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 Low-dimensional (LD) nanostructures are ideal systems for constructing 
high-performance photodetectors due to their tailored geometries, high 
surface-area-to-volume ratios and rationally designed surfaces. This article 
provides a brief summary about recent progress on LD nanostructures based 
visible-light-blind ultraviolet photodetectors. The current challenges and an 
outlook on the future developments of this research fi eld are summarized and 
highlighted. 
  1. Introduction 

 Ultraviolet (UV) light is part of the electromagnetic radiation 
spectrum; its spectral range starts from the visible (400 nm; 
ca. 3.1 eV) and reaches the X-ray spectral low energy fron-
tier (10 nm; ca. 124 eV). The UV radiation emitted from the 
sun can be divided into four spectral regions. The longest 
wavelength—the UV-A band (ca. 320–400 nm)—can reach 
the earth’s surface. The UV-B band (ca. 280–320 nm) light is 
absorbed by the molecules in sunscreens, so that human skin 
can be decently protected. The UV-C band (ca. 200–280 nm) 
light is completely absorbed by the earth ’s atmosphere and 
does not reach the ground. The far UV spectrum—located in 
the range 10–200 nm—needs a high level of vacuum to prop-
agate, and for that reason is very commonly called “vacuum 
UV” (VUV). 98.7% of the UV radiation that reaches the earth’s 
surface is UV-A. [  1  ]  Much research has shown that UV-A light 
may cause skin cancer. Therefore, the development of novel 
effective UV photodetectors (PDs) that exhibit high UV-A band 
sensitivity but are blind towards standard visible radiation is 
of great importance. Meantime, visible-blind deep-ultravi-
olet (DUV) PDs have vast potential applications in the fi elds 
of solar astronomy, missile plume detection, space-to-space 
transmission, fi re alarms, and combustion monitoring, [  2–4  ]  
since their operating spectral range (220–280 nm) avoids inter-
ference from solar radiation. [  2  ]  The ideal PD for such applica-
tions is generally designed to display a high responsivity, a 
good linearity of the photocurrent as a function of the incident 
optical power, a low noise level, and good visible rejection (i.e., 
high spectral selectivity). A short response time can also be of 
great importance in applications where a real-time fast signal 
treatment is necessary. Narrow bandgap semiconductors, such 
as silicon and some III–V compounds (GaP, GaAsP) having 
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bandgaps typically located in the infrared 
(Si) or in the visible red (GaAsP), were 
fi rst considered to perform UV detection; 
however, the insertion of costly high-pass 
optical fi lters and phosphors is necessary 
in such applications in order to tune the 
photodetecting system to the appropriate 
spectral range and prevent degradation 
of devices on exposure to UV light with 
energies much higher than the semi-
conductor bandgap. Moreover, for high-
sensitivity application, these devices need to be cooled to 
reduce the dark current. 

 Recently, the use of low-dimensional (LD) wide-bandgap 
inorganic semiconductor nanostructures materials with tai-
lored geometry as building blocks for visible-blind UV PDs 
has attracted intense attention. The electrical integration of 
synthesized LD nanostructures has been achieved with lithog-
raphy and optical integration, which promises high speeds 
and greater device versatility. [  5  ]  LD nanostructures can be 
divided into zero-dimensional (0D, when they are uniform), 
1D (when they are elongated), and 2D (when they are planar), 
based on their shapes and morphologies. [  1  ]  These wide-
bandgap semiconductor nanostructures, such as quantum 
dots, nanotubes, nanowires, nanorods, nanobelts/nanorib-
bons, nanocables, core/shell structures, nanostructure arrays, 
epitaxial fi lm, heterostructures, and so forth, are expected to 
play key roles in visible-blind UV PDs. Compared with UV 
PDs based on traditional thin-fi lm and bulk materials, UV 
PDs based on LD semiconductor nanostructures usually 
have an advantage of higher responsivity and photoconduc-
tivity gain because of their high surface-area-to-volume ratios 
(SVRs) and the reduced dimension of the effective conduc-
tive channel. [  6–8  ]  Generally, a large SVR can signifi cantly 
increase the number of surface trap states and prolong the 
photocarrier lifetime, and the reduced dimensionality can 
confi ne the active area of the charge carrier and shorten the 
transit time. [  9  ]  For fabrication of visible-blind UV PDs, many 
wide-bandgap materials—including nitride compounds (e.g., 
GaN) and metal oxides (e.g., ZnO-based materials)—having 
bandgap values are larger than about 3.30 eV are suitable 
for the building blocks of visible-blind UV PDs; [  10–29  ]  fur-
thermore, various device structures—such as photoconduc-
tive, Schottky barrier, p–n (or p–i–n), and metal–semicon-
ductor–metal (MSM)—have been adopted for preparing UV 
PDs. [  30–44  ]  In particular, for the PDs having MSM structures, 
two kinds of devices have been demonstrated: Schottky-con-
tact-based photovoltaic or ohmic-contact-based photoconduc-
tive devices; compared to photovoltaic detectors, it is usually 
easier to achieve higher gain with photoconductive ones, 
while they show slow response times because of possible per-
sistent photoconductivity effects. [  45  ]  
m 5321wileyonlinelibrary.com
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  This article provides a brief summary of the state-of-the-art 

