc acetate (ZnAc) is mixed in PVA
(polyvinyl alcohol) as the solution for electrospinning, and
the continuous electrospinning of ZnAc/PVA composite nanofibers occurred with 2 kV direct-current bias between the
needle and the substrate to establish stable electrospinning.
Based on this method, all-printable polycrystalline ZnO GNW
photodetectors are achieved on flexible substrate, and this
cost-effective fabrication process can be used for scalable fabrication of high-performance flexible electronic and optoelectronic devices.
Most transfer methods make NWs positioned horizontally on the substrate and the initial NW orientation cannot be
maintained. Recently, an alternative transfer method yielding
vertical NWs has gained a broad interest, which is based on
NW embedding in a polymer layer followed by mechanical
peeling of the membrane[25, 46]. Zhang et al. employ a mechanical peeling transfer method as shown in Fig. 6 to transfer a composite NW/polymer membrane onto a flexible
substrate, and demonstrated a flexible nitride p–n photodiode[25]. The NWs are embedded into a polymer layer and the
polymer/NW membrane is mechanically peeled-off, contacted and mounted on a piece of a copper tape. The lift-off and
transfer procedure enables the assembly of free-standing layers of NW materials with different bandgaps without any constraint related to lattice-matching or growth conditions compatibility[46]. A fully flexible transparent contact based on a silver NW network is used, which allows bending the detector
to a few millimeters curvature radius without damage. This
method allows for a large design freedom and modularity
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Fig. 5. (Color online) Schematic of two-step all-printable process and materials characterization. (a) Printing setup schematic. (b, c) Electrospinning ejection from the tailored cone apex. (d, e) Optical images of the as-printed electrospun ZnAc/PVA nanofibres with 5 and 10 mm spacing,
respectively. (f) SEM image of an as-calcinated ZnO GNW. (g) Transmission electron microscopy image of a GNW. Reprinted from Ref. [44] with
permission, Copyright 2014, Springer Nature.
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Fig. 6. (Color online) (a) Schematic representation of the fabrication steps: encapsulation in PDMS and peel-off of the membrane; deposition of
the back metal contact; deposition of the top transparent contact composed of a silver nanowire mesh. (b) Bird’s eye view SEM image of the top
surface of the detector. (c) Top view SEM image of an individual nitride NW contacted with silver nanowires. (d) Device photo illustrating its flexibility. Reproduced from Ref. [25] with permission, Copyright ©2016, American Chemical Society.

since it enables combination of materials with very different
physical and chemical properties, which cannot be achieved
by monolithic growth.

3. Nanowire-based flexible photodetector
Based on the optoelectrical properties, there are different group of 1D nanostructures that are capable to be integrated into photodetector. In this section, the recent development of NW-based flexible photodetectors is reviewed based
on different material groups.

3.1. Group IV materials
3.1.1. Carbon nanotube
Carbon nanotube (CNT) is one of many allotropes of carbon, which is an interesting family that have intriguing optoelectronic properties depends on their molecular dimensionality[47]. Depends on the chirality of the CNT, it can be categorized as either metallic or semiconducting. Both metallic and
semiconducting CNT can generate photocurrent upon the
illumination, which originates from two different mechanisms[48]. There are several intriguing properties that make
CNT an attractive material for flexible photodetector. First of

all, the exciton lifetime of a semiconducting CNT is up to ns
range[49]. Combining with high carrier mobility, CNT is one of
the most intriguing candidates for high performance flexible
photodetector. Also, the superposition of a CNT film can be
tuned by blending CNT with different chiralities. Therefore,
the absorption of the CNT film can be tuned from visible
light (Vis) to infrared (IR) to THz range[47]. The applicability by
spray coating and printing of CNT film is also important for applying the CNT on flexible substrate in low cost and high
throughput manner[50]. A fully printable flexible CNT photodetector was fabricated by Zhang et al.[51]. Apart from the CNT
ink, all the electrodes (source, drain and gate) and the gate
dielectric layer are consisted of printable ink. The results
demonstrate that by using the ink of different materials, a
fully printable flexible photodetector can be constructed.
In recent years, lots of research input is focus on the IR
sensing based on CNT-based flexible photodetector. One of
many motivations of developing CNT-based IR detector is the
possibility of working in room temperature. Traditionally, IRdetector based on InGaAs and HgCdTe shows very good performance. However, those good performance can only be
achieved when they are sufficiently cooled[52]. CNTs provide

