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  1.     Introduction 

 During the past few decades, we have witnessed that the 
booming photoelectronic industry has transformed the world 
and stretched throughout every facet of our lives. As one of the 
most important optoelectronic devices, photodetectors, which 
possess the ability to transform light into electrical signals pre-
cisely, have been capturing intensive attention. Up to now, it 
has widely been shared that accurate detection of light from the 
ultraviolet (UV: 10–400 nm) –to the visible (vis: 400–760 nm) 
–to the infrared (IR: 760 nm to 1 mm) to the terahertz (THz: 
0.1–10 THz) region is critical for a variety of industrial, medical, 
and environmental applications. [ 1 ]  As shown in  Figure    1  , ben-
efi ting from the development of the semiconductor industry in 
leaps and bounds, photodetection systems working at different 
wavelength regions have played an important role in fl ame 
sensing, ozone sensing, convert communications, [ 2,3 ]  air and 
water purifi cation, environmental monitoring, video imaging, 
night vision, [ 4 ]  materials identifi cation, [ 5 ]  early detection of 
small primary tumors, [ 6,7 ]  and astronomical studies, [ 8,9 ]  etc.  

 Photodetection systems consist mainly of photodetector 
and signal processing chips. Under the impetus of Moore’s 
law, the feature size of highly integrated electronic devices 
has shrunk toward several nanometers. For instance, Intel 
has realized 22 nm technology. [ 11–13 ]  More recently, Samsung 

 Inspired by nanoscience and nanoengineering, numerous nanostructured 
materials developed by multidisciplinary approaches exhibit excellent photo-
electronic properties ranging from ultraviolet to terahertz frequencies. As a 
new class of building block, nanoscale elements in terms of quantum dots, 
nanowires, and nanolayers can be used for fabricating photodetectors with 
high performance. Moreover, in conjunction with traditional photodetectors, 
they exhibit appealing performance for practical applications including high 
density of integration, high sensitivity, fast response, and multifunction. 
Therefore, with the perspective of photodetectors constructed by diverse low-
dimensional nanostructured materials, recent advances in nanoscale photo-
detectors are discussed here; meanwhile, challenges and promising future 
directions in this research fi eld are proposed. 

announced mass production of a 14 nm 
mobile application processor, and IBM 
Research Alliance produced the industry’s 
7 nm node test chips. [ 14,15 ]  Therefore, to 
realize a highly integrated photodetection 
system with high performance, it is essen-
tial to scale photodetectors down to the 
nanoscale for technological applications. 
Meanwhile, it is expected that further 
development of photodetectors will be 
faster and more effi cient. However, con-
ventional devices start to misbehave at the 
optical diffraction limit, when their size 
decreases to sub-wavelength scale. Subse-
quently, the photoelectric conversion effi -
ciency of nanoscale photodetectors would 
be seriously impacted. To solve the contra-

dictions in further development of nano-photodetectors with 
high performance, a reinforcement of techniques is urgently 
needed. Fortunately, as a new class of building blocks for fab-
ricating photodetectors, nanostructured materials (at least one 
of three dimensions is in the 1–100 nm range) exhibit a huge 
potential to settle this convoluted issue due to their quantum-
confi nement effect, surface effect, nonlinear optical effect, and 
dielectric confi nement effect. [ 16–18 ]  For instance, thanks to the 
quantum-confi nement and nonlinear optical effects of quantum 
dots (QDs) and photonic crystals, a desired bandgap could be 
created in gapless graphene. Moreover, nanoscale metallic and 
half-metallic materials exhibit fascinating optical properties, 
which can concentrate, route, and manipulate light at a sub-
wavelength scale. [ 19–21 ]  Therefore, inspired by these unique 
functional materials, a multitude of nanoscale photodetectors 
based on different novel materials and principles have been 
developed at a remarkable pace. To be specifi c, both traditional 
low-dimensional semiconductors and novel two-dimensional 
layered materials have been extensively studied, and much 
insight has been gained on tuning their optoelectronic proper-
ties by controlling their sizes and architectures. An increasing 
number of outstanding nanoscale photodetectors has been 
explored. Additionally, traditional photodetectors, in conjunc-
tion with different nanostructured materials, exhibit plenty of 
exciting functionalities, such as rewritable features, [ 22,23 ]  and 
gas detection, [ 24–27 ]  as well as optical logic gates, [ 28 ]  etc. There-
fore, the potential applications of nanostructured materials for 
fabricating photodetectors are truly impressive. 

 To lay solid ground for the practical applications of the afore-
mentioned nanoscale photodetectors, exploring novel materials 
is crucial, with readily controlled size, shape, and composi-
tion, as well as application compatibility with present devices. 
Photodetectors focusing on several special topics, such as 
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two-dimensional layered materials, self-assembly thin fi lms, 
plasmon-enhanced photoabsorption, and hybrid photodetec-
tors, etc. are described in previous reviews. [ 29–33 ]  To provide a 
comprehensive design guideline for a wide range of interdis-
ciplinary researchers, this paper provides a current review 
of the state-of-the-art photodetectors based on both novel 
and traditional low-dimensional materials containing QDs, 
nanowires, two-dimensional layered materials, and nanofi lms 
ranging from the UV to THz frequency region. Moreover, some 
intriguing technologies incorporated in this fi eld are demon-
strated in detail as well. Possible challenges and opportunities 
in the future development of these photodetectors are proposed 
in the last section.  

  2.     Nanoscale Photodetectors Fabricated by 
Various Photoelectronic Materials 

 From the perspective of an engineer, fabricating photodetec-
tors for practical applications is generally designed to satisfy the 
“5S” requirements: high sensitivity, high signal-to-noise ratio, 
high spectral selectivity, high speed, and high stability. [ 34,35 ]  This 
means that quantum effi ciency, response speed, and signal-
to-noise ratio are the most important fi gures of merit used to 
characterize photodetectors. As a matter of fact, the ability to 
transform optical signals into electrical signals is determined 
by a complex process of electron–hole pair generation, trans-
portation, and recombination within the photoelectronic 
materials. For instance, the response time of a photodetector 
is determined by three factors: the drift and diffusion time of 
photon-generated carriers, the lifetime of excess minority car-
riers, and the  RC  time constant ( R : load resistance,  C : capaci-
tance) of the device. [ 36 ]  In light of the above investigation, the 
performance of a photodetector is mainly dependent on the 
inherent characteristics of the photodetector’s active materials. 
Therefore, to select materials more reasonable for fabricating 

photodetectors with higher performance, the fundamental 
physical properties of important photoelectronic materials are 
summarized in  Table    1  , and corresponding low-dimensional 
photodetectors are discussed in following sections. It is note-
worthy that some photodetectors can be classifi ed into more 
than one type (wavelength, materials, dimensions, etc.). As 
an example, graphene or QD-based photodetectors can be 
operated throughout multiband in the range of the UV–THz 
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 Figure 1.    Versatile applications of photodetectors at the present or in the 
near future: a) ozone sensing, b) THz imaging, c) visible-light commu-
nication, d) detection of clinical medicine, e) infrared night-vision scope, 
f) fl ame detection, g) electromagnetic spectrum ranging from the UV to 
the THz regime. b) Reproduced with permission. [ 10 ]  Copyright 2010, IEEE.
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  Table 1.    Basic parameters of semiconductors used in photodetectors ranging from UV to THz regime.  

Band Materials p/n type (unintentionally 
doped)

  E  g   
 [eV] 

 Mobility   
 [cm 2  V −1  s −1 ] 

Crystal 
structure

 Lattice Constant  
 [nm] 

Indirect/
Direct

 Carrier concentration   
 [cm −3 ] 

Ref.

UV AlN n 6.2 2 (e) Wurtzite  a  = 0.3112

 c  = 0.4982

Direct –  [32,43] 

         

 Diamond p 5.47 1800 (e) 

1200 (h)

Cubic 0.357 Indirect 10 15  [32,36,44] 

 β-Ga 2 O 3 n 4.9 80–100 (e) Monoclinic  a  = 1.223

 b  = 0.299

 c  = 0.577

Direct 10 17 –10 18  [45,46] 

 ZnS n 3.66 600 (e) Zinc blende 0.541 Direct –  [32] 

 SnO 2 n 3.6 30 (e) Rutile  a  = 0.478

 c  = 0.318

Direct 10 19 –10 20  [46,47] 

 GaN n 3.39 400 (e) 

10 (h)

Wurtzite  a  = 0.3189

 c  = 0.5185

Direct 10 18  [32] 

 ZnO n 3.37 200 (e) 

180 (h)

Hexagonal  a  = 0.325

 c  = 0.5207

Direct 10 16 –10 19  [44] 

 4H-SiC n 3.26 1140 (e) 

50 (h)

Hexagonal 

system 
 a  = 0.3081

 c  = 1.0061

Indirect 10 16 –10 18  [44,48] 

 TiO 2 n 3.2 >10 (e) Anatase  a  = 0.373

 c  = 0.296

Direct 10 21  [49] 

Visible ZnSe n 2.7 ca.400 (e) Wurtzite  a  = 0.397, 

 c  = 0.652

Direct 6.9 × 10 16  [50,51] 

 CdS n 2.5 350 (e) 

40 (h)

Wurtzite  a  = 0.4136,

  c  = 0.6714

Direct –  [36,52] 

 V 2 O 5 n 2.2 – Orthorhombic  a  = 1.154, 

 b  = 0.3571,  c  = 0.4383

Direct –  [53] 

 Cu 2 O p 2.1 62 (h) Cubic 0.4266 Direct –  [54,55] 

 NiCo 2 O 4 – 2.1 – Cubic 0.974 – –  [56] 

Visible/

IR

WS 2 – 2.1 

(monolayer)

– Hexagonal  a  = 0.3154

 c  = 1.2362

Direct 

(monolayer)

–  [57] 

1.4 (bulk) Rhombohedral  a  = 0.3149

 c  = 1.8434

Indirect 

(bulk)

  

 Black 

Phosphorus

p  ca. 2 

(monolayer)

 ca. 0.3(5) 

(bulk)

 ca. 10 000–

50 000 (e)

Rhombohedral  a  = 0.3138

 b  = 1.0477

 c  = 0.4376

Direct   [58–61] 

 MoS 2 n 1.8 

(monolayer)

1.2 (bulk)

 ca. 217 (e) Hexagonal  a  = 0.3161

 c  = 1.2295

Direct 

(monolayer)

Indirect 

(bulk)

–  [62,63] 

 Visible CdSe n 1.74 500 (e) Zinc blende 0.6050 Direct 3 × 10 16  [36,64] 

 GaTe p 1.7 0.2 (h) Monoclinic  a  = 2.364

 b  = 0.4077

 c  = 1.046

Direct –  [65] 

IR InP n ca. 1.35 ≤5400 (e) Zinc blende 0.5869 Direct 3 × 10 15  – 2.5 × 10 18  [66–68] 

 Cd 3 P 2 p 0.55 2.94 (h) – – Direct –  [69] 

 Cd 3 P 2 n 0.5 3000 (e) – – – 10 17 –10 18  [70] 

 PbS n 0.41 500–2000 (e) Cubic 0.594 Direct 10 16 –10 18  [71,72] 

 PbTe p 0.32 500–2000 (h) Cubic 0.6454 Direct 10 16 –10 19  [73–78] 

 PbSe n 0.29 500–2000 (e) Cubic 0.613 Direct 10 16 –10 18  [79–82] 
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regime. [ 37–39 ]  Moreover, to realize higher performance of the 
devices, many different photodetectors have been constructed 
from different materials. [ 40–42 ]  Therefore, to cover the breadth 
of nanostructured photodetectors available at the present time 
with suitable classifi cation, avenues appear in this paper in the 
next sections in terms of the dimension (two-dimensions, one-
dimension, and zero-dimension) of the device rather than the 
materials (III–V group or II–VI group semiconductors, semi-
metallic graphene, semiconducting transition-metal dichal-
cogenides) or operating wavelength (UV, visible, IR, and THz 
regime).  

  2.1.     2D Nanostructured Photodetectors 

 With one spatial dimension confi ned within the nanoscale, 
two dimensional (2D) materials especially in terms of 2D lay-
ered materials and solution-processed nanofi lms exhibit many 
unique favorable properties for photodetection, which has stim-
ulated extensive research over the past few years. Compared 
with the growth of conventional semiconductor fi lms via uni-
versal epitaxial techniques, the above-mentioned 2D materials 
are usually fabricated by simpler methods, and most impor-
tantly, at lower cost. Moreover, with the fl exible, transparent, 
high crystal quality features and rich physical properties, they 
have played an important role in constructing photoelectronic 
functional building blocks. Moreover, integrated with traditional 
technology, these versatile elements can demonstrate tremen-
dous potential applications in fabricating new types of photo-
detectors with high performance. Therefore, recent research on 
photodetectors based on the previously mentioned 2D mate-
rials will be discussed in detail in the following sections. 