research activities that focus on wide-bandgap semiconductor 
nanostructure-based visible-blind UV PDs. We begin by intro-
ducing the methods for the fabrication of UV PD devices, then 
discuss the recent efforts and great development in the per-
formance and applications of LD nanostructure-based UV PD 
devices, and fi nally propose the possible challenges and oppor-
tunities that researchers in this fi eld are facing.   

 2. Low-Dimensional Nanostructure UV PDs 

 In general, UV PDs are fabricated by two processes: the syn-
thesization of semiconductor nanostructures and the construc-
tion of nanostructure-based devices. During the past decade, 
many methodologies have been developed to synthesize inor-
ganic semiconductor nanostructures. [  46–49  ]  They are commonly 
placed into two categories, namely, the bottom-up approach in 
which the functional structures are assembled from individual 
atoms and molecules, and the top-down approach that relies 
on dimensional reduction by a combination of lithography, 
etching, and deposition to form functional devices and their 
integrated systems. [  50  ]  Although both approaches have been 
exceedingly successful for making inorganic semiconductor 
nanostructures with different advantages and disadvantages, 
currently most inorganic semiconductor nanostructure-based 
nanodevices are fabricated via the facile combination of both 
strategies. Up to now, template-assisted growth, epitaxial 
growth, homoepitaxial growth, heteroepitaxial growth, conver-
sion from other nanostructures, thermal evaporation, evapora-
tion–condensation, plasma-assisted metal–organic chemical 
vapor deposition (MOCVD), vapor–liquid–solid (VLS) and 
vapor–solid (VS) processes, and hydrothermal/solvothermal 
reaction and subsequent heat-treatment processes have been 
successfully developed to synthesize semiconductor nanostruc-
tures. When semiconductor nanostructures are synthesized, 
the electrodes are subsequently deposited on the as-fabricated 
nanostructures on a prepared substrate by using optical lithog-
raphy with the assistance of a pre-designed mask and electron 
beam deposition.  

 2.1. 2D Nanostructures 

 Developments in epitaxial fi lm growth technology have led to 
the realization of visible-blind PDs operating in the UV spectral 
region. Because of a concern of skin cancer, a type of effective 
visible-blind UV-A PDs are emerging. Typically, ZnO, an envi-
ronmentally friendly semiconductor with a room-temperature 
band gap of 3.37 eV, is an excellent candidate for UV detection 
because of its various synthetic methods, diverse processing 
technologies, radiation hardness, high temperature resist-
ance, low growth cost, and vast potential for modulation of its 
bandgap through doping techniques. [  42–44  ]  By growing high-
quality ZnO epitaxial fi lms on sapphire substrates, fabricated 
Schottky UV-A PDs exhibit fast response speed (microsecond 
scale). [  51  ]  On the other hand, solar-blind DUV PDs based on 
wide-bandgap semiconductor fi lms, such as AlGaN, ZnMgO, 
diamond, LaAlO 3 , MgZnS, and  β -Ga 2 O 3  have been investigated 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
and show the possibility of developing DUV PDs with intrinsic 
’visible-blindness’ and enabling room-temperature opera-
tion. [  40–44  ,  52–54  ]  For visible-blind DUV PDs, the cutoff working 
wavelength should be lower than 280 nm, corresponding to 
a bandgap wider than 4.4 eV. Currently, diamond (ca. 5.5 eV) 
DUV PDs are commercially available. [  55  ]  Diamond fi lm-based 
UV PDs most commonly refer to microwave plasma assisted-
CVD-grown polycrystalline diamond photoconductors, which 
exhibit a discrimination ratio up to 10 8  between 210 nm and 
visible light, and a short time response typically lying in the 
nanosecond range. [  40  ]  In recent years, the bandgap modulation 
of ZnO fi lms by alloying with a wider bandgap semiconductor 
MgO (7.8 eV) has been widely investigated. [  42–44  ]  A Schottky-
type MSM visible-blind UV PD fabricated on high-quality 
wurtzite Mg 0.55 Zn 0.45 O epitaxial fi lm, [  44  ]  showed a responsivity 
peak of 22 mA W  −  1  under 130 V bias. A sharp cutoff was rec-
ognized at a wavelength of 270 nm, and a temporal response 
measurement indicates a fast decay time of less than 500 ns. 