S P Yip et al.: Recent advances in flexible photodetectors based on 1D nanostructures

Journal of Semiconductors

(a)

(b)
Current (nA)

0.5
Light oﬀ

0
−0.5

0.10

1.5

0.08
1.0

0.06
0.04

0.5

0.02
0
20

30
40
50
CNT content (wt%)

Detectivity (106 cm Hz1/2/W)

−40 −20 0 20 40
Bias voltage (μV)
2.0

(c) 0.12
Responsivity (V/W)

7

Light on

1.0

0
10

doi: 10.1088/1674-4926/40/11/111602

60

Fig. 7. (Color online) (a) Scheme of the PVA/CNT flexible photodetector. (b) I–V characteristic of the photodetector with and without 523 K blackbody illumination in 25 wt% CNT device. (c) Responsivity and detectivity trends according to the CNT content wt%. Reproduced from Ref. [4]
with permission, Copyright 2018, American Chemical Society.

an alternative for room-temperature IR sensing. Liu et al.
demonstrated a CNT-based broadband IR detector that have
photoresponse from 785 to 2100 nm on SiO2/Si substrate[53].
For flexible CNT-based IR sensor, a p–n junction of multiwalled CNT-based photodetector has demonstrated to be
capable of sensing IR signals with low power density at room
temperature[54]. Apart from IR sensing, CNT can also be integrated into flexible visible light sensor[51, 55], X-ray image
sensor[55] and wearable terahertz scanner[56].
Although pure CNTs film can be used as the sensing materials, to further improve the photodetector performance,
CNT-based heterostructures are also frequently studied. For
example, CNT/other carbon allotropes based heterostructures can enhance the IR sensing. In a research of Park et al.,
fullerene (C60) was deposited on a bilayer of semiconducting
single-walled CNT (sc-SWCNT)[34]. The SWCNT/C60 phototransistor showed an improved responsivity, photoconductive
gain, and specific detectivity. The improved device performance is because of photoinduced electrons trapping enabled
by the existence of C60. The carrier recombination time is
hence increased[35, 36]. Another frequently studied CNT-based
heterostructure is graphene/CNT heterostructure. Although
graphene has many intriguing optoelectrical properties, the
photoresponsivity of graphene photodetector is limited
(~10–2 A/W) in earlier studies due to the inefficient light absorption of single layer graphene[37, 38]. Broadband photodetector based on graphene/CNT hybrid film was constructed
on rigid surface (SiO2/Si) by Liu et al.[39]. The photodetector exhibits a high photoconductive gain, high electrical bandwidth across Vis to IR range (400–1550 nm). It also shows a
high photoresponsivity (> 100 A/W) and a fast response time
(about 100 µs). The improvement compared to other
graphene photodetector can be attributed to the atomically
flat graphene that reduces the number of trap density on the
surface. Also, the built-in potential between the interfaces enhance the effective separation of the electron-hole pair and reduce the recombination rate. Also using the graphene/CNT hybrid film, Liu et al. fabricated a flexible photodetector on PET