  2.1.1.     Photodetectors Based on 2D Layered Materials 

 Since the discovery of graphene, as intriguing building blocks 
and new platforms in optoelectronic devices, [ 33,59,83–87 ]  2D lay-
ered materials have attracted a great deal of attention among 
researchers. Thanks to the extended family of 2D layered 
materials including semi-metallic graphene, semiconducting 
transition metal dichalcogenides (TMDCs) and the recently 
discovered few-layered black phosphorus (donated as “phos-
phorene”), and the insulating boron nitride, a wide selection 
of light detection spanning from the UV, visible, and infrared 
to the THz regime has been achieved. [ 59 ]  Compared with con-
ventional epitaxial membranes, they share quite a few advan-
tages in constructing photodetectors. For instance, owing to 
their unique layered structures, atomically sharp 2D hetero-
structures can be realized without consideration of the lattice 
mismatches between different materials. Hence, in addition to 
functioning solely as photodetectors with high performance, it 
is easier for these 2D layered materials to combine each other’s 
advantages by forming heterostructures through van der Waals 
interactions. Moreover, the ultra-thin feature of 2D layered het-
erostructures also allows for vertical modulation of the band 
structure, which opens an additional avenue for exploring 2D 
electronic and optoelectronic devices. [ 58,59 ]  Therefore, photode-
tectors with high performance, such as broadband, ultra-fast, 
and ultra-sensitive, as well as multiple functions like fl exibility, 

and transparency, and being self-powered, rewritable, and 
memonic, can be realized based on these layered materials. 
Herein, we will highlight recent progress with respect to photo-
detectors based on 2D layered materials in terms of graphene-
based photodetectors, TMDC devices, and newly developed 
phosphorene-based photodetectors in the order of the history of 
their development. 

 Despite being only one single atomic layer thick, graphene 
is found to absorb a fraction of incident light as high as 2.3% 
owing to the 2D nature and gapless electronic spectrum. [ 88–90 ]  
Therefore, it is expected that photodetectors based on graphene 
should be able to detect light over a wide energy spectrum 
(from the UV to THz regime) based on the photoelectric/
photo voltaic effects or on the photo-thermoelectric effect, which 
is unmatched by other materials. [ 91,92 ]  In spite of these advan-
tages, the performance of graphene-based photodetectors, espe-
cially with regard to responsivity, is still lower than expected. 
Fortunately, signifi cant efforts, such as using hydrogenated gra-
phene (to prolong the carrier lifetime and increase the internal 
quantum effi ciency), [ 93 ]  suspended graphene monolayers (to 
decrease the substrate scattering and enhance heat-conduc-
tion), [ 94,95 ]  nanoribbons or nanomesh-structured graphene 
(to create a bandgap), [ 96 ]  have been devoted to developing a 
broadband and high responsivity of photodetectors based on 
graphene. 

 In 2009, Xia et al. proposed that single or few-layer graphene 
can be used as ultra-fast photodetectors, [ 97 ]  The photo response 
does not degrade for optical-intensity modulations up to 
40 GHz, and the intrinsic bandwidth can be further improved 
by optimizing the structure of the device. Consequently, this 
leads to a remarkable interest in graphene photodetectors for 
ultra-fast, broadband functions. In 2014, Liu et al. realized 
an ultra-broadband photoresponse at room temperature by 
a double-layer graphene asymmetric tunneling barrier. [ 98 ]  As 
shown in  Figure    2  a, the device is a phototransistor consisting 
of a pair of stacked graphene monolayers (top layer, bottom 
layer) separated by a thin tunnel barrier (gate, channel-Ta 2 O 5 , 
or silicon). In this architecture, the graphene functions not only 
as the light absorber but also as the charge-transport channel. 
It can be found in their energy band diagram in the inset of 
Figure  2 b, benefi ting from the top graphene layer that is more 
heavily p-doped relative to the bottom graphene layer, that the 
energy band of the tunneling barrier is tilted toward the bottom 
graphene layer in order to equilibrate the Fermi level. Taking 
advantage of this asymmetric tunneling barrier, a multitude of 
hot electrons could tunnel easily from the top to the bottom gra-
phene layer. Specifi cally, when light is incident on the surface, 
photoinduced hot carriers will tunnel into the nearby graphene 
layer, leading to a charge build-up on the gate and a strong 
photogating effect on the channel conductance. Figure  2 b dis-
plays the transfer curves for the bottom graphene layer under 
different silicon backgate voltages ( V  gb ) and optical powers. 
The transfer curve shifts dramatically toward negative  V  gb  with 
increasing laser power, which indicates that the effi cient tun-
neling of high-energy hot electrons leads to a positive charge 
build-up in the top graphene layer, giving rise to a strong photo-
gating effect and n-doping of the bottom graphene channel. 
The gate-modulated characteristics of the transfer curve offer 
convenient on–off switching control for photodetection. The 
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calculated responsivity shows a strong dependence on the 
power of the incident light (Figure  2 c). Under low excitation 
power (532 nm, ca. 10 –9  W, continuous-wave semiconductor 
diode laser), the device shows a remarkable responsivity of 
1000 A W –1  at a 1 V source–drain bias voltage, suggesting that 
a built-in amplifi cation mechanism can effi ciently convert the 
photon energy into a large electrical signal. Further to that, the 
temporal photoresponse under on–off light modulation with 
a 1 V bias voltage at room temperature (Figure  2 d) also indi-
cates that the present device possesses a fast photoresponse, 
and can be modulated by changing the backgate voltage pulses. 
Apart from the visible response, a high photoresponsivity in the 
near-infrared and mid-infrared regimes can also be achieved 
by incorporating intrinsic silicon as the tunnel barrier instead 
of the wide-bandgap Ta 2 O 5  layer (Figure  2 a). The near-infrared 
responsivity of a graphene/silicon/graphene device reaches 
4 A W –1  at a wavelength of 1.3 µm and 1.1 A W –1  at a wave-
length of 3.2 µm at room temperature, rivaling state-of-the-art 
mid-infrared detectors without the need for cryogenic cooling.  

 Great improvement in the responsivity has been realized 
for photodetectors based on graphene; however, there is an 
intractable issue for graphene-based devices: the high dark 
current arising from its gapless nature, which has a strong 
impact on the sensitivity of photodetection. [ 59,63 ]  Alternatively, 

another kind of layered material, TMDCs with a natural gap, 
has captured much more attention in recent years. Up to now, 
TMDCs including MoS 2 , [ 63,99,100 ]  WS 2 , [ 57,101 ]  WSe 2 , [ 102 ]  InSe, [ 103 ]  
GaS, [ 104 ]  GaTe, [ 65 ]  GaSe, [ 105 ]  and In 2 Se 3 , [ 106 ]  have been explored 
to develop plenty of new photodetectors with favorable photo-
electronic properties. To illustrate this kind of photodetector 
vividly, MoS 2 -based photodetectors are taken as an example. 

 As a typical TMDC material, MoS 2  is composed of a vertical 
stack in which the weakly interacting layers are held together 
by van der Waals forces. It is noteworthy that bulk-form MoS 2  
is a semiconductor with an indirect bandgap of 1.2 eV, whereas 
single-layer MoS 2  is another kind of semiconductor with a 
direct bandgap of 1.8 eV. [ 62 ]  This unique property of MoS 2  
stems from the effect of quantum confi nement on its electronic 
structure. [ 107 ]  

  Figure    3  a shows a schematic view of a single-layer MoS 2  
photodetector, proposed by Lopez-Sanchez et al. [ 108 ]  It is 
worth noting that the photoresponsivity of this device 
reaches 880 A W –1  at a wavelength of 561 nm, a bias voltage 
of  V  ds  = 8 V, and  V  gate  = −70 V, under a very low illumination 
intensity. The calculated noise-equivalent power (NEP) is about 
1.8 × 10 –15  W Hz –1/2  (Figure  3 b), which is even lower than 
that of commercial state-of-the-art silicon avalanche photodi-
odes based on p–n junctions (3 × 10 –14  W Hz –1/2 ). The spectral 
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 Figure 2.    Sandwich-structured graphene photodetectors with ultra-broadband and high responsivity at room temperature. a) Schematic of the 
phototransistor. b)  I–V  gb  (silicon backgate) characteristics of the measured graphene photodetector under different laser powers. The potential of the 
top graphene layer was allowed to fl oat, while the current of the bottom graphene transistor was measured under 1 V source–drain bias voltage. Inset: 
energy-band diagram of the graphene/Ta 2 O 5 /graphene heterostructures. c) Measured photoresponsivity versus illumination power. Inset: false-color 
scanning electron microscopy (SEM) image of the device. d) The time-dependent photocurrent measurement of the graphene photodetector (black 
curve). The illumination power is 0.3 µW and the laser wavelength is 532 nm. The laser on–off (red curve) is controlled by a mechanical shutter syn-
chronized with the reset backgate pulses (blue curve). Reproduced with permission. [ 98 ]  Copyright 2013, Nature Publishing Group.
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response in Figure  3 c indicates that the photoresponse range of 
the present device is 400–680 nm, which is consistent with the 
bandgap energy of monolayer MoS 2  (1.8 eV, corresponding to 
the energy of photons with a wavelength of 680 nm). Moreover, 
this device also showed a fast response speed (Figure  3 d): the 
rise and decay times are 4 and 9 s for  V  ds  = 8 V and  V  gate  = –70 V, 
respectively.  

 In addition to TMDC layered materials, black phosphorus 
(donated as “phosphorene”) is the latest developed layered 
material with a tunable direct bandgap ranging from the vis-
ible to IR regime. [ 60 ]  Therefore, the tunable bandgap can be 
adjusted simply by varying the number of phosphorene layers, 
making it easier to design devices to an exact working wave-
length. [ 109 ]  Moreover, similar to graphene, phosphorene is usu-
ally prepared by a mechanical exfoliation method with a high 
mobility. In consideration of its numerous unique photoelectric 
and mechanical properties, phosphorene has appealed to many 
researchers to explore new photoelectric devices, especially 
photodetectors.  [ 58,110–113 ]  

  Figure    4   demonstrates the fast and broadband photore-
sponse of phosphorene fi eld-effect transistors reported by 
Buscema et al. [ 110 ]  The measured height of the phosphorene 
fl ake (Figure  4 a) is 8 nm, which corresponds to 15 monolayers 
of phosphorene. The relationship between the source–drain 
voltage ( I  ds ) and the gate voltage ( V  g ) in Figure  4 b indicates that 
the natural doping of this phosphorene is p-type. Specifi cally, 
this device exhibits a high on/off ratio of larger than 10 3  and 

its responsivity is 4.8 mA W –1  at a small source–drain voltage 
bias of 200 mV and 640 nm. The rise and fall times are as short 
as 1 ms and 4 ms, respectively (Figure  4 c). Compared with 
other layered materials, this phosphorene-based photodetector 
exhibits a smaller bias but a higher responsivity, faster response 
times, and a broader detection range. These advantages make 
phosphorene a very promising material for photodetection, 
with room for improvement through further device design.  

 It is known that p–n junctions are the basic building blocks of 
modern semiconductor devices. It possible to solve the consider-
able problems of controlling the fundamental parameters inside 
semiconductor crystals and devices, such as the bandgap, the effec-
tive mass of the charge carriers, and the mobility, as well as the 
refractive index, electron energy spectrum, etc. [ 114 ]  Therefore, it is 
of importance for 2D layered materials to construct p–n diodes 
for practical applications. As shown in  Figure    5  a, Deng et al. 
demonstrated a heterojunction p–n diode based on phosphorene-
monolayer MoS 2  through van der Waals forces with excellent 
current-rectifying characteristics. [ 58 ]  Meanwhile, the 2D p–n diode 
(Figure  5 b,c) shows a strong photoresponse and dependence on 
the incident power (633 nm He–Ne laser). By applying a large neg-
ative back gate voltage (−40 V) to modulate the band alignment of 
the MoS 2  and phosphorene, the ratio of the illumination current 
over the dark current ( I  illumination / I  dark ) can be increased to 3 × 10 3 . 
This is ca. 100 times larger than that of MoS 2  photodetectors due 
to a better suppression of  I  dark  by the reverse-bias p–n diode. [ 108 ]  In 
addition, the responsivity reaches 1.27 A W –1  and 11 mA W –1  for 
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 Figure 3.    Ultra-sensitive photodetectors based on monolayer MoS 2 . a) Three-dimensional schematic view of the single-layer MoS 2  photodetector and 
the focused laser beam used to probe the device. b) Drain–source ( I  ds – V  ds ) characteristics of the device in the dark and under different illumination 
intensities. The device operates as an enhancement-mode transistor. Increasing illumination levels result in enhanced current due to electron–hole 
pair generation by light absorption in the direct bandgap of monolayer MoS 2 . c) Photoresponsivity versus illumination wavelength. d) Temporal 
photoresponse of the device under different values of bias voltage ( V  ds ), when the backgate voltage is −70 V and incident power is 0.425 µW. Repro-
duced with permission. [ 108 ]  Copyright 2013, Nature Publishing Group.
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forward and reverse bias, respectively. The maximum responsivity 
in our devices is up to 3.54 A W –1  with the voltage ( V  d ) applied 
across the diode at 2 V and 418 mA W –1  (at  V  d  = −2 V) under 
1 µW laser power (633 nm), respectively, which is nearly 100 times 
higher than that of a recently reported black-phosphorus photo-
transistor and 4.8 times higher than that of a carbon-nanotube 
(CNT)–MoS 2  p–n diode with a much smaller  V  d . [ 115 ]    

  2.1.2.     Nanofi lm-Based Photodetectors 

 Besides 2D layered materials, solid-state thin fi lms fabricated 
from various semiconductor materials are alternative plat-
forms for constructing photodetectors. In the past few dec-
ades, various sophisticated techniques, such as metal–organic 
chemical vapor deposition (MOCVD), molecular beam epitaxy 
(MBE), pulsed laser deposition (PLD), atomic layer deposi-
tion (ALD), and magnetron sputtering have been developing 
rapidly, which has provided vast opportunities for thin-fi lm-
based materials, especially GaN, and GaAs based photode-
tectors, to be successfully commercialized. [ 36,43,44 ]  However, 
fabricating photodetectors focusing on the aforementioned 
techniques usually requires high operating costs, which will 

hamper further scale-up production of such 
photo electric devices. Therefore, it is of great 
importance to explore novel and facile tech-
niques for fabricating high-performance 
photodetectors with low cost. 