 However, although some signifi cant improvements have 
been recently achieved in the fi eld, the development of this spe-
cial range of PDs has been somehow hindered. Achieving high 
crystal quality of superconductor thin fi lm is still challenging 
because of the lack of high-quality and low-cost substrates for 
lattice-matched growth. Most semiconductor epitaxial fi lms 
deposited by metal–organic chemical vapor (MOCVD) deposi-
tion, pulsed laser deposition (PLD), or radio-frequency sput-
tering (RFS) have a large density of dislocations and grain 
boundaries. Transport and UV photoconduction in these poly-
crystalline semiconductor fi lms depends sensitively on stoichi-
ometry and trap densities. A slow response time of many UV 
PDs based on polycrystalline semiconductor epitaxial fi lms, 
ranging from a few minutes to several hours, is commonly 
observed. [  56  ,  57  ]  Therefore, the development of epitaxial fi lm-
based UV PDs needs a further breakthrough addressing these 
technical diffi culties.   

 2.2. 1D Nanostructures 

 1D semiconductor nanostructures, such as nanowires, 
nanorods, and nanobelts, are attractive building blocks for a 
new generation of high sensitivity and selectivity UV PDs pri-
marily because of their high SVRs and diverse functions as 
both device elements and interconnects. Some important wide-
bandgap semiconductors, including ZnO, ZnS, Nb 2 O 5 , SnO 2 , 
etc, are potential candidate materials for applications in 1D 
nanostructure-based UV-A PDs. [  7  ,  11  ,  30  ,  32  ,  35  ]  We tabulate repre-
sentative results on the properties of 1D nanostructure-based 
UV PDs reported so far, along with a brief description of the 
corresponding device continuations, detection wavelengths, 
and PD performance ( Table    1  ). As summarized in Table  1 , tre-
mendous progress has already been made in the fabrication of 
1D nanostructure-based UV PDs. In particular, ZnO nanowires 
produced by CVD technology have been investigated by several 
groups for UV PD applications. [  11–18  ]  Their results show that, 
for a range of different synthesis conditions and device pro-
cessing, the conductivities of ZnO nanowires are sensitive to 
UV light exposure. Despite the widespread research into 1D 
ZnO nanostructure-based UV PDs, their performances are 
mbH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 5321–5328
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   Table  1.     LD nanostructure-based UV PDs. 

Photodetector UV light Bias Dark current Photocurrent Rise time Decay time Ref.

ZnO nanowire 390 nm 5 V 1 – 10 nA 100  μ A — —  [  11  ] 

ZnO nanowire 365 nm 0 – 5 V ca. 1 pA ca. 250 nA  <  1 s  < 1 s  [  12  ] 

ZnO nanowire 325 nm 5 V ca. 15 pA 0.28 nA 43.7 s —  [  13  ] 

ZnO microtube 365 nm 5 V 1.5  μ A 0.135 mA (air) 5.9 s 638 s  [  14  ] 

ZnO nanowire 365 nm 1 V 0.04 nA 60 nA 0.6 s 6 s  [  15  ] 

ZnO nanowire array 370 nm 5 V 70  μ A 100  μ A 0.4 ms —  [  16  ] 

ZnO nanorod 325 nm 2 V 1 nA 22 nA 3.7 s 63.6 s  [  17  ] 

ZnO nanorod 254 nm 0.2 V ca. 2 nA 2.4  μ A — 30 min  [  18  ] 