substrate[57]. The photodetector demonstrated high photoresponsivity (about 51 A/W) and fast response time (about
40 ms) over visible range. It is worth mentioning that not
only the device performance is enhanced in these all carbon
based photodetector when the bending is absent, the
devices also performed well under bending which demonstrated the mechanical robustness of the CNT/carbon allotropes heterostructure[34, 57].
Another frequently studied CNT hybrid system is CNT/polymer system. On rigid sample, polymer like electrically and
thermally insulating polycarbonate[58], semiconducting polymer like poly(3-hexylthiophene- 2,5-diyl) (P3HT)[59] were studied. These CNT/polymer composites improve the photodetection performance by enhancing the exciton separation at the
CNT/polymer[58, 59] and reduce the recombination rate by
separating the CNT[58]. For flexible CNT/polymer-based photodetector, for example, Zhang et al. developed a poly(vinyl
alcohol) (PVA) and carbon nanotube (CNT) composite-based
self-powered thermal detector for body thermal imaging
(Figs. 7(a) and 7(b))[4]. The thermal detector is based on the
photo-thermoelectric (PTE) effect of the PVA/CNT composite.
The advantages of using PVA to warp around the CNT is to enhance the PTE performance[60], the compactness and the
biocompatibility. The weight percentage of the CNT in the
composite is found to impact the detectivity of the detector
due to the improvement in photon absorption and thermoelectric conversion efficiency with increasing CNT wt% up to
60 wt% (Fig. 7(c)). With optimization, the best reported detectivity of the thermal imaging device is up to 4.9 × 106 cm
Hz1/2 W−1[4].
It is worth mentioning that, despite this review mainly focus on the 1D nanostructure as the sensing material in the
photodetector, conductive CNT film-based electrode is also
being developed for optoelectronic devices due to its mechanical flexibility and the transparency[61, 62].
3.1.2. Silicon nanowires
The advancement of the morden technology is mainly
due to the development of silicon processing technology. Silic-
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on has been extensively used in computer chip, solar cell and
sensors. While being one of the most abundant elements on
earth, which make it more affordable, easy to dope and forming stable oxide are the main reasons why silicon is widely
used in microelectronic industry. Traditionally, silicon is rigid
and bulk which is not usable for wearable and foldable electronics. Creating the nanostructures of silicon changes mechanical properties drastically and enhance its flexibility, which
allows it to be integrated into wearable and foldable electronics[63].
The NW form of silicon is studied for photodetector applications. As the maturity of silicon NW fabrication from both
top-down and bottom-up approaches, the assembly of Si NW
on flexible substrate can be done by different methods. For
example, large scale of Si NWs can be fabricated by a cost-effective MacEtch method on a silicon substrate[64]. Follow by
sonication and vacuum filtration, the Si NWs can be collected on filtration membrane and ready for transfer to a flexible substrate by the stamping process[65]. Using this approach, Huang et al. fabricated a Si NW network/Ag NW network photodetector on PET substrate which showed a fast dynamic response, partial transparency and good flexibility.
Also, using the MacEtch, Kim et al. fabricate porous Si NW for
flexible photodetector integration[66]. The NWs were aligned
between the electrodes by applying an electric field between
the electrodes. With the hydrazine passivation on the Si NW
surface, the photodetector shows rapid response up on the illumination of red, blue and green light.

Recently, Hossain et al. integrated the a single-crystalline
percolative Si NW to a transparent and flexible photodetector (Fig. 8(a))[67]. The NW network structure provides high transparency (~92% at 550 nm) on PET substrate. The photodetector based on the Si NW network showed broadband detection (350 to 950 nm). It also showed good responsivity, fast response time (Figs. 8(b)–8(d)) as well as good durability under
multiple mechanical bending (Figs. 8(e)–8(f)).

3.2. III–V nanowires
With the excellent electrical and optoelectrical properties, III–V NWs are the ideal candidates for next-generation
electronics and optoelectronics[68]. Compare to other 1D
nanomaterials, III–V NWs demonstrated higher carrier mobility and higher intrinsic carrier concentration. Another important property of III–V materials is their direct bandgap which
is important to be considered for high performance optoelectronics integration. High performance III–V NW has been
demonstrated by various group. For example, Miao et al.
demonstrated the first room temperature InAs NW IR photodetector[69]. The photodetector shows a board sensing range
(from 632 nm to 1.5 µm). The Schottky–Ohmic contacted photodetectors shows a high photodetectivity and good stability.
Recently, a board band ultrafast InGaSb NW photodetector
which the response time is under 40 µs for Vis and NIR sensing[30]. High quality III–V NW has also been studied for flexible solar cell[70]. Despite of the high performance device
demonstration, on the other hand, high quality III–V NWs are
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usually grown in high-temperature process which is not compatible with the flexible substrate[29, 71]. Especially, up to the
knowledge of the authors, there is no reported method to
grow vertical III-V NW array on flexible substrate like paper
and polymer substrate which is frequently used to fabricate
flexible photodetector. Therefore, special transferred techniques are necessary to be developed. That might be one of
the reasons why the III–V NW based flexible photodetector
are less developed.
Single III–V NWs were explored for flexible photodetector integration[72, 73]. High performance single GaSb NW photodetectors were fabricated on both rigid (SiO2/Si) and flexible
polyethylene terephthalate (PET) by Luo et al.[73]. Comparing
the performance of these two substrates, the responsivity
and external quantum efficiency of the flexible device
dropped (from 7350 to 3690 A/W and (from 26000 to 13098,
respectively) but remained admirable under the illumination
of 350 nm light. One the other hand, the detectivity is increased by two times. The electrical stability of the GaSb NW
photodetector was also demonstrated and the stability was
good under different curvature and after certain bending
cycles.
Some special device structures have been demonstrated
on flexible GaN NW photodetector. For example, Zhang et al.
demonstrated to integrate the vertical GaN/InGaN NW array
on a polymer membrane for UVA detection[25]. The vertical
NW array consisted of some core/multishell p–n junction
GaN/InGaN NWs. This complex NW heterostructure would be
beneficial for photodetector applications and attracts a lot of
attention recently[74]. Using the mechanical peeling transfer
method mentioning in the assembly section, the GaN/InGaN
NW arrays were transferred on PDMS substrate[25]. After applying Ag NW network as the top electrode, the device structure shows good flexibility that the bending radius can be up
to few millimeters without damaging the device. The peak responsivity was 0.0096 A/W under 370 nm illumination under
zero bias. The low responsivity is possibly due to low NW density. On the other hand, the photodetector shows fast operation speed. Another special device structure is demonstrated
by Han et al. Sandwiched by two graphene layers[75], GaN
NW-based photodetector was fabricated. In their demonstration, the GaN NWs were transferred on top of a graphene layer and covered by another graphene layer (Figs. 9(a) and
9(b)). The sandwich structured photodetector shows a high
photoresponsivity compared to other reports. The good
device performance can be attributed to the enlarged effective interface between GaN NWs and graphene. Further improvement is expected by increasing the NW density. The