 Recently, photodetectors based on closely 
packed nanofi lms have attracted extensive 
attention from scientists, and a variety of 
low-cost and effective fabricating approaches, 
such as spin-coating, electrospinning, 
vacuum fi ltration or spraying, and inter-
facial self-assembly, etc., [ 116,117 ]  have been 
developed in recent years. Amongst these 
fabrication processes, the solution-based self-
assembly of nanostructures is a fashionable 
and fruitful paradigm for the fabrication of 
nanofi lms. As illustrated in  Figure    6  , typical 
nanofi lms used for photon detection are usu-
ally fabricated by oil–water interfacial self-
assembly or template-assisted self-assembly 
methods. Compared with the previously 
reported strategies, these novel strategies are 
not only low cost and highly effi cient, but are 
also simple and universal for many kinds of 
nanostructured materials (samples are listed 
in the right side of Figure  6 ), which pro-
vides additional opportunities to construct 
self-assembly hydrophilic nanostructures 
(nanorods, [ 118 ]  nanocubes, [ 119 ]  nanoplates, [ 56 ]  
hollow spheres, [ 120 ]  etc.) into ultra-thin 
nanocrystalline fi lms as the active layers of 
photodetectors. To describe the photodetec-
tors based on nanofi lms vividly, Zn 2 SnO 4  
nanocubes and SnO 2  nanonet nanofi lms 
constructed via the interfacial self-assembly 
strategy are illustrated fi rst, and further anal-

ysis is mainly focused on their optoelectronic properties and 
applications in photodetectors.  

 As shown in  Figure    7  a, Wu and co-workers [ 119 ]  proposed a 
novel kind of Zn 2 SnO 4 -nanocube-based monolayer nanofi lm, 
fabricated by the oil–water interfacial self-assembly method. 
From the SEM image, it can be found that the closely packed 
Zn 2 SnO 4  nanocubes are dispersed regularly on the substrate, 
and the average edge length of the uniform and semitrans-
parent Zn 2 SnO 4  nanocubes is around 650 nm. It is noteworthy 
that the optical bandgaps of the Zn 2 SnO 4 -nanocube-based 
fi lms can be tuned by using different synthetic approaches, 
along with the associated morphology. [ 119 ]  In this work, the 
optical absorption edge could be modulated artifi cially in the 
range of 3.18 – 3.54 eV by different heat-treatment processes, 
which is suitable for UVA (320–400 nm) light detection. This 
was confi rmed by  I–V  measurements of the nanofi lm photo-
detector under different conditions. As shown in Figure  7 b, 
the current density increased more drastically when the device 
was illuminated by UV light (350 nm) than that in the visible 
region (550 and 450 nm). To further demonstrate that Zn 2 SnO 4  
is a promising candidate material for fabricating UV photo-
detectors, the authors characterized a series of responsivity 
properties of the device. Compared with previously reported 
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 Figure 4.    Fast and broadband photoresponse of phosphorene fi eld-effect transistors. a) Sche-
matic of device architecture of phosphorene device. b) Semilog plot of the source–drain current 
( I  ds ) versus gate voltage (V g ) of the phosphorene-based FET at the indicated source–drain volt-
ages. c) Temporal photoresponse of the device under different light wavelengths and irradiation 
energy powers. Reproduced with permission. [ 110 ]  Copyright 2014, American Chemical Society.



410 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

P
R
O

G
R
ES

S
 R

EP
O

R
T

Adv. Mater. 2016, 28, 403–433

www.advmat.de
www.MaterialsViews.com

 Figure 6.    Schematic illustration of the fabricating nanofi lm photodetector by a hexane/water interfacial self-assembly strategy. Reproduced with per-
mission. [ 56,119–122 ]  d,g) Copyright 2011, Wiley-VCH; b,h) Copyright 2012, Wiley-VCH; e) Copyright 2011, Wiley-VCH; a,c,i) Copyright 2012, WILEY-VCH; 
f) Copyright 2014, Nature Publishing Group.

 Figure 5.    Phosphorene–monolayer MoS 2  van der Waals heterojunction p–n diode. a) Schematics and optical image of the device structure. a p +  silicon 
wafer capped with 285 nm SiO 2  is used as the global back gate and the gate dielectric. Phosphorene fl akes were exfoliated onto monolayer MoS 2  in 
order to form a van der Waals heterojunction. Ni/Au electrodes were deposited as contacts. During the electrical measurements, a voltage  V  d  is applied 
across the device. The voltage bias  V  g  is applied to the back gate. Scale bar is 10 µm. b)  I–V  characteristics of the p–n diode under various incident 
laser powers. The inset shows the details in the reverse bias region. c) Photodetection responsivity ( R ) calculated as a function of incident power. The 
responsivity decreases as the power increases Reproduced with permission. [ 58 ]  Copyright 2014, American Chemical Society.
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individual-nanostructure-based UV-light photodetectors, it 
exhibits a much higher photocurrent (43.2 nA at 5 V) and a rel-
atively larger ratio (76) of the illumination current over the dark 
current. Furthermore, the stable and repeatable time-dependent 
photoresponse of the as-constructed device (Figure  7 c,d) dem-
onstrates that the Zn 2 SnO 4 -nanocube-based fi lm photodetector 
fabricated by the interfacial self-assembly method is indeed 
promising for UV-A radiation detection.  

 Besides the oil–water interfacial self-assembly fabrication pro-
cedure, a colloid crystal polymer template assisted self-assembly 
method is an alternative avenue for fabricating monolayer 
nanofi lms. Up to now, this method has been developed to fabri-
cate several kinds of 2D ordered nanofi lms, such as SnO 2,  TiO 2 , 
ZnO, and SiO 2 , etc. [ 123 ]  To estimate the photoelectronic proper-
ties of the nanofi lm fabricated by the aforementioned strategy, 
a SnO 2  nanonet was taken as an example for demonstrating its 
promising applications in photodetectors.  Figure    8  a shows an 
SEM image of the regular monolayer SnO 2  nanonet fabricated 
by the aforementioned method. The authors then launched a 
series of tests of the nanonet-based photodetectors, such as  I–V  
characterization under various conditions, the spectral photore-
sponse as a function of wavelength, and the time-dependent 
photoresponse. As shown in Figure  8 b–d, this device presents 
several excellent photoelectric properties: high photocurrent 
(375.2 µA at 1 V), low dark current (89.9 µA at 1 V), and good 
stability and reproducibility, which is attributed to the regular-
structured SnO 2  nanonet. Therefore, the facile method for 
fabricating regularly structured nanofi lms proposed herein 

could be extended to various building blocks of 2D photonic 
crystals or optical microcavities. This will open a number of 
additional opportunities for constructing novel photodetectors 
with high performance.    

  2.2.     1D Nanostructured Photodetectors 

 One-dimensional (1D) nanostructured materials, such as 
nanowires, nanobelts, and nanotubes, have been attracting a 
great deal of research interest in recent years due to their unique 
properties and their potential to revolutionize broad areas of 
nanotechnology since Iijima found carbon nanotubes [ 124 ]  and 
Wang’s group fi rst synthesized inorganic semiconducting oxide 
nanobelts. [ 125 ]  Compared with 2D nanostructured materials, 
having 1 dimension limited within the nanoscale, 1D nano-
structured materials possess an additional spatial dimension – 
in total 2 dimensions confi ned within the nanoscale. Therefore, 
they are additional ideal systems for exploring a large number 
of novel phenomena at the nanoscale, as well as investigating 
the size and dimensionality dependence of properties for 
potential applications. [ 126 ]  In particular, taking advantage of the 
large surface-to-volume ratio and Debye length comparable to 
their sizes, photodetectors based on 1D nanostructured mate-
rials have become one of the most attractive photoelectronic 
devices in recent years. Considering the extremely small size 
of nanostructured materials, a highly controlled method with 
excellent accuracy is usually needed to fabricate individual 
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 Figure 7.    Bandgap tunable Zn 2 SnO 4  nanocubes UV photodetector. a) SEM image of the Zn 2 SnO 4 -nanocube-based fi lm. b) The  I–V  characteristics of 
the device illuminated with different-wavelength lights or under dark conditions. The inset is an SEM image of the device. c) Spectral photoresponse 
of the device as a function of wavelengths. d) The reproducible on/off switching upon 350 nm light illumination. Reproduced with permission. [ 119 ]  
Copyright 2014, Nature Publishing Group.
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nanowires, nanotubes, or nanobelts into nanoscale photodetec-
tors, and preparing them into assemblies through a simple pro-
cedure can be an alternative for fabrication of photodetectors. 
Therefore, recent developments of 1D nanostructured photo-
detectors are reviewed in this section with an emphasis on the 
methods for device fabrication. 

  2.2.1.     Individual 1D Nanostructured Materials for Photodetectors 

 Taking advantage of the numerous facile fabrication processes 
of monodisperse 1D nanostructures, one of the most com-
monly used ways to fabricate 1D nanostructured materials 
into photodetectors is to combine them on a fl at substrate with 

electrodes by the electron-beam deposition and photolitho graphy 
technique. [ 127 ]  As an example, Liu et al. recently fabricated a new 
UV-A photodetector based on K 2 Nb 8 O 21  nanowires. [ 128 ]  An SEM 
image of a photodetector based on a single K 2 Nb 8 O 21  nanowire 
is shown in  Figure    9  a. The K 2 Nb 8 O 21  nanowires in this work 
were synthesized using a facile molten method by taking Nb 2 O 5  
powder and molten KCl as raw materials at 900 °C for 3 h in a 
conventional horizontal furnace. The as-synthesized K 2 Nb 8 O 21  
nanowires have a main distribution width and length of 130 nm 
and 20 µm, respectively. The single-crystal nature of the nano-
wires and [001] growth direction were further confi rmed by 
high-resolution transmission electron microscopy (HRTEM) 
and selected area electron diffraction (SAED).  
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 Figure 9.    UV-A photodetector based on individual K 2 Nb 8 O 21  nanowires. a) SEM image of the single-nanowire photodetector. b) Spectral response of 
the photodetector as a function of wavelength from 630 to 300 nm under 5 V bias. c) Current–time response of the photodetector illuminated with 
320 nm light measured using a mechanical chopping method at 5 V. Reproduced with permission. [ 128 ]  Copyright 2014, Wiley-VCH.

 Figure 8.    SnO 2  monolayer nanofl ms based UV photodetectors. a) The SEM images of 2D ordered SnO 2  monolayer nanofl ms obtained using polymer 
spheres with a size of 228 nm. b) Spectral photoresponse of the device measured at a bias of 5.0 V at diffraction wavelengths ranging from 210 to 
630 nm. c)  I–V  characteristics of the device illuminated with different wavelength lights and under dark condition; the inset is an SEM image of the 
photoresponse device based on the 2D ordered SnO 2  monolayer nanofl m, the electrodes distance is ca. 1.5 µm. d) Time-dependent response of the 
photodetector measured under air conditions at a bias of 5.0 V, and the light power intensity was 0.91 mW cm −2 . Reproduced with permission. [ 121 ]  
Copyright 2012, Wiley-VCH.
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 Owing to the bandgap of K 2 Nb 8 O 21  being approximately 
3.1 eV, the photodetector exhibits an excellent wavelength 
selectivity for UV-A light detection with a sharp cut-off edge 
at ca. 400 nm. As shown in Figure  9 b, a UV (300 nm) – visible 
(500 nm) rejection ratio of more than 3 orders is achieved in 
the spectral response, indicating that the as-prepared device is a 
“visible-blind” photodetector. The time response characteristics 
of this photodetector shown in Figure  9 c imply that the current 
change between light-on and light-off takes place upon 320 nm 
light illumination at an applied voltage of 5 V with a short rise/
decay time of less than 0.3 s. The calculated responsivity ( R  λ ) 
and external quantum effi ciency (EQE) of this photodetector 
were as high as 2.53 A W –1  and 982%, respectively at the wave-
length of 320 nm under 5 V bias. From all this mentioned 
above, it is concluded that these K 2 Nb 8 O 21  nanowires are a 
promising candidate for fabricating photodetectors with supe-
rior response speed, spectrum selectivity, and sensitivity. 