ZnO nanowire 365 nm 2 V 2  μ A 15  μ A 45 s 55 s  [  19  ] 

ZnS nanobelt 320 nm 5 V  <  1 pA 1 pA  < 0.3 s  < 0.3 s  [  7  ] 

ZnS nanobelt array 320 nm 5 V ca. 3 pA ca. 2 nA 2.57 ms 1.99 ms  [  35  ] 

SnO 2  nanobelt 254 nm –5 V 0.4 nA 80  μ A (air) — —  [  20  ] 

SnO 2  nanowire 325 nm 0.1 V 30 nA 210 nA (air) — —  [  21  ] 

SnO 2  nanowire array 365 nm 12 V 77  μ A 130  μ A — —  [  22  ] 

SnO 2  nanowire 320 nm 1 V 19.4 nA 2.1  μ A — —  [  32  ] 

ZnO-functional SnO 2  nanowire 365 nm 5 V 200 nA 300 nA — —  [  23  ] 

Nb 2 O 5  nanobelt 320 nm 1 V ca. 10.6 pA ca. 100 pA — —  [  30  ] 

In 2 Ge 2 O 7  nanobelt 230 nm 5 V — ca. 19 nA  <  3 ms  < 3 ms  [  36  ] 

 β -Ga 2 O 3  nanowire 254 nm 8 V 15 pA 10 nA 0.22 s 0.09 s  [  24  ] 

In 2 O 3  nanowire 254 nm 0.3 V — 290 nA 10 s —  [  25  ] 

CeO 2  nanowire fi lm 254 nm 5 V 0.25 pA 0.44 nA (H 2 O) 2 s —  [  26  ] 

ZnSnO 3  nanowire UV 3 V 0.3 nA 162 nA 20 s —  [  27  ] 

ZnGa 2 O 4  nanowire 254 nm 30 V 8.5 pA 1 nA — —  [  28  ] 

Colloidal ZnO nanoparticles 370 nm 120 V 0.2 nA 5.5 μ A 1.3 s 2 min  [  37  ] 

ZnO nanoparticles fi lm 350 nm 5.0 V 50 nA 2.6  μ A 467  μ s 940  μ s  [  34  ] 

SnO 2 -coated ZnO nanowire 325 nm 0.8 V ca. 31 nA ca. 140 nA 1.5 s ca. 25.6 s  [  29  ] 

ZnS/ZnO nanobelt (Device I) 320 nm 5.0 V 0.67  μ A 4.64  μ A  < 0.3 s 1.7 s  [  31  ] 

ZnS/ZnO nanobelt (Device II) 320 nm 5.0 V 3.03  μ A 17.76  μ A  < 0.3 s 1.5 s  [  31  ] 

ZnS/ZnO nanofi lm (Device I) 370 nm 5.0 V 15.1 nA 18.0  μ A — —  [  33  ] 

ZnO/ZnS nanofi lm (Device II) 370 nm 5.0 V 15.1 nA 2.94  μ A — —  [  33  ] 

ZnO quantum dot/graphene 365 nm 3.0 V ca. 0.72 mA ca. 10 mA 50 s 1 s  [  38  ] 

P 3 HT:ZnO nanocomposite 360 nm –9.0 V 6.8 nA ca. 70 mA 25 μ s 558  μ s  [  39  ] 

Self-powered UV PD (I) UV 0 V  <  1 pA ca. 1  μ A 30 ms 50 ms  [  59  ] 

Self-powered UV PD (II) 325 nm 0 V  <  1 pA ca. 2  μ A ca. 20  μ s ca. 219  μ s  [  61  ] 
strongly limited by inherent defects, such as oxygen vacancies 
and zinc interstitials, and absorption–desorption processes 
at the surface. For practical application, their current intensi-
ties and stabilities are far from satisfactory and need to be 
improved.  