device has good mechanical stability that after 200 bending
cycles, the photoresponsivity remained at 97.1%.
Overall, the research input for III–V NWs as the sensing materials for flexible photodetector is still in infancy and the existing reports mainly focus on nitride-based or phosphorusbased III–V materials, which are mainly for UV–Vis photodetection. In group III–V family, III–As and III–Sb usually has small
bandgap that can be used for short-wave IR (1–2.5 µm), midwave IR (3–5 µm) to long-wave IR (8–12 µm) sensing[76]. Flexible III–V NW IR detector that work in these regions is not yet
demonstrated. Therefore, as an important material group for
IR sensing, more effort is expected to be invested in III–V NWbased flexible photodetector, especially on III–As and III–Sb
NWs.

3.3. Metal oxide nanowires
Metal oxide is one of the most studied materials for various applications, from sensing to electronic component, to
heavy metal ions filtering[77–80]. As the metal oxides usually process wide bandgap, they are frequently integrated into UV or
Vis sensor. Frequently studied metal oxide NW includes binary oxide, like ZnO[38, 81] and Ga2O3[82], as well as ternary oxide, like Zn2GeO4 and In2Ge2O7[83]. Flexible UV sensors based
on these oxide materials are also studied with various low
cost fabrication methods. Take ZnO NWs, one of the most studied metal oxides, as an example, ZnO has a large bandgap
(3.37 eV) and large exciton binding energy (60 meV) which
means it is useful for UV detection. On rigid substrate, ZnObased photodetector has demonstrated high responsivity
(105 A/W)[84], high photoconductive gain (106)[84] and high detectivity (2.32 × 103%)[85]. The performance can be greatly improved by some surface modification or integrated with other materials like graphene[86, 87]. It can be directly fabricated
on various flexible substrate like polymer substrate[88–90] and
paper substrate[91]. All these examples highlight the potential of metal-oxide based NWs for high-performance flexible
photodetector integration.
Despite remarkable progress has been achieved, the NW
photodetector constructed by homojunction NW as the sensing materials have a lot of setback compares to their heterostructure counterpart. Recently, more efforts are put into fabricating metal oxide NW heterostructures. Here on, some recent examples about flexible photodetector based on metal
oxide NWs-based heterostructures are introduced.
Surface decorating the surface of metal oxide NWs with
QDs is one approach to enhance the device performance. For
example, decorating the Zn2SnO4 NWs with ZnO QDs can enhance photocurrent and responsivity[92]. Shen et al. also used
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graphitic carbon nitride QDs to enhanced the performance of
a flexible ZnO NW photodetector[93]. On the other hand, combining the metal oxide NWs with small bandgap materials is
an effective way to expand the sensing region from UV–Vis
to NIR range. ZnO NWs are usually used for UV photodetector integration. With the surface decoration of PbS QDs, the
sensitive spectral range of ZnO NWs is broadened as PbS QDs
has a narrowed bandgap and can be used for NIR sensing.
The technique can also be used on flexible photodetector.
Zheng et al. fabricated a ZnO NW array/ PbS QDs film for a
UV–Vis–NIR photodetector[81]. The ZnO NWs array was fabricated by electrospinning and calcination technique on mica
substrate. The PbS QDs were then attached on the NW array
by a repeated spin-coating process and followed with a ligand exchange process to replace the long ligand with shorter ones to enhance the charge transfer between the NWs and
QDs. This system broadens the sensing region of the flexible
photodetector (Figs. 10(a) and 10(b)) and it remains stable
after 200 cycles of 180° bending which is important when fabricating flexible metal oxide-based board band photodetector[81]. The small bandgap QD decoration technique was also
demonstrated on SnS QDs/ Zn2SnO4 NW for flexible broadband photodetector[94].
Recently, metal oxide NW photodetector integrated on
fiber-like substrates attracts some research interest for the application in smart textile[95–99]. The NWs can be transferred or
directly grown on fiber substrate like metal wire[95, 96],
KEVLAR wire[98] and carbon fiber[98]. Apart from the flexibility
and knittability, another advantage of this type of photodetector is the capability of omnidirectional photosensing. Also, by
careful material selection, self-powered photodetector can be
constructed. Dong et al. constructed a self-powered fibershaped photodetector based on ZnO NW/PVK layer[95]. The
photodetector shows photoresponse under the illumination
of UV light, but the performance was not satisfying. Recently,
Sun et al. fabricated a fibrous self-powered broadband photodetector by connecting a perovskite-TiO2-coated carbon fiber
and a CuO NW-CuO coated Cu wire[99]. The photodetector
demonstrated a high detectivity (2.15 × 1013) under the
illumination of 800 nm light without bias. The dark current
was suppressed to 10–11 A by the electron blocking layer and
the photodetector also has a stable response time (200 ms)
after tens of 90° bending cycles.