 Similar to K 2 Nb 8 O 21  nanowires, many other materials, 
including InAs x P 1 –x ,  [ 129 ]  ZnSe, [ 50 ]  Cd 3 P 2,  [ 69 ]  In 2 Te 3,  [ 130 ]  Nb 2 O 5,  [ 131 ]  
InAs, [ 132 ]  SnO 2 , [ 133 ]  etc., have recently been fabricated suc-
cessfully into individual 1D nanostructured photodetectors. 
Moreover, to improve device performance, individual 1D 
nanostructured materials can also be used to construct novel 
hybrid nanostructures, including core–shell nanocables, [ 134–136 ]  
biaxial nanobelts, [ 137,138 ]  single-heterojunction nanowires, [ 139 ]  
and lateral heterostructures, [ 140 ]  which often exhibit superior 
optoelectronic properties with a multitude of additional func-
tions compared with the pure component. 

  Figure    10  a shows a SEM image of white light photodetectors 
based on crossed p-ZnTe/n-CdSe nanoribbon (NR) heterojunc-
tions. [ 141 ]  Both the p-ZnTe and the n-CdSe NRs were synthe-
sized via a co-thermal evaporation method as single crystals, 
which was confi rmed by HRTEM and SAED. The stepwise 
procedure for the construction of the p-ZnTe/n-CdSe NR 
heterojunction photodetectors is by a contact printing tech-
nique (Figure  10 b). [ 142 ]  In this regard, it has two major steps: 
fi rstly, the as-synthesized ZnTe NRs were dispersed in parallel 
on a SiO 2  (300 nm)/p + -Si substrate by a contact printing tech-
nique, followed by the deposition of Au electrodes; secondly, 
CdSe NRs were then dispersed on the substrate with an orienta-
tion perpendicular to the ZnTe NRs, followed by the deposition 
of indium electrodes. Consequently, the CdSe NRs crossed on 
the ZnTe NRs heterojunctions were completed in this situation, 
and several characterizations of the photoelectronic proper-
ties were carried out as follows. The n-type conductivity of the 

CdSe NRs and the p-type conductivity of the ZnTe NRs were 
evidenced by charactering the source–drain current ( I  ds ) versus 
source–drain voltage ( V  ds ) properties of individual NRs on SiO 2  
(300 nm)/p-Si substrates, respectively. The as-fabricated device 
showed a rectifi cation ratio up to 10 3  at ±5 V, and a low turn-
on voltage of 2.6 V in the dark. As shown in Figure  10 c, the 
p-ZnTe/n-CdSe photodetector shows an excellent stable and 
reproducible photoresponse under pulsed white-light illumina-
tion. In addition, the rise time and fall time were determined to 
be 37 and 118 µs, respectively, at a reverse bias voltage of −2 V, 
which was much quicker than previously reported ZnTe- and 
CdSe-based nano-photodetectors. [ 141 ]  Therefore, thanks to the 
meticulously designed procedures and particular adaptability of 
1D nanostructured materials, it is believed that the device fabri-
cation process discussed in this section will become one of the 
most useful methods for 1D nanostructured photodetectors, 
especially contributing to fabricating prototype devices for 
researching their basic photoelectronic properties.   

  2.2.2.     Assemblies of 1D Nanostructured Materials for 
Photodetectors 

 Construction of photodetectors based on individual 1D nano-
structures is often expensive and time-consuming. To achieve 
good control of device structure, photolithography or electron-
beam lithography (EBL) is indispensable, and the effi ciency 
of device preparation is relatively low. For photolithography, 
1D nanostructured materials are often randomly dispersed 
and may be damaged by the lift-off process, while for EBL, 
the device fabrication process is much more complicated and 
time-consuming. On the other hand, additional complicated 
procedures may be needed to integrate photodetectors based 
on individual 1D nanostructures with other photoelectronic 
elements due to their small sizes and weak photosignals. 
Thus, a possible way to make sure that photodetectors based 
on 1D nanostructured materials arrive at a practical standard, 
may be preparing the nanowires, nanotubes, or nanobelts 
into assemblies in the form of disordered networks or orien-
tated arrays through a simple fabrication procedure. Here, we 
describe two kinds of assemblies of nanostructured materials 
for photodetectors. 

  Figure    11   shows a THz detector working at room tempera-
ture, which is based on an array of highly aligned and ultra-
long single-wall CNTs developed by He et al. [ 143 ]  The CNTs in 
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 Figure 10.    White light photodetector based on crossed p-ZnTe/n-CdSe NR heterojunction. a) SEM image of a p-ZnTe/n-CdSe NR heterojunction 
photodetector. b) Schematic illustration of the process used to fabricate p-ZnTe/n-CdSe NR heterojunction photodetectors. c) Photoresponse char-
acteristics of the heterojunction photodetector to pulsed white-light irradiation at frequencies of 2000 Hz. Reproduced with permission. [ 141 ]  Copyright 
2014, Royal Society of Chemistry. 
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this work were grown vertically from a single line of catalyst 
particles on a silicon substrate by chemical vapor deposition 
(CVD) and the ratio of semiconducting and metallic single-wall 
CNTs is about 2:1. The CNT arrays had a typical height of ca. 
150 µm and their width was about 2 mm, which was decided by 
the length of the catalysts. The as-synthesized CNT arrays fi lm 
was then transferred onto Tefl on (which means that this THz 
detector has potential in fl exible electronics) or AlN substrates, 
and gold contact electrodes were deposited at the ends of the 
fi lm by electron-beam evaporation to complete the devices. A 
p–n junction was created by partial doping of the CNT fi lm and 
the CNTs were aligned perpendicular to the direction of cur-
rent fl ow (Figure  11 a). As shown in Figure  11 b, the as-prepared 
terahertz detector shows high responsivity values over a wide 
range of THz radiation (2.5 V W –1 , 2.4 V W –1 , and 1.7 V W –1  
at 3.11 THz, 2.52 THz, and 1.39 THz, respectively). The  I–V  
curve with and without THz radiation at 2.52 THz is shown in 
Figure  11 c. It was found that the device could generate a fi nite 
short-circuit photocurrent ( I  SC ) and open-circuit photovoltage 
( V  OC ) at zero bias, which makes it possible for it to function 
as a powerless THz detector. In addition, the photosignal of 
this THz detector is strongly dependent on the polarization of 
the incident THz wave, which mainly arises from the intrinsic 
polarization-dependent absorption of the CNTs in this work. 
The parallel-to-perpendicular ratio of the incident THz wave 
with respect to the nanotube alignment direction is about 5:1. 
The macroscopic size and the relatively simpler device fabri-
cation procedure, as well as the high responsivity of this THz 

detector compared with detectors based on individual 1D mate-
rials, make these very promising for THz detection.  

 In addition to the horizontal p – n CNT arrays, Tsai et al. pro-
posed an alternative avenue to build photodetectors with a high 
broadband responsivity by using ZnO vertical nanorod arrays 
(NRAs) on a Si substrate to absorb UV photons effectively in 
the short-wavelength region and facilitate more photons get-
ting into the photodetectors in the long-wavelength region, as 
an anti-refl ective layer. [ 144 ]  As can be seen in the schematic of 
this device ( Figure    12  a), a 100-nm-thick SiO 2  passivation layer 
was deposited before growth of the ZnO NRAs using plasma-
enhanced CVD. Large-scale and well-aligned ZnO NRAs were 
then prepared using a low-temperature hydrothermal method 
after deposition of a 100-nm-thick ZnO seed layer on the pre-
pared substrate. Further characterization by X-ray diffraction 
(XRD) and HRTEM confi rms that the ZnO NRAs were hex-
agonal wurtzite-structured single crystals and that they grew 
along the [0001] direction. Figure  12 b shows the  I–V  charac-
teristics of metal – semiconductor – metal (MSM) photodetectors 
with and without 543 nm laser under a 15 V bias. It could be 
found that the photocurrent-to-dark-current contrast ratio of 
this Si MSM photodetector was increased by 2 orders of mag-
nitude by introducing ZnO NRA layers. This is because that 
the leakage current of the photodetector could be reduced effi -
ciently by the insulating SiO 2  layer in dark conditions, while the 
anti-refl ective ZnO NRA structures (the green light at 543 nm is 
not absorbed by the wide-bandgap ZnO) create more opportu-
nities for generating a photocurrent in Si MSM photodetectors. 
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 Figure 12.    Si MSM photodetector (PD) with ZnO NRAs exhibiting ultrahigh broadband responsivity. a) Schematic of the Si MSM PD with ZnO NRAs. 
b)  I–V  characteristics of the Si MSM PDs with and without ZnO NRAs measured in the dark and under illumination (543 nm). The incident light power 
density is 4.1 × 10 2  W m –2 . c) Spectral responsivity of Si MSM PDs, Si MSM PDs with only ZnO seed layers and Si MSM PDs with ZnO NRAs as a 
function of the wavelength under 15 V bias. Reproduced with permission. [ 144 ]  Copyright 2011, American Chemical Society.

 Figure 11.    THz detector working at room temperature based on an array of single-wall CNTs. a) A schematic diagram of the experimental geometry. 
The  I–V  characteristics are measured under the illumination of a linearly polarized THz beam in air at room temperature. b) Power dependence of  V  OC  
for frequencies of 1.39 THz, 2.52 THz, and 3.11 THz. c)  I–V  characteristics under illumination by a THz beam with a frequency of 2.52 THz (red) and 
without illumination (black). Reproduced with permission. [ 143 ]  Copyright 2014, American Chemical Society.
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In addition, because a high electric fi eld can facilitate the tun-
neling of UV photogenerated carriers through a thin SiO 2  layer, 
the responsivity of the photodetector with ZnO NRAs increased 
by 3 and 2 orders of magnitude in the UV and vis/NIR regions 
compared with a pristine Si photodetector (Figure  12 c). This 
study provides an effi cient method for the potential application 
of 1D nanostructured assemblies in next-generation broadband 
photodetectors with high gain.  

 Therefore, in addition to the relatively simple fabrication 
procedure compared with photodetectors based on individual 
1D nanostructured materials, photodetectors based on assem-
blies of 1D nanostructured materials also have the potential to 
achieve an enhancement of sensitivity, photocurrent intensity, 
and stability. For instance, a variety of other assemblies based 
on 1D nanostructured materials, including disordered net-
works, [ 27,145–147 ]  orientated arrays, [ 148–150 ]  nanowire bridges, [ 151 ]  
nano-branched arrays, [ 152 ]  multilayered nanobelts, [ 153 ]  top-down 
etched arrays, [ 154 ]  and roll-to-roll assembled CNT networks, [ 155 ]  
have been fabricated into photodetectors showing outstanding 
properties. Thus, preparing 1D nanostructured materials into 
assemblies is one of the most important methods to construct 
1D nanostructured materials into photodetectors for practical 
applications.   

  2.3.     0D Nanostructured Materials for Photodetectors 

 Zero-dimensional (0D) nanostructured materials usually refer 
to materials whose excitons are confi ned in all three spa-
tial dimensions (<100 nm). The nanoscale confi nement of 
0D materials makes it possible to tune its energy band by its 
size and shape. As a result of this 3D tunability of 0D mate-
rials, they usually exhibit several unique electronic and optical 
properties, especially for use of photodetectors. [ 156,157 ]  In addi-
tion to the tunable bandgap, 0D materials also share a large 
specifi c surface area, which makes them more suitable than 
higher dimensional materials like bulk materials or 1D mate-
rials for obtaining a higher light absorption effi ciency. High-
photoabsorption 0D materials can be sensitively combined with 
other materials to achieve high-performance photodetectors. In 
recent years, many novel photodetectors have been proposed 
based on newly processed 0D materials, especially quantum-dot 
(QD)-based materials with different structures. In this section, 
recent advances in direct photodetection with QD materials, 
QD sensitized detectors, and QD–2D hybrid detectors are 
reviewed in detail. 

  2.3.1.     Photodetectors Built Directly on QD Materials 

 As a quasi-zero-dimensional material, QDs such as GaAs, [ 158 ]  
Ag 2 Te, [ 159 ]  HgTe, [ 37 ]  PbS, [ 160–162 ]  CdS, [ 163 ]  CdSe, [ 164 ]  and 
PbSe, [ 165,166 ]  as well as graphene quantum dots (GQDs) [ 39,167,168 ]  
etc. are usually fabricated by the high-temperature droplet epi-
taxy technique, solution processing, and so on, and they can 
be directly used to build photodetectors. The performance 
of such devices is bound up with their preparation methods. 
For instance, QDs grown directly on a solid wafer by MBE 
can be easily used to fabricate photodetectors; [ 158 ]  however, the 
cost is relatively high for the wide application of this method. 

Therefore, to balance the trade-off between the performance 
of a device and the fabrication cost, a study of inorganic QD 
arrays using solution processing might be an alternative 
avenue. [ 169 ]  In the following sections, examples of high-perfor-
mance photodetectors based on QDs that have a low cost will 
be described. 

 As shown in  Figure    13  a,b, Lee et al. developed a novel 
low-cost QD-based fi eld-effect transistor by using CdSe 
nanocrystals capped with molecular [(N 2 H 4 ) 2 (N 2 H 5 ) 2 In 2 Se 4 ] 
metal-chalcogenide-complex (MCC) In 2 Se 4  2−  nanocrystals. [ 169 ]  

 Amazingly, after organic molecules at the surface of CdSe 
and CdSe/CdS core–shell nanocrystals were displaced by 
MCCs, the electron mobility ( µ  e ) could be improved by several 
orders of magnitude: about an order of magnitude higher than 
that of the best solution-processed organic and nanocrystal 
devices (Figure  13 c). [ 170 ]  In addition, the authors also used 
CdSe/CdS core–shell nanoparticles with In 2 Se 4  2−  ligands 
to build photodetectors. Then, they measured the respon-
sivity of the devices at different monochromatic illumination 
(Figure  13 d). It is noteworthy that the responsivity of the CdSe/
CdS core–shell device could achieve as high as 260 A W –1  under 
0.5 V bias voltage at a wavelength of 450 nm (0.65 mW cm –2 ), 
and the normalized detectivity  D * was more than 1 × 10 13  Jones 
(1 Jones = 1 cm Hz 1/2  W –1 ) (Figure  13 e).  