3.4. Metal chalcogenide nanowires
Chalcogenide NW is a group of NWs that contain S, Se or
Te as their anions. Some of these materials have direct
bandgap and as their bandgap lie in the visible light region
which makes them potential candidate for optoelectronic
that works in Vis region. Metal chalcogenide materials include some II–VI semiconductors (like CdS and SnS) and materials like Sb2S3 and In2S3. Their NW form are frequently
used to be integrated into rigid substrate-based photodetector[100, 101]. Considering the large materials family, the integration of chalcogenide NW into flexible photodetector is rare in
recent years.
Cadmium based II–VI NW like CdS and CdSe NWs were
integrated into flexible photodetector. Branched CdS NWs
were fabricated by Li et al. which exhibit high detectivity on
rigid substrate[102]. When integrated into the flexible photodetector, the device performance is comparable to the rigid
counterpart and also demonstrated good flexibility, electrical
stability and good endurance against folding[102].
Recently, the III–VI NWs have shown some promising result for flexible photodetector integration. Single crystalline
In2S3 NWs have demonstrated a high on-off ratio (106)[100].
The photodetector also exhibits high sensitivity and quantum efficiency[100]. Sb2S3 is another interesting material due
to its stability and have a narrow bandgap (1.21 eV). Its NWbased flexible photodetector was also studied using different NW synthesis method and showed good flexibility and stability[103, 104].

3.5. Perovskite nanowires
Hybrid organic-inorganic are recently attracting tremendous amount of research interest for solar cell and photodetector[35, 105–107] due to their exceptional optical and electrical properties. For example, this type of material has direct
bandgap, board absorption range (from UV–Vis to NIR), high
light absorption coefficient, long carrier lifetime and diffusion length and high carrier mobility[108]. Also, the low-temperature fabrication process makes them capable to be directly
fabricated on flexible substrate like PI and PET. The low production cost is another advantage.
The stability of perovskite material against the surrounding environment has been a concern. For flexibility photodetector, as it would under bending and continuous bending
cycles, the stability issues become more important to be con-
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sidered. There are various reports focusing on how to improve the stability of the organic–inorganic perovskite NW on
flexible photodetector. For example, single-crystalline
CH3NH3PbI3 NWs based photodetector can remain stable
after 45 days of storage due to the high crystal quality of the
NW produced by the saturated vapor-assisted crystallization
method[109]. As the NW can be used for flexible photodetector, it’s also important to improve the stability of them on
flexible substrate. Using a low-temperature solution-based
process, Auso et al. fabricated a thiocyanate-doped CH3NH3
PbI3−x (SCN)x perovskite NW network on Kapton substrate[110].
Despite of the low-temperature process, the addition of
pseudohalide, SCN−, helps to improve the crystal quality and
hence reduce the recombination losses and improves the
photo absorption, charge generation and charge transport
across the NW network and the electrodes. The NW network
device is hole-dominant like and with a passivated coating of
PMMA, the device performance is enhanced. After the PMMA
coating, the dark current is reduced while the photocurrent is
improved which indicated the PMMA blocked the oxygen
and water molecules penetration into the perovskite that degrade the device performance. The device also shows high specific detectivity (7.3 × 1012 J) and with response time about
200 µs (227.2 µs for rise time and 215.4 µs for decay time)
which are excellent performance among organometal halide
perovskite flexible photodetector. The photocurrent remains
80% of its initial value after 15000 bending cycles and the morphology of the perovskite does not change much. Also, the
PMMA-passivated devices lose less than 2% of their initial photocurrent after storing in ambient air for 30 days. In another report, using potassium ion assisted synthesis, the (C4H9NH3)2PbBr4 nanobelt also demonstrated good stability after continuous bending and can be stored under ambient condition for
20 days with no phase degradation[111].
As the fabrication of perovskite can be done in low temperature, it can be directly fabricated on the flexible substrate without the need of transfer. Zhou et al. growing the
perovskite NWs using micro/nanofluidic fabrication technique and integrated them into flexible photodetector.[20] Using a DMF-mediated crystallization method, the initial growth
site and the growth path of the MAPbI3 NWs can be guided
by a micro/nano fluidic channel on flexible substrate. Deng
et al. fabricated the CH3NH3PbI3 microwires array on PET substrate using blade coating method. The microwires array

fabricated by this method not only has good crystallinity but
can also be stored over 50 days with only a mild fluctuation.
One recent report employed ferroelectric poly(vinylidene-fluoride-trifluoroethylene) (P(VDF-TrFE)) and hybrid perovskite NW to construct a flexible self-powered photodetector that is also semi-transparent[112]. After poling of the P(VDFTrFE), an internal electric field is built-up and improve the photoinduced electron–hole pair separation. With the optimizing the treatment condition of the ferroelectric polymer, the
flexible demonstrated a high detectivity at 7.3 × 1012 J and
fast response time (rise time at 88 µs and decay time at
154 µs) (Figs. 11(a) and 11(b)). The mechanical properties of
the hybrid perovskite NW/ P(VDF-TrFE) composite also have
good mechanical stability.
Apart from the organic-inorganic perovskite NWs, pure
inorganic NWs are also investigated for high performance photodetector due to the better stability[113]. One report integrated the pure inorganic NWs for flexible linearly polarized photodetectors[114].

4. System integration of NW-based flexible
photodetector
So far, the recent developments of the NW-based flexible photodetector are reviewed. However, individual photodetector is not enough for imaging applications but to integrated large amount of photodetector into photosesning matrix. On the other hand, extra power source is always needed
for photodetecting devices. To take the full advantage of the
flexibility and compactness of the flexible photodetector,
self-powered photodetector is also an important development. These two developments will pave the way for flexible
photodetector integration for different applications.

4.1. Image sensor
Image sensing is an important application of photodetector. The ability of sensing different wavelength gives rise to
their unique applications. Infar-red sensing, for example, can
be used in medical analysis, process monitoring and control,
night vision, security and etc.[115]. Visible light sensing is important in developing electronic eyes[116] and face recognition system. UV imaging can be used for forensic[117], skin
condition monitoring[118], remote sensing[119], oil spill detecting[120] and electrical power line inspection[121]. Flexible image sensor provides even more interesting applications than
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Fig. 12. (Color online) (a) Human fingertip radiation detection at different by the CNT/PVA image sensor. (b) (left) The thermal image of the human finger on the right. Reprinted from Ref. [4] with permission, Copyright 2018, American Chemical Society.