 Beyond the outstanding photodetectors based on the afore-
mentioned semiconductor QD materials, constructing low-
dimensional photodetectors by using nontoxic graphene 
quantum dots (GQDs), which have many attractive optical and 
electric properties, has drawn a lot of attention recently. GQDs 
are small graphene fragments whose excitons are confi ned in 
all three dimensions. Hence, unlike 2D layered graphene, their 
bandgap can be tuned by the size itself, as well as by edge mod-
ifi cation of the functional groups. This allows it to detect not 
only a broad spectrum, [ 39,171 ]  but also certain regions of light 
with high detectivity, [ 167 ]  as shown in  Figure    14  , which shows 
a sketch of a GQD-array photodetector. [ 19 ]  This broadband and 
high-photoresponse photodetector was fabricated as follows. 
First, a mechanically exfoliated graphene monolayer fi eld-effect 
transistor (FET) was created on a SiO 2 /Si substrate. Then, a 
titanium (Ti) sacrifi cial thin layer was deposited on top of the 
graphene. After the Ti layer was etched away, GQD arrays with 
different GQD sizes were formed on the substrate, depending 
on the thickness of the Ti layer. In this work, Zhang et al. [ 96 ]  
demonstrated that the GQD arrays can not only act as electron 
trapping centers on the boundary, but also create a bandgap 
due to quantum confi nement. Therefore, a very high photo-
responsivity and ultra-wideband photoresponse was achieved 
through this band-structure engineering. The  I–V  curves of 
the device with and without 532 nm illumination are presented 
in Figure  14 b; a photoresponsivity as high as 8.61 A W –1  was 
achieved at  V  D  = 0.1 V (drain–source voltage). This value of 
responsivity is roughly 800 times more sensitive than previous 
graphene photodetectors, and around 10 times more sensitive 
than the CMOS-based sensors in today’s digital cameras. [ 172 ]  
The photocurrent can also be modulated by the gate voltages 
(Figure  14 c). Moreover, a comparison of the time-dependent 
photocurrent between the pristine and processed graphene 
devices (Figure  14 d) further demonstrated that the devices 
share both the advantages of high photoresponsivity and 
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reliability for as-designed photodetectors. Although this device 
can only work at low temperature (150 K), the above photo-
detectors made from pure GQD arrays have very wide broadband 
and high photoresponsivity features, which provides an addi-
tional platform for building a photodetector on the nanoscale.   

  2.3.2.     Hybrid QD Photodetectors 

 As mentioned above, QD materials can not only play an impor-
tant role as a central component of the photodetector, but also 
sensitize other forms of materials, including polymers, [ 162 ]  
nanowires, [ 163 ]  and even quantum dots themselves in the 
photodetector. [ 160,161 ]  Therefore, to improve the performance 
of present low-dimensional photodetectors, it is essential to 
design hybrid devices integrated with QD nanocrystals. [ 173–175 ]  
As an example, to yield an ultra-high responsivity of photo-
devices, a special hybrid confi guration consisting of 2D–QD 
materials was put forward. Up to now, some hotly studied 
areas are focused on 2D layered materials in terms of gra-
phene, black phosphorus, and TMDCs. These single or 
multi layered 2D materials possess ultra-high carrier mobility 
(up to 60 000 cm 2 V –1 s –1  for graphene [ 176 ]  and wide spectral 

absorption, and have been confi rmed to be a new class of 
building block for photodetectors. To be excited, modifi ed by 
a layer of QDs, these devices exhibit a higher light-absorption 
rate. In this QD–2D hybrid structure, additional incident light 
is absorbed by the QD layer to increase the number of photon-
generated carriers that can transfer through the 2D channel 
with a high electron mobility, leading to a higher quantum effi -
ciency of photodetection. [ 177–179 ]  

 A typical graphene/QDs hybrid photodetector is shown in 
 Figure    15  a. [ 177 ]  In this device, the spectral sensitivity could be 
tuned easily by controlling the size of the QDs (Figure  15 b), 
and the linear dependence of the photocurrent on the drain–
source voltage ( V  SD ) reveals that there is an excellent Ohmic 
contact between the electrodes (source and drain) and the QDs 
(Figure  15 c). Moreover, the responsivity is as high as 5 × 10 7  A W –1  
at a wavelength of 600 nm when the back-gate voltage ( V  BG ) is 
smaller than the charge neutrality point ( V  D ), corresponding to 
a photoconductive gain of 1 × 10 8 , which is competitive with 
epitaxy III–V group semiconductors. [ 180 ]  In addition, the authors 
demonstrated that the responsivity of this device could com-
pletely fall to zero by tuning the Fermi energy to be close to the 
Dirac point at  V  BG  = 4 V (Figure  15 d), which also represents an 
excellent back-gate-tunable ultra-high-gain phototransistor.  
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 Figure 13.    Photodetectors of QD materials. a) Absorption spectra for 4.6 nm CdSe nanocrystals and 10.0 nm CdSe/CdS core–shell nanocrystals capped 
with original organic capping ligands in hexane (black lines) and capped with In 2 Se 4  2−  in hydrazine (blue lines). Inset: photographs of colloidal solutions 
of CdSe (left) and CdSe/CdS (right) nanocrystals capped with In 2 Se 4  2− . b) Schematic of fi eld-effect transistors using In 2 Se 4  2−- capped CdSe or CdSe/
CdS nanocrystals. c) Temperature dependence of fi eld-effect mobility for an n-channel FET assembled from In 2 Se 4  2− -capped 3.9 nm CdSe nanocrystals. 
Inset: evolution of fi eld-effect mobility over 200 consecutive cycles of the gate voltage between −30 V and +30 V at  V  DS  = 2 V. The nanocrystal layer 
was annealed at 200 ºC for 30 min ( L  = 72 mm,  W  = 954 mm). The thickness of the SiO 2  gate dielectric was 100 nm. d) Responsivity of a 60-nm-thick 
layer of In 2 Se 4  2− -capped CdSe/CdS core–shell nanocrystals with 2.9 nm CdSe cores and 2.6-nm-thick CdS shells at different wavelengths measured at 
5 Hz light-modulation frequency. e) Frequency dependence of the normalized detectivity  D *, measured under 21 V for a device using In 2 Se 4  2− -capped 
CdSe/CdS core–shell nanocrystals annealed at 150 ºC for 30 min. The 3 dB bandwidth is ca. 0.4 kHz. Reproduced with permission. [ 169 ]  Copyright 2011, 
Macmillan Publishers Limited.
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 In addition to the graphene–PbS QD hybrid phototransis-
tors addressed above, the hybrid combination between MoS 2  
and PbS QDs based on same structure was also explored with 
an ultra-high responsivity of 6 × 10 5  A W –1  (1 V). [ 40 ]  Moreover, 
except for traditional semiconductor QDs, broader-spectrum 
photodetectors with a high wavelength-selective enhancement 
could be achieved by using GQDs as the active component. [ 171 ]  
 Figure    16  a shows a sketch of a GQD-based hybrid photodetector. 
In this study, the device is composed of multilayered GQDs 
sandwiched between two single-layer graphene sheets. On the 
one hand, most absorption of multiband light takes place in 
the GQDs because of the multiple scattering of light between 
the GQDs and the top graphene; on the other hand, it is easy 
to excite electron–hole pairs and generate a large photocurrent 
by tunneling carriers through the GQDs. As shown in Figure 
 16 b, it is typical of tunneling diodes. It is noteworthy that, 
although less light was absorbed by the device at a wavelength 
of 400 nm, the responsivity still could reach ca. 0.2 A W –1  
(Figure  16 c), which is comparable with those reported for com-
mercial Si and InGaAs photodetectors (ca. 0.5 and ca. 0.9 A W –1  
at 4.2 K), respectively. [ 181,182 ]  In addition, the device possessed 
a fast response speed. It can be found that in Figure  16 d, it is 
the transient photocurrents studied at various bias voltages. 
The turn-on and turn-off transient responses of the devices are 
measured to be on the order of microseconds, respectively. This 
further confi rms that fabricating hybrid photodetectors in a 

junction with QDs is an appealing method to enhance the per-
formance of the present one.  

 All in all, the aforementioned enormous enhancement of the 
photodetectors could be achieved by various QDs. Constructing 
hybrid structures in conjunction with different low-dimensional 
materials may be an appealing way to realize the simplifi cation 
and high performance of photodetectors at the nanoscale. How-
ever, the performances of these devices still need to be modifi ed 
for practical applications. Hence, additional new techniques or 
design concepts are crucial for low dimensional photodetectors 
to pave the way toward moving outside of lab.    

  3.     Photodetectors with Greater Performance 
Benefi ting from New Techniques 

 Dating back to a century ago, when photodetectors were 
invented, many progress milestones have been achieved. 
Briefl y, they mainly boil down to the following two aspects: 
fi rstly, diverse commercially available devices have been 
obtained thanks to the insulating and doping techniques of 
the semiconductors industry. Secondly, following Moore’s law, 
the size of present photodetectors has shrunk continuously 
toward the nanoscale for further integration with other photo-
electronic elements. Therefore, various nanocrystal solids are 
considered to be the prospective materials for photodetection. 
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 Figure 14.    Graphene quantum dots (GQD) array photodetector with broadband and high photoresponse. a) Schematic of GQD device. b)  I–V  curves of 
device with and without 532 nm illumination. Photoresponsivity of 8.61 A W –1  is achieved at a  V  D  voltage of 0.1 V. The inset shows a microscopy image 
of the device. c) Gate-voltage dependence of the photoresponse characteristic of device. d) Temporal photoresponse of the pristine and processed 
graphene device under the excitation of a 532 nm laser at a 100 mV source–drain and zero gate voltage. Reproduced with permission. [ 96 ]  Copyright 
2013, Nature Publishing Group.
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However, as described in the previous paragraph, low-dimen-
sional photodetectors are still at an early stage of development, 
and their performances need to be improved for practical 
applications. Besides that, in photodetection system, the size 
mismatch between the photonic element and the electronic 
circuitry is still one of the most challenging issues waiting to 
be resolved. Therefore, the ability to explore new techniques 
to overcome these problems is essential to realize photodetec-
tors with a greater performance. Fortunately, inspired by some 
unique physical effects of nanoscale materials, versatile hybrid 
low-dimensional photodetectors with fascinating performance 
and amazing functions have been explored recently. In the 
following section, these two types of devices, as well as their 
working mechanism, will be discussed in detail. 

  3.1.     Novel Strategies for Fabricating Photodetectors with 
Advance Functions 

 As an important parameter of photodetectors, the responsivity 
directly refl ects the photoelectric conversion ability of a device. 
Therefore, a large amount of work is aimed at improving 
the optical responsivity of the devices by increasing both the 
internal and external quantum effi ciency. It is not hard to 
fi nd from previous results that available approaches can be 

investigated at any stage of the photoelectric-conversion pro-
cess, including the generation, separation, and transportation 
of electron–hole pairs. In practical terms, various QD materials 
have been explored to improve the light absorption of devices 
(see Section 2.3). Moreover, different gain mechanisms have 
been employed to improve the responsivity of devices, such 
as, benefi ting from the impact ionization effect of the photo-
generation carriers, avalanche photodetectors have become 
available; [ 34 ]  owing to the tunnelling effect in inter-sub-band 
superlattices, resonant tunnelling photodetectors have been 
obtained; [ 183 ]  and thanks to minority-carrier traps in the semi-
conductor, photodetectors with a high photoconductive gain 
can be achieved. [ 184 ]  However, among these gains illustrated 
above, only a photoconductive gain could be achieved easily in 
nanostructured photodetectors despite the long response time. 
Resonant tunnelling diodes and avalanche photodetectors usu-
ally need sophisticated fabricating techniques to form high-
quality crystallization or special interfaces. Hence, common 
ways to improve the quantum effi ciency without sacrifi cing 
other properties of the nanodevices are urgently needed. For-
tunately, low-dimensional photodetectors with a higher perfor-
mance based on the plasmon effect and the pizeo-phototronic 
effect have been explored. Herein, some of them will be cov-
ered in the following. 
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 Figure 15.    QD-2D hybrid photodetectors. a) Schematic of the graphene–PbS QD hybrid phototransistor. b) Spectral responsivity of two phototransis-
tors with difference in sizes of PbS quantum dots c) Photocurrent of the graphene–quantum-dot hybrid transistor for different optical powers as a 
function of drain–source voltage ( V  DS ). d) Responsivity as a function of back-gate voltage. Reproduced with permission. [ 177 ]  Copyright 2012, Macmillan 
Publishers Limited.
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  3.1.1.     Effi cient Light Coupling into Photodetectors by a Designed 
Plasmonic Nanostructure 

 Plasmonics is a kind of hybrid electromagnetic wave arising 
from the collective oscillations of the free electron gas within 
the metal, which possesses the unique ability of manipulating 
light at nanometer scales with a high local-fi eld enhance-
ment. [ 20 ]  This makes it possible to concentrate, and manipulate 
light at subwavelengths without consideration of the optical 
diffraction limit, which plays an important role in constructing 
nanosized photodetector. During the last decade, numerous 
devices with high responsivity, [ 185,186 ]  and high speed [ 187 ]  have 
been developed, taking advantage of the plasmonic technique. 
Especially, studies in terms of cavities, waveguides, or antenna, 
etc. have achieved remarkable effects in the improvement of 
the device performance. [ 188–190 ]  These have been described 
in a previous review, [ 191 ]  and are not present here. As is well 
known, to achieve a giant enhancement of photoresponse 
by surface plasmons, the key factor is their energy match, 
namely the large frequency overlap between surface plasmons 
and response peaks. This is a complicated issue, because the 
surface plasmons are very sensitive to the size, shape, and 
dielectric properties of the nanoparticles and the dielectric 
environment. [ 19,20 ]  Therefore, using suitable plasmonic struc-
tures to achieve strong light-focusing at subwavelengths is usu-
ally a key avenue to generate plasmonic oscillations at a desired 

frequency, and many methods have be employed to improve the 
enhancement effect of photodetectors by tuning of the metallic 
structures. In this section, we will discuss some schemes of 
recently developed plasmonics-enhanced devices in view of the 
responsivity enhancement and wavelength selectivity by dif-
ferent designed types of metallic nanostructures. 