conventional rigid photodetector. For example, to monitor
the real-time skin temperature distribution, the IR image
sensor should be flexible enough to warp around and attach
to the curved body part. Such sensor can provide information about the blood perfusion and be used for early breast
cancer detection, brain imaging, rehabilitation monitoring
and etc.[122]. The NW-based flexible photodetector has also
been used to construct the image sensors in recent years.
As mentioned, CNT can be used for IR sensing. Zhang et
al. developed a poly(vinyl alcohol) (PVA) and carbon nanotube (CNT) composite-based self-powered thermal detector
for body thermal imaging[4]. The thermal detector is based on
the photo-thermoelectric (PTE) effect of the PVA/CNT composite. The advantages of using PVA to warp around the CNT is
to enhance the PTE performance[60], the compactness and
the biocompatibility. The weight percentage of the CNT in
the composite is found to impact the detectivity of the detector due to the improvement in photon absorption and thermoelectric conversion efficiency with increasing CNT wt% up to
60 wt%[4]. The authors also demonstrated a non-contact
mode human body thermal imaging by holding the fingertips ~2 mm away from the surface (Fig. 12(a)). The margin of
the fingertips can be clearly identified by the photodetector
(Fig. 12(b)).
Li developed a flexible UV image sensors array based on
ZnO QD decorated Zn2SnO4 NW heterojunction photodetector[92]. The photodetector exhibits ultrahigh light-to-dark current ratio (up to 6.8 × 104), specific detectivity (up to 9.0 ×
1017 J), photoconductive gain (up to 1.1 × 107), fast response,
and excellent stability. The QD on NW structure enhances the
photocurrent and responsivity (~10 times) originates from
the energy band engineering, which improve the electronhole pairs separation at the QD-NW interface. When the photodetectors are integrated into a 10 × 10 device array, the clear
image of letters “F” and “E” can be clearly displayed under different bending conditions.
Several groups developed image sensor that work in visible light region. Flexible image sensor based on 3D perovskite NW array was built by Gu et al.[123]. Using a free-standing porous alumina membrane as a guiding template, the
MaPbI3 NW array was grown in a two-zone furnace using Pb
and methylamine iodide as precursor source. The grown NWs
have good crystallinity and uniform in size. One advantage of
this type of NW array is the antireflection and light-trapping effect, which ensure a better light absorption than convention-

al planner semiconductor sample[124]. A 1024 pixel image
sensor was built based on the 3D NW array on PDMS. The authors demonstrated the real-time image capturing ability by
moving the light-spot (source) on the image sensor and capture the movement. Another perovskite microwire (MW) array-based image sensor was constructed by Deng et al.[125].
The fabricated MWs have good optoelectronic properties and
stability. When fabricating the MWs on PET substrate, the image sensor shows high performance for high-resolution image sensor. Another demonstration of image sensor is done
by Li et al.[94]. Using SnS QD/Zn2SnO4 NW structure, a 10 × 10
array flexible broadband image sensor was constructed,
which is capable to sense the white light and red light even under bending condition. Those are important demonstrations
that high performance image sensor can be built by 1D NW
structures.
Turning electrical signals into images is more complicated than just building a photodetector. The construction of individual NW array photodetector unit and the design of the
electrodes is complicated. The size of the individual NW array and the electrodes affect the overall resolution of the image sensor. Also, the spacing between these individual units
also limits how many pixels can be built on the substrate.
The existing reports usually contain larger pixels and wide spacing. For real-life application, smaller pixel size and narrower
spacing is necessary which will challenge some current assembly techniques