 A schematic of a quantum-dot infrared photodetector 
(QDIP) with a gold two-dimensional hole array (2DHA) is 
shown in  Figure    17  a, which is fabricated using a combination 
of a standard optical lithography and a metal lift-off process 
(Figure  17 b). To achieve an optimum plasmonic–QD interac-
tion, the authors identifi ed three criteria: fi rstly, they used “a” 
(lattice constant) with a suitable size (inset in Figure  17 b) [ 192 ]  
to guarantee a good spectral matching of plasmonic resonance 
to QDs spectral response; secondly, they tuned the diam-
eter  d  of the holes to optimize the 2DHA design, to improve 
the transmittance to ca. 100%, and then they controlled the 
thickness of the QD-layer to achieve spatial matching of the 
vertical extent of the plasmonic fi eld to the QD region. Particu-
larly, the ability to vary the diameter  d  facilitates a strong light 
transmission through the 2DHA at the resonance wavelength 
(inset of Figure  17 c), leading to a larger absorption enhance-
ment of the active layer, and a 130% absolute enhancement of 
the IR photoresponse was achieved (Figure  17 c). This study 
indicates that, in addition to matching the plasmonic resonant 
wavelength of the metal and dielectric materials, an optimized 
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 Figure 16.    Graphene quantum dots based hybrid photodetector. a) Schematics of a typical GQD photodetector. b)  I–V  characteristics in the dark and 
under illumination at various photon wavelengths from 300 to 1000 nm. c) Responsivity as a function of forward bias at various photon wavelengths 
from 400 to 900 nm. d) Short-term photocurrent switching at various bias voltages. Reproduced with permission. [ 171 ]  Copyright 2014, Macmillan 
Publishers Limited.
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structure permitting an effi cient coupling of light from the 
far-fi eld to a localized plasmonic mode and a close spatial 
matching of the active layers are principal element for reali-
zation of surface-plasmon-enhanced photodetectors with high 
performance.  

 In addition to single-band enhancement of photodetec-
tors with high detectivity and responsivity, surface-plasmon-
resonance-enhanced multicolor photodetection, by changing 
some of the parameters of metallic nanostructures, have 
gained much attention recently. [ 193–195 ]  It is easy to realize 
photodetection at any of the desired energies between the 
Schottky barrier and the bandgap of semiconductor by the 
plasmon-induced hot-electron photocurrent, [ 185,194 ]  as well as 
wavelength-selective photodetection of the gapless graphene-
based devices. [ 189,196 ]  

 As an example, integrating graphene with size-tunable Au 
nanostructures is a new approach to making graphene-based 
photodetectors achieve highly sensitive and multicolor optional 
photodetection. [ 196 ]  As shown in  Figure    18  a, devices coupled 
with 50 nm wide and 30 nm high periodical nanoparticles 
demonstrate an enhancement peak roughly at 550 nm and a 
largest photocurrent response to a yellow–green color. When 
increasing the size of the nanoparticles to 100 nm, the device 
yielded a photocurrent enhancement peak corresponding to 
yellow color detection. Larger gold nanoparticles array result in 
even more of a red shift of the photocurrent response peak to 
more than 633 nm and a frequency-selective detection of the 
infrared light. Therefore, the discovery in this work provides 

us an additional possible way to fabricate graphene-based 
photodetectors with multicolor photosensor pixels integrated 
in small packaging for high-performance-imaging optical 
communication.  

 Besides the graphene-based photodetectors described 
above, photodetectors with the metallic gating patterned on 
the silicon substrate have also realized a tunable enhace-
ment of the photodetection in the infrared region. [ 194 ]  Impor-
tantly, the response frequencies are mainly determined by the 
sizes of the metallic periodically spaced slits and limited by 
the Schottky barrier, rather than the bandgap of silicon. As 
shown in the inset of Figure  18 b, the fabricated devices con-
sisted of high-purity Au gratings with different grating periods 
on an n-type silicon wafer with a 2-nm-thick titanium adhe-
sion layer. The responsivity peaks exhibit a linear red-shift 
with increasing interslit distance ( D ) of the gold gate from 
1295 nm to 1635 nm (Figure  18 b). The authors demonstrated 
that this linearity is mainly caused by the surface charge dis-
tribution or mode number on the Au grating. There is no 
doubt that this design concept will open up the possibility of 
fabricating plasmonic sensors with direct electrical readout by 
using these linear tunable wavelength-selective photodetectors. 
Hence, surface plasmons are indeed a fascinating technique 
for fabricating photodetectors with a high response. Moreover, 
there is plenty of room to further explore the advantages of 
plasmonic photodetectors, such as higher integration densi-
ties without consideration of the subwavelength diffraction 
limit, higher-band-width operation by the plasmon-assisted fast 
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 Figure 17.    Single-band enhanced plasmonic photodetection. a) A schematic of 2DHA–QD infrared detector. b) SEM image of the fabricated 2DHA–QD 
IP device. Insert: Higher-magnifi cation SEM image of the 2DHA. The “ d ” is the diameter of the holes. c) Design optimization of 2D HA to improve 
infrared transmission and photoresponse. Inserts: transmission spectra of the 2DHA structures. Reproduced with permission. [ 192 ]  Copyright 2010, 
American Chemical Society.
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transition, and reduced operation energy owing to enhanced 
light–matter interactions, etc. [ 197 ]   

  3.1.2.     High-Performance Optical-Fiber Photodetectors Arising from 
the Pizeo-phototronic Effect 

 In addition to the well-known surface plasmon effect mentioned 
above, fabricating photodetectors by using the piezo-photo-
tronic effect is an alternative avenue to enhance photorespon-
sivity. The piezo-phototronic effect is a result of three-way 
coupling of piezoelectric polarization, semiconductor, and 
photon excitation in piezoelectric semiconductors, which was 
proposed by Wang in 2010. [ 198,199 ]  The piezo-phototronic effect 
in photodetectors is equivalent to applying an additional bias 
voltage by a strain-induced piezo-potential, just like the “gate” in 
a phototransistor tunes/controls the charge-transport behavior. 
A typical example of piezo-phototronic UV–vis photodetec-
tors based on an optical-fi ber–nanowire hybridized structures 
is shown on the right of  Figure    19  a. [ 200 ]  It adopted a ZnO/CdS 
nanowire heterojunction as the active materials of the devices, 
which are synthesized coaxially around an optical fi ber (OF). 
The special OF architecture allows axial illumination with light 
propagating inside the OF with low energy losses. The infl u-
ence of strain on the device in the dark and under the off-axial 
illumination is shown in Figure  19 b–d. Obviously, the current 
is increasing along with the strain under 2 bias voltage without 
any illumination (Figure  19 b), which demonstrates that an 
additional bias voltage could be generated by a strain-induced 
piezopotential. In the following, the relative changes of photore-
sponsivity ( R ) as Δ R / R  0  ( R  0  is the corresponding  R  under strain-
free conditions) at different power density were characterized. 

It can be found in Figure  19 c, Δ R / R  0  increases along with the 
power of the incident light as well as applied external strain, 
and the largest relative change of  R  of 820% was obtained at 
−1.06% strain and a power density of 1.5 × 10 −3  W cm −2 . The 
aforementioned enhancement of photoresponsivity can be 
understood from the band diagram (Figure  19 d). When a 
reverse bias is applied to the strain-free nanowire, an energy 
barrier is formed at the ZnO/CdS heterojunction interface due 
to the upward shift of the ZnO conduction band (Figure  19 d, 
upper). If an external strain were applied, the heterojunction 
interface would suffer from positive piezo-polarization charges, 
which effectively reduces the barrier height by lowering both 
the conduction and valence band of the ZnO nanowire 
(Figure  19 d, lower). Therefore, the electronic-transport process 
is signifi cantly facilitated due to the reduced barrier height. 
Therefore, thanks to the piezo-phototronic effect, the properties 
of the photodetectors are impressive and competitive with other 
reported nanostructure-based visible detectors.    

  3.2.     Special and Multifunctional Photodetectors Based on the 
Hybrid Nano-Building Block 

 In addition to improving the performance of photodetectors 
following the “5S” criteria, researchers have also explored 
many new hybrid building blocks with a wealth of physical 
properties. For instance, taking advantage of metallic and 
superconducting interfaces between insulating oxides has led 
to rewritable nanoscale photodetectors. A multifunctional pro-
grammable memory device is generated by gate-tuneable per-
sistent photoconductivity. Moreover, combining the electronic 
properties of hybrid heterostructures offers the possibility of 
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 Figure 18.    Multiband enhanced plasmonic photodetection by varying the parameters of metallic patterns. a) Photoresponse of several nanoparticle 
patterns. The plots on the left side are the photoresponse dependence of wavelength and those on the right side are SEM images of the nanoparticle 
patterns. Scale bar is 400 nm. b) FDTD (empty circles) and experimental data (fi lled circles) for the responsivity peak position in wavelength showing 
a linear dependence on gate distance (grey dashed line). The images on the right show a representative top-view SEM image of the grating for each 
corresponding responsivity peak. Inset: Schematic of a gold grating on an n-type silicon substrate, with D, W and T labeled. Reproduced with permis-
sion. [ 194 ]  Copyright 2011 Macmillan Publishers Limited. b) Reproduced with permission. [ 196 ]  Copyright 2013, Macmillan Publishers Limited.



422 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

P
R
O

G
R
ES

S
 R

EP
O

R
T

creating photodetectors that can function as gas sensors, and 
optical logic gates, and so on. Hence, we will highlight these 
multifunctional photodetectors in this section. 

  3.2.1.     Rewritable Nanoscale Photodetectors Based on Special 
Nanowire Junctions 

 Nanowires are usually directly fabricated by chemical vapor 
deposition (CVD), hydrothermal methods, or by further pro-
cessing a solid thin fi lm by the focused-ion-beam (FIB), or 

EBL techniques. Interestingly, using the reversible conduc-
tive atomic force microscopy (c-AFM) writing technique, 
Irvin et al. explored a kind of rewritable nanowire. Moreover, 
a rewritable nanoscale photodetector was created based on the 
special nanowire junctions at the interface between LaAlO 3  
and SrTiO 3 . [ 22 ]  The rewritable characteristics are demonstrated 
in  Figure    20  a. First, when a positive voltage is applied on the 
c-AFM tip, conducting nanowires can be created/written 
between the source and drain electrodes. Then, if the tip voltage 
is changed to negative, nanowire junctions (insulating gaps) 
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 Figure 19.    Piezo-phototronic UV–visible photosensing with optical-fi ber–nanowire hybridized structures. a) Schematic illustration of direct integration 
in an optical communications system in a coupler-free manner (left), and the schematic demonstration of the structure of an optical fi ber–nanowire 
hybridized UV/visible photodetector (right). b) A schematic experimental set-up and an strain curve when the top-electrode bias voltage is 2V. c) Rela-
tive changes of photoresponsivity ( R)  of an OF–nanowire hybridized UV PD operating in off-axial illumination mode under a series of power-density 
and external strain conditions, for a top electrode bias voltage of 2 V. The inset shows a corresponding schematic experiment set-up. d) Schematic band 
diagrams of ZnO/CdS heterojunctions without (upper) and with external strain (lower) applied to illustrate the working mechanism of OF–nanowire 
hybridized dual-mode photodetectors. Reproduced with permission. [ 200 ]  Copyright 2015, Wiley-VCH.
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with an extreme nanoscale precision of 2–3 nm can be cre-
ated by “cutting” these nanowires. The negative voltage here 
can locally restore the interface to the insulating state; thus, 
the nanowire is erased. The photoresponse character of a typ-
ical device is presented in Figure  20 b. When the incident laser 
is focused far away from the gap, there is almost no current, 

while when the laser is spatially localized 
near the gap regions, a sharp increase in the 
photocurrent is observed. This photosensi-
tivity is further demonstrated by the scanning 
photocurrent microscopy (SPCM) measure-
ments shown in Figure  20 c; when there is 
no nanowire device written, the SPCM image 
shows a spatially diffuse photocurrent of less 
than 2 pA (Figure  20 b,c, left), but followed 
by writing the nanowire, the SPCM image 
shows a localized photocurrent in the region 
of the junction (Figure  20 b,c, right). These 
electronic nanostructures can be created and 
erased with a high degree of precision and 
they are able to be relocated and reconfi g-
ured. Thus, these devices can be erased and 
possess the feature of rewritability.  

 The characteristic of writability and eras-
ability comes from the controllability of 
the metal–insulator transition between the 
LaAlO 3  and SrTiO 3  interface. This interface 
undergoes an abrupt insulator-to-metal tran-
sition when the number of LaAlO 3  layers 
decreases to a critical point, and the conduct-
ance can be controlled by applying an electric 
fi eld locally using the c-AFM probe. [ 201–203 ]  
In addition, the photoconductive response 
is also electric-fi eld-tunable and spans from 
the visible to the near infrared regime. 
Since the bandgap of SrTiO 3  is too large to 
explain the visible-to-near-infrared photo-
response, the most plausible mechanism 
is that electrons occupying mid-gap states, 
which are associated with oxygen vacancies or 
unintentional doping, can be optically excited 
into the conduction band using sub-bandgap 
light. Therefore, the rewriteable photodetec-
tors presented here bring new functionality 
to oxide nanoelectronics, which will establish 
a sound foundation of integrating photonic 
nanostructures (e.g., nanowires) with elec-
tronic components (e.g., transistors) for sub-
wavelength optical detections.  

  3.2.2.     Multifunctional Photoresponsive Memory 
Devices 

 As mentioned above, to enhance the prop-
erties of graphene photodetectors, sev-
eral TMDC materials with strong optical 
absorption have been explored for inte-
gration with graphene to fabricate hybrid 

photodetectors with large quantum effi ciency. Additionally, 
owing to the unique properties of these hybrid heterostruc-
tures, this offers a greater possibility of creating devices with 
various functionalities as well. For instance, taking advan-
tage of carrier localization in MoS 2  and the gate-tunable 
persistent photoconductivity (PPC), photo detectors based 
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 Figure 20.    Rewriteable visible to near-infrared photodetector. a) Schematic illustrating how 
a c-AFM tip writes a nanowire at the interface between LaAlO 3  and SrTiO 3 . b) Photocurrent 
collected from a drain electrode (D) versus source bias ( V  SD  applied to a source electrode (S)) 
when the laser is focused on the photodetector (closed symbols) and 25 mm away (open sym-
bols). c) SPCM images of an area before any nanostructures are written (left), and a nanowire 
written close to a pair of electrodes (right). Images are 50 µm × 50 µm. Reproduced with per-
mission. [ 22 ]  Copyright 2013, Nature Publishing Group.
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on graphene–MoS 2  binary hybrid structures with addi-
tional optoelectronic functionalities involving electronic 
logic and memory have been explored by Roy and co-workers. [ 23 ]  

 As shown in  Figure    21  a, such a device is constructed by a 
multilayer MoS 2  fl ake (the thickness of the MoS 2  fl ake various 
from 2 to 10 molecular layers) overlaid with single-layer gra-
phene (on the Si/SiO 2  substrate). It is noteworthy that, unlike 
the traditional heterojunction, these graphene–MoS 2  binary 
hybrid structures are a non-invasive physical attachment. 
This architecture not only preserves the high carrier mobility 
in graphene, but also facilitates easy exchange of the charge 
across the interface under the infl uence of an external electric 
fi eld. The trap-free interface between the MoS 2  fl ake and the 
graphene gives rise to PPC, and this persistent state shows 
a nearly relaxation-free nature at a gate voltage of −40 V, and 
remains unchanged over a duration of 12 h, indicating almost 
perfect non-volatile charge retention (Figure  21 b). Therefore, 
owing to the large photoconductive gain, the responsivity of the 
hybrids could reach up to 5 × 10 8  A W –1  at room temperature, 
making them the most sensitive graphene-based photodetec-
tors. In addition, the PPC can be tuned by the gate voltage, and 
memory and electronic logic characteristics are demonstrated 
in Figure  21 c. When the device is illuminated by a pulsed white 
LED ( I  LED  = 10 µA), the magnitude of the residual current ( I  off ) 

is as large as ca. 5% of the pre-illumina-
tion current ( I  0 ) in the strongly hole-doped 
regime and at low temperatures. This pre-
illumination state could be recovered just by 
a gate voltage pulse, which could elevate the 
Fermi energy momentarily to the conduc-
tion threshold of MoS 2  and equilibrate the 
charge distribution. The “light set-voltage 
reset” cycles could be performed over days 
with better than 95% accuracy in recovering 
the persistent state current. The above results 
indicate that, assisted by the graphene-on-
MoS 2  stacking sequence, a new class of pro-
grammable charge-storage photodetectors 
with gigantic photoresponse could be 
realized.   

  3.2.3.     Nanoscale Photodetectors Functioning as 
an “Electronic Nose” 

 As addressed above, nanoscale photodetec-
tors are more and more attractive because of 
their compact size, as well as so many unique 
chemical, physical characteristics. Excep-
tionally, the large surface-to-volume ratio of 
nanostructured materials is especially facile 
for fabricating various gas molecules and gas 
sensors with high performance. For instance, 
high-performance few-layer GaS photo-
detectors with unique photoresponse in dif-
ferent gas environments have been reported, 
moreover, devices that combine photodetec-
tors with gas sensors have been explored 
based on ZnO nanowires, hierarchical Bi 2 S 3 , 

CdS/ZnO core/shell nanowires, graphene, and ZnS nanowire 
arrays, [ 27,204–206 ]  etc. Hence, all these demonstrate that these 
nanostructured materials are ideal building blocks for fabri-
cating photodetectors to function as an “electronic nose”. To 
demonstrate the photoelectric and gas-sensing characteristics 
of these novel multifunctional photodetectors vividly, we illus-
trate two typical samples of these nanodevices in the following. 

 As shown in  Figure    22  , Wang et al. presented a gas sensor 
and photodetector based on ZnS nanowires. [ 206 ]  The device 
(Figure  22 a) was fabricated by an easy and intriguing process. 
Simply, highly aligned nanowires arrays were obtained fi rstly by 
pressing the SiO 2 /Si wafer with nanowires down on weighing 
paper and then pulling the weighing paper in one direction; 
then Ag electrodes were deposited by e-beam evaporation. Sub-
sequently, the photosensitivity of the ZnS nanowires on a SiO 2 /
Si substrate was investigated. The photoresponse switching 
behavior of the ZnS-based photodetector demonstrated that an 
excellent stability (Figure  22 b) and high signal-to-noise ratio 
(photocurrent of a few milliamperes and a low dark current at 
the order of nanoamperes) of the photodetector are desirable 
for its practical application.   

 Then the authors investigated the gas-sensing properties of 
the as-prepared ZnS-nanowire device. Firstly, it was found that 
320 ºC was the optimum operating temperature by changing 

 Figure 21.    Graphene–MoS 2  hybrid structures for multifunctional photoresponsive memory 
devices. a) Schematic illustration of device architecture of a typical device. b) Persistent state 
over a long timescale (ca. 12 h) at a gate voltage of −40 V. c) Evolution of the switching effect 
as a function of  V  g . For all traces,  I  LED  = 10 µA,  T  = 110 K. Reproduced with permission. [ 23 ]  
Copyright 2013, Nature Publishing Group.
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the operating temperature. Therefore further examination of 
the gas-sensing characteristics of the device was carried out at 
this temperature. The response to ethanol and other kinds of 
gases (acetone, methanol, methylbenzene, formaldehyde, and 
ammonia) are shown in Figure  22 c,d. Both demonstrate that 
ZnS-nanowire-based photodetectors are indeed a promising 
candidate for detecting gas with high selectivity. 

 Aside from single 1D nanostructured materials with versa-
tile properties, heterostructured nanowires consisting of two 
important functional materials are alternative building blocks 
for developing multifunctional photodetectors with high per-
formance. Herein, we describe nano-photodetectors and gas 
sensors based on heterojunctions, which exhibit a lower hole–
electron recombination rate and operating temperature, higher 
photocurrent and sensitivity, and better selectivity compared 
with nanodevices constructed from single materials. A sche-
matic diagram of CdS/ZnO core/shell-nanowire multifunc-
tional photodetectors presented by Yang et al. [ 27 ]  is shown in 
 Figure    23  a. From the  I–V  characteristics and the photosensi-
tivities of the photodetector measured under different condi-
tions (Figure  23 b,c), it can be found that the photoresponse 
to 367 nm light illumination is higher than that at 468 nm in 
these CdS/ZnO core/shell nanowires, and the photocurrent of 
the photodetector based on the CdS/ZnO core/shell nanowires 
is much larger than that of photodetectors based on a mixture 

of ZnO and CdS nanowires (Figure  23 d). This is ascribed to 
the additional photoinduced electrons and effective inhibition 
of the recombination of photogenerated carriers in the core/
shell heterojunction structure. To evaluate the advantageous 
gas-sensing properties of the multifunctional photodetector, 
the response of NO 2  gas under 468 nm light illumination of 
sensors based on CdS/ZnO core/shell-nanowires and a mix-
ture of CdS and ZnO nanowires were investigated. One can 
see that the sensor based on the CdS/ZnO core/shell nano-
wires exhibits excellent gas-sensing properties, where the resist-
ance could be changed quickly with the concentration of NO 2  
gas (Figure  23 e). It can also be found that the photoresponse 
of the present photodetector based on the CdS/ZnO core/
shell nanowires is much better than that of the photodetector 
based on the CdS and ZnO nanowire mixture (Figure  23 f). All 
these experimental results indicated the superiority of the core/
shell structure in photodetection, as well as the optoelectronic 
sensing of hazardous gases.   

  3.2.4.     Photodetectors as a Key Element of Optical Logic Gates 

 Similar to the transistors in logic integrated circuits, [ 207 ]  photo-
detectors with the ability to transform light into electrical sig-
nals can also function as a key element of optical logic gates. 

 Figure 22.    A gas sensor and photodetector based on ZnS nanowires. a) The photodetector based on ZnS nanowires. b) Conductance response of the 
device under 254 nm and 365 nm UV-light illumination for the light-on and light-off states. c) Dynamic response–recovery curves of the ethanol gas 
sensor toward volatile organic compounds at a series of concentrations. d) Sensing response of the gas sensors to different gases with a concentration 
of 100 ppm. Reproduced with permission. [ 206 ]  Copyright 2012, Royal Society of Chemistry.
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To realize the similar “AND”, “OR”, and “NOT” logic functions, 
the illumination serves as the input, and the response of the 
photodetector in terms of photocurrent or photovoltage can be 
modulated to function as an electrical output with desired elec-
trical circuit. Thus, exploring novel logic gates taking advantage 
of various functional photodetectors is attracting more and 
more attention. 

 As depicted in  Figure    24  a, the confi guration of the inte-
grated circuit is an optical “AND” logic gate that is constructed 
by combining a ZnO/GaN p–n junction UV detector with a 
CdSe nanowire detector. [ 28 ]  As shown in Figure  24 b, the ZnO/
GaN junction exhibits obvious rectifi cation characteristics under 
dark conditions (square data points). In addition, it had excel-

lent photovoltaic properties under the excitation by a 325 nm 
He–Cd laser (380 µW µm −2 ): the short-circuit current could 
reach about 2 µA, while the dark current is below 1 pA at zero-
voltage bias, indicating the device is a self-powered UV detector 
with an on–off ratio larger than 10 6 . Therefore, integrating the 
ZnO/GaN junction with a CdSe (bandgap: ca. 1.75 eV) nanowire 
photoconductor, a selective multi-wavelength photodetector, as 
well as a typical optical logic gate can be achieved. As shown in 
Figure  24 c, only when both the CdSe-nanowire photoconductor 
and the ZnO/GaN junction are illuminated, the photocurrent of 
this hybrid system could reach a high value (1.5 nA); otherwise, 
when either irradiation (UV light incident on the ZnO/GaN junc-
tion or red light on the CdSe nanowire device) is tuned off, the 

 Figure 23.    Multifunctional photodetectors based on CdS/ZnO core/shell nanowires. a) Schematic diagram of a photodetector constructed from 
CdS/ZnO core/shell nanowires. b)  I–V  characteristics of CdS/ZnO core/shell nanowire-based photodetector in the dark and illuminated with 367 nm 
(0.68 mW cm −2 ), 468 nm monochromatic light (0.68 mW cm −2 ). c) Photosensitivity calculated according to the  I–V  characteristics of the photodetector 
illuminated at 367 and 468 nm. d) Time-dependent photoresponse of the photodetectors based on CdS/ZnO core/shell nanowires and the mixture of 
CdS and ZnO nanowire mixtures measured by periodically turning on and off a 468 nm light (0.68 mW cm −2 ) at a bias of 4 V. e) Plot of response versus 
time for a sensor based on CdS/ZnO core/shell nanowires upon exposure to NO 2  gas with concentrations ranging from 5 to 1000 ppb at room tempera-
ture (under illumination of 468 nm monochromatic light, 0.68 mW cm −2 ). f) Comparison of normalized response versus NO 2  concentration of the sen-
sors based on CdS/ZnO core/shell nanowires and the mixture of CdS and ZnO nanowires. Reproduced with permission. [ 27 ]  Copyright 2014, Wiley-VCH.
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electrical output is at a low level (picoamperes). It is noteworthy 
that the relationship between the on/off light and the output 
photocurrent of the multi-wavelength photo detector allows it to 
work as an “AND” photoelectronic logic gate. To demonstrate 
this vividly, its schematic diagram and truth table are shown in 
Figure  24 d. As a matter of fact, taking Figure  24 a and Figure  24 c 
together, it is easy to discover the physical mechanism behind 
this fascinating photoelectronic gate. In essence, it is series 
circuit consisting of a photovoltaic photodetector and a photo-
conductive photodetector. Therefore, inspired by this work, the 
ability to integrate present photodetectors will offer additional 
opportunities to create devices with various functionalities.  