4.2. Self-powered photodetectors
Another development of NW based flexible photodetector toward practical application are developing self-powered
photodetector or self-powered photosensing unit[126]. The purpose of such development is to reduce the overall weight of
the whole sensing system. A sensing unit usually constructed by a light sensing unit, an electrical signal measurement
unit and a power unit. Integrating an external power unit increases the extra weight to the whole system. Eliminating the
external power unit or replace the traditional rigid power
source to flexible one will benefit to some applications like
wireless health monitoring or soft robot development. That
can be done by two approaches. One is creating a built-in potential difference across the photodetector unit and the other one is integrating flexible power source within the same
unit[5].
Building a built-in potential difference can be done by
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creating a p–n junction, creating a Schottky Junction by band
alignment engineering[95, 99] or creating a semiconductor/
graphene nanostructure[5]. Using the photovoltaic effect of
these junctions, the energy can be harnessed upon the illumination of the light while detecting the photocurrent at the
same time. One interesting report by Cao et al. using a polarization P(VDF-TrFE) layer to create a ferroelectric field one the
perovskite NW and greatly enhanced the optoelectronic performance[112].
Power source integration is another way to produce
self-powered photodetector. The power source can be micro/
nanosolar cell, nanogenerator or other energy-storage devices (capacitor). Flexible transparent nanogenerator (FTNG) was
integrated into a UV sensing unit as the power source[127].
The ZnO NWs UV sensors were powered by the FTNG and
showed the typical response of a UV sensor with and without
the illumination (Fig. 13(a)–13(c)). Shen’s group, on the other
hand, demonstrated integrating the supercapacitor and NWbased photodetector in the same system[128–130]. Those demonstrations is important for future development of highlycompacted flexible photodetection system.
One interesting report demonstrated the use of the wireless charging method to recharge the on-substrate capacitor.
Yue et al. integrated a microsupercapacitor, a perovskite NW
photodetector and a wireless charging coil on the same flexible substrate[131]. The report demonstrated a stable photocurrent detection after 7000 cycles as the photosensing unit is
empowered by the constant charging by the microsupercapacitor which is constantly recharge by the wireless charging
unit.

5. Conclusion and outlook
In this review, we have gone through the recent development of the NW-based flexible photodetector in terms of NW
growth and assembly on flexible substrate, the development
of individual materials group and the integration into a more
complex system. Some material group shows substantial im-
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provement in terms of NW growth, assembly and performance. Also, novel applications like image sensor and selfpowered photodetector are demonstrated which are promising for the future use in different fields.
Despite all the positive research output, it is not hard to
foresee that the development of the NW-based flexible photodetector still has a lot of room to grow. For example, some materials, like III–V NWs, are frequently grown under high-temperature process. A transfer step is necessary to applied on flexible substrate. However, the NWs alignment is usually not in
perfect order and overlapped with each other. For some 1D
nanostructure, like CNT and some metal oxide NW, the overlapped can be tolerated as they can form a NW network structure and still have good performance. But for some material
systems, like III–V NWs, the bad alignment sometimes sabotages the performance because it complicates the charge transfer process. Especially when constraining the pixel size further toward smaller size, alignment fault will take a bigger
role on the device performance. Therefore, better NW growth
or NW array assembly technique is necessary to be developed.
Developing heterostructure is another point of emphasis
that is having more and more attention in developing flexible photodetector. Combining NWs with other novel materials with excellent optoelectronic properties can enhance the
device performance and the spectral absorption range. Non1D nanostructure materials like C60[51], graphene[75], semiconductor QDs[94], bulk perovskite film on fiber[99] and ferroelectric polymer[112] have been integrated as the heterostructure
to enhance the device performance. Also, complicated structure like core-multishell NW structure has also been investigated and shows some promising result[25]. We expect more
effort will be put to investigate the NW heterostructure like
combining with other novel 2D nanostructure like 2D metal
dichalcogenides (MoS2, black phosphorus and etc.) or complicated NW structure like dot-in-wire and core-multishell NW for
flexible photodetector integration. Also, more innovative process to combine these materials and/or smarter device structure design to maximize the performance of flexible electronics.
Large area fabrication is another challenging issue that is
faced by flexible photodetector production. Despite of the development of the NW assembly techniques, most of them
have either high production cost or high production time.
The homogeneity of the transfer NW array is also hard to control in large area. Assembly techniques like inkjet printing
and spray coating might be the solution of these issues but
they are still facing the resolution problem that limits the
pixel size of the image sensor and the ink of some materials
is not yet developed. Directly growing the NWs on the flexible substrate is another potential solution but some flexible
substrate like the polymer substrate simply cannot tolerate
the high temperature NW growth process.
There are some issues that are commonly faced by flexible electronics that still needs better solution for real-life applications. For example, the mechanical durability demonstrated in most reports is up to hundreds of cycles and has certain degree of performance degradation. When considering
the application of soft robotic that might have a higher bending frequency, the demonstrated performance might not
match the need for these applications. Better packaging pro-
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cess and device design is necessary. Other issues like the connection with the rigid data acquisition systems and long-term
stability is still challenging[132]. Base on all the issues and challenges pointed out above, more efforts are needed for NWbased flexible photodetector forward to real-life integration.
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