 In addition to the "AND" gate mentioned above, Wang et 
al. proposed another structured optical logic gate that is based 
on a symmetrical Ag–nonpolar  a -axial GaN nanowire–Ag 
Schottky barrier UV detector. [ 208 ]  The as-prepared photode-
tector possessed a superhigh sensitivity up to 10 4  A W −1  and 
a fast response time less than 26 ms, which made it suitable 
for converting optical signals to electrical signals in real time. 
Then, two GaN-nanowire photodetectors were assembled 
in series and in parallel as an optical “AND” and “OR” gate, 
respectively. In addition, a kind of “NOT” gate (optical inverter) 
constructed via two complementary photoconductors based 
on porphyrin-coated silicon nanowires (SiNWs) [ 209 ]  was pro-
posed by Choi et al. The inverter was available by assembling 
a porphyrin-coated n-SiNW and p-SiNW in series, with one 
end of the n-SiNW in contact with the power supply and one 
end of the p-SiNW grounded. The input was illumination of 

white light and the output was the voltage value at the connec-
tion of the n-SiNW and p-SiNW. The photoconductance of the 
porphyrin-coated SiNWs was controlled by the photoinduced 
charge transfer from a porphyrin bound to the surface of a 
SiNW, which resulted in a decrease in conductance of n-SiNW, 
while an increase in p-SiNW when under illumination. In this 
work, the n- and p-SiNWs were doped at relatively high and 
low concentrations, respectively, which resulted in more than 
1000 times higher conductance for n-SiNWs than p-SiNWs in 
the dark condition (the optical input was 0), so the output was 
a high voltage (the electrical output was 1). When under white 
light (optical input was 1), the photoconductance decreased for 
n-SiNWs and increased for p-SiNWs, leading to a low output 
voltage (electrical output was 0). Therefore, an excellent optical 
inverter (“NOT” gate) was realized. 

 Although logic gates based on nanostructured materials have 
demonstrated outstanding performance, including ZnO, [ 210,211 ]  
CdS, [ 212,213 ]  Si [ 214 ]  and MoS 2 , [ 215 ]  only a few reports have focused 
on optical logic gates. [ 28–209 ]  Nanoscale optical logic gates are 
promising to play an important role in the integration of nano-
photonics and electronics, which may have a wide range of 
applications including communication, interconnections, and 
computing, to novel diagnostics. [ 209 ]  Photodetectors, especially 
those with a fast response and high on–off ratio, are natural 
candidates for optical logic gates. As reviewed above, the con-
fi gurations and working principles of optical logic gates using 
photodetectors based on nanostructured materials as the core 
component can be quite different, which ensures the fl exibility 

 Figure 24.    Optical AND logic gate constructed by combining a ZnO/GaN p–n junction UV detector with a CdSe nanowire detector. a) Schematic pic-
ture of the integrated photodetectors. b)  I–V  curves of the ZnO/GaN heterojunction in the dark (square plot) and under UV irradiation (circular plot). 
c) Current–time curve of the CdSe-nanowire device powered by the ZnO/GaN p–n junction with varying illumination conditions (UV and red light were 
incident on the heterojunction and the CdSe nanowire respectively). d) Left: the schematics of the optical AND Gate. Right: the truth table for the AND 
Gate. Reproduced with permission. [ 28 ]  Copyright 2011, Wiley-VCH.
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  Table 2.    Recent progress in some nanostructured photodetectors in the last fi ve years.  

Band Device structure Fabrication method Dark current  Detectivity:  D *   
 [cm Hz 1/2  W –1 ] 

Responsivity EQE/Gain Response 
time

Year Ref.

UV Nb 2 O 5  nanobelt Hydrothermal and 

proton exchange

10.6 pA/1 V – 15.2 A W −1 

(1 V, 320 nm; 0.91 mW cm −2 )

6070% – 2011  [131] 

 ZnS/ZnO nanobelt Thermal evaporation 3.3 µA/5 V – 5.0 × 10 5  A W −1 

(5 V, 320 nm; 0.91 mW cm −2 )

7.4 × 10 8 % 

(at 5.0 V)

1.5s 2012  [137] 

 K 2 NbO 21  nanowires A facile molten 

method

1.2 pA/5 V – 2.53 A W −1  

(5 V, 320 nm; 0.12 mW cm −2 )

9.82 <0.3s 2014  [128] 

 AlN micro-/nanowire PVT <100 Fa/20 V – 0.39 A W −1 

(50 V, 190 nm)

254% <0.3s 2015  [216] 

 ZnO–Ga 2 O 3 CVD 0.535 nA/−6V 9.91 × 10 14 1.3 × 10 3  A W −1 2.5 × 10 6 % 815 µs 2015  [34] 

 core–shell microwire    (−6 V, 254 nm; 

1.67 mW cm −2 )

    

 SnO 2  microrod CVD 13 µA/1 V 1.5 × 10 9 3 × 10 8  A W −1 

(2 V, 250 nm; 0.03 µW cm −2 )

1.5 × 10 9 <1s 2015  [184] 

Visible V 2 O 5  nanowire 

resistor

Hydrothermal 

method

12.5 nA/1 V – 482 A W −1 

(1 V, 450 nm; 2.8 mW cm −2 )

1328 – 2010  [53] 

 CdSe nanobelt based 

MESFET

CVD – – 1400 A W −1 

( V  GS  = −1 V,  V  DS  = 1 V, 

633 nm; 

300 mW cm −1 )

2700 35/60 s 2012  [64] 

 ZnTe/CdSe NR het-

erojunction diode

Co-thermal evapora-

tion method
1.3 nA/−2 V – 39 A W −1 

(−2 V, white light; 

0.35 mW cm −2 )

102.9 37/118 s 2014  [141] 

 Biaxial CdS/CdSe/

CdS nanobelt resistor

Thermal evapora-

tion method

0.07 pA/5 V – 642 A W −1 

(5V, 500 nm; 2.81 mW cm −2 )

2560 – 2015  [138] 

 SiNW array/

CQD core–shell 

heterojunction

Chemical etching 

and electrochemical 

etching method

– 3.79 × 10 9 0.353 A W −1 

(0 V, 600 nm; 100 mW cm −2 )

0.693 20/40 s 2014  [217] 

Broad-band 

IR

Monolayer graphene 

quantum dots

Micromechanical 

exfoliation and 

etching

– 1.8 × 10 −15  at 

 V  ds  = 8 V and 

 V  gate  = −70 V

8.61 A W −1 

(0.1 V, 532 nm)

– Tens of 

seconds

2013  [96] 

 MoS 2 Micromechanical 

cleavage

– – 880 A W −1 

(0.1 V, 561 nm; 

ca. 2.38 mW cm −2 )

– 4s/9s at 

 V  ds  = 8 V and 

 V  gate  = −70 V

2013  [108] 

  Few-layered InSe Mechanically 

exfoliated 

– 2.26 × 10 12  12.3 A W −1 

( V  g  = 0,  V  ds  = 10 V, 450 nm)

157 A W −1 

( V  g  = 10,  V  ds  = 70 V, 633 nm)

3389% at 

450 nm

30755% at 

633 nm

ca. 50 ms 2014  [103]  

 In 2 Se 3  nanosheets Micromechanical 

exfoliation

– – 395 A W −1 

(5 V, 300 nm)

1.63 × 10 5 % 180 ms 2014  [106] 

 GaTe Mechanically 

exfoliated

– 10 12 −10 13 10 4  A W −1 

(5 V, 532 nm; <30 nW cm −2 )

– 6 ms 2014  [65] 

  GaS Mechanical

cleavage

– 2.1 × 10 11  J

 

19.2 A W −1 

(2V, 254 nm)

9371% <30 ms 2013  [104]  

 Bi 2 S 3 Solvothermal process – – 4.4 A W −1 

(0.5 V, 632.8 nm, 

1.6 mW cm −2 )

860% ca. 10/350 µs 2015  [218] 
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for rational design and facile fabrication processes of this kind 
of device. It can be inferred that optical logic gates have the 
potential to open up new research areas and create new pos-
sibilities for the fabrication of special functional and multifunc-
tional photodetectors.    

  4.     Conclusion and Outlook 

 As appealing platforms, nanostructured materials with a 
number of intriguing and excellent photoelectric properties 
have established themselves as versatile building blocks in 
terms of interconnects and functional units for novel photode-
tectors. Moreover, it is expected that they will play an important 
role in improving the performance and extending the function 
of traditional photodetectors. To describe the developing trend 
in this fl ourishing area vividly, examples of typical nanoscale 
photodetectors, covering the UV to THz frequency ranges, 
developed over the past 5 years are summarized herein. As 
shown in  Table    2  , in addition to sophisticated nanofabrication 
techniques such as FIB and EBL, the majority of nanostruc-
tured materials can be fabricated directly by a host of powerful 
low-cost approaches involving hydrothermal/solvothermal reac-
tions, CVD, and solution-based self-assembly, etc. Benefi ting 
from the large surface-to-volume ratios and small size com-
parable to the Debye length of the aforementioned materials, 
a variety of prototype photodetectors have been explored with 
excellent photoelectronic properties. A continuous progres-
sion of their performance is witnessed by improving the shape, 
and the geometry of the desired nanostructured materials. 
However, with regard to the overall perspective, the study of 
nanoscale photodetectors is still at its preliminary stage. To take 
full advantage of nanoscale materials’ unique photoelectronic 
properties for practical applications, studies of many issues 
need to be urgently intensifi ed.  

 In view of the basic scientifi c research and potential tech-
nological applications, a roadmap for further development of 
nanoscale photodetectors is described as follows. Firstly, the 

ability to control nanostructured materials precisely is essential 
for high-performance nanodevices. Strategies that are facile, 
low-cost, highly reliable, and repeatable for fabricating the 
versatile nanostructured materials used in nanoscale photo-
detectors should be developed. Secondly, research focusing on 
modifying the properties of existing devices by doping, surface 
treatment, and designing distinct functional structures (optical 
microcavities, photonic crystals, etc.) are needed. Thirdly, from 
the perspective of practical applications, developing commonly 
applicable methods for scaling up the yield of nanostructured 
materials (isolate or grow) with good alignment and uniform 
distribution is critical for fabricating devices with high per-
formance. Additionally, designing a suitable architecture of 
novel photoelectronic components compatible with traditional 
photodetectors is an appalling avenue to bring the nanostruc-
tured materials out of the lab for increasing the integration of 
the present devices. 

 Although many riddles need to be solved, behind this bur-
geoning fi eld, it is no doubt that the combination of well-
studied materials and established device fabrication tech-
nologies will lead to more and more exciting discoveries in 
the further development of photodetectors. In view of the 
complexity of researching and developing nanoscale photo-
detectors, research tools from different disciplines including 
physics, chemistry, materials science, and microelectronics 
need to be pulled together to solve these problems. Of course, 
challenges mean opportunities as well, the entirely new era of 
photodetection is beckoning us on, and we do hope this review 
will inspire an increasing number of researchers and engineers 
to join this game.  
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Band Device structure Fabrication method Dark current  Detectivity:  D *   
 [cm Hz 1/2  W –1 ] 

Responsivity EQE/Gain Response 
time

Year Ref.

THz Graphene Mechanical 

exfoliation

30 nA – 100 mV W −1 

(2V, THz)

– – 2012  [219] 

 p–n junction fi lm 

of aligned carbon 

nanotubes

Chemical vapor 

deposition

20 nA – 2.5 V W −1 

(1 mV, 3.11 THz, 

ca. 150 mW, 2.4 V W −1 

(1 mV, 2.52 THz, 

ca. 150 mW)

1.7 V W −1 

(1 mV,1.39 THz, 

ca. 150 mW)

– – 2014  [143] 

 PbS QDs/graphene Mechanical 

exfoliation/deposi-

tion from solution

– 7 × 10 13 5 × 10 7  A W −1 

(1V, 532 nm, 1.7 pW)

– ca. 10–20 ms 2012  [177] 

 GQD Modifi ed mummers 

method

ca. 10 µA 2.4 × 10 11 0.5 A W −1 

(5.5 V, 800 nm)

– 2–30 µs 2014  [171] 

Table 2. Continued.
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