 ZnS, an alternative semiconductor with wide bandgaps 
of 3.72 and 3.77 eV for cubic zinc blend (ZB) and hexagonal 
wurtzite (WZ) forms, respectively, has a higher potential as a 
UV detector in this UV-A band. [  7  ,  35  ]  The individual ZnS nano-
belt-based UV PD is extremely sensitive to UV light exposure 
and exbits a high on-off ratio ( Figure    1  a), but the photocur-
rent is unstable and the intensity needs to be improved (Figure 
 1 b). [  7  ]  A pre-designed patterned substrate was used to fabricate 
© 2013 WILEY-VCH Verlag GAdv. Mater. 2013, 25, 5321–5328
a horizontal ZnS-nanobelt array-based UV PD made of multiple 
ZnS nanobelts (Figure  1 c). [  7  ]  In contrast, the corresponding 
photocurrent intensity of the modifi ed UV PD upon 320 nm 
light illumination is enhanced about 20 times and the photo-
current stability is also improved signifi cantly (Figure  1 d). Fur-
thermore, an alternative approach is the direct integration of 1D 
ZnS nanobelts into a thin-fi lm-like UV PD (Figure  1 e), which 
possess ultrafast response speed, low dark current, high ratios 
of photocurrent immediate decay and photocurrent/dark cur-
rent, and good stability (Figure  1 f). [  35  ]  Additionally, some types 
of semiconductor material, such as In 2 GeO 7 ,  β -Ga 2 O 3 , and 
ZnGa 2 O 4 , [  24  ,  28  ,  36  ]  have also been used to fabricate 1D nanostruc-
ture-based DUV PDs due to great technogical interest in the 
5323wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  1 .     ZnS nanostructures-based visible-blind UV-light PDs and the corresponding time responses of the PDs under 320 nm light illumination 
measured by a current meter under and without UV light: a and b) individual ZnS nanobelt-based sensors; c and d) multiple ZnS-nanobelts; and, 
e and f) microscale ZnS nanobelt–based sensors (horizontal nanobelt array-based sensors). [  7  ,  35  ]   
development of luminescence, vacuum electronics, and mul-
ticolor emitting phosphors. Among these, high-quality single-
crystalline In 2 GeO 7  nanobelts synthesized by a vapor transport 
process were recently designed for DUV visible-blind PDs. [  36  ]  
The detectors showed good photoconductive performance 
under 230 nm light irradiation, namely, high sensitivity and 
selectivity towards the solar-blind spectrum, excellent stability 
and reproducibility, fast response and decay times ( <  3 ms), 
high responsivity (3.9  ×  10 5  A W  − 1 ), and good quantum effi -
ciency (2.0  ×  10 8 %). Though 1D semiconductor nanostructures 
have been widely studied to enhance the quantum effi ciency 
and shorten the response time of PDs, the main drawback of 
fabricating 1D semiconductor nanostructures-based UV PDs is 
to use time-consuming nanowire manipulation methods and 
one-by-one fabrication techniques, which make currently them 
unattractive for large-scale production.    

 2.3. Zero-Dimensional Nanostructures 

 0D nanostructure-based UV PDs mainly highlight the fabrica-
tion of nanofi lms based on semiconductor quantum dots or 
nanoparticles, and the construction of nanofi lm-based devices. 
Technologically, if the quantum dots or nanoparticles could 
be assembled as a nanofi lm form, the metal electrodes can be 
easily deposited on the nanofi lm using a hand-operable metal 
microwire as a mask, and also the performance of nanofi lm 
PDs utilizing the quantum-size effect will be optimized due to 
the integration of a large number of nanoparticles. 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
 The use of solution-processed nanofi lms of colloidal inor-
ganic semiconductor quantum dots (or nanoparticles) as 
PDs has been an effi cient approach in the quest to fabricate 
low-cost PDs. The development of synthesis strategies for 
colloidal ZnO nanocrystals paves the way toward solution-
processed ZnO nanocrystalline devices. By spin-coating col-
loidal ZnO nanoparticles on glass substrates, followed by 
annealing in air and evaporation of gold contacts, through a 
shadow mask, a ZnO nanoparticle fi lm-based UV PD was fab-
ricated ( Figure    2  a). [  37  ]  The UV PD shows a high photocurrent 
(ca. 0.2 mA; Figure  2 b), and the photoconductive gain is much 
larger than unity. It is generally accepted that the absorption/
desorption of oxygen molecules governs the generation of free 
carriers for ZnO: i) the oxygen molecules adsorbed onto the 
hollow-sphere surfaces capture free electrons from the  n -type 
ZnO [O 2(g)   +  e  −    →  O 2   −   (ad) ], creating a depletion layer near the 
surface. This reduces the electrical conductivity; and, ii) under 
UV illumination, electron–hole pairs are generated—the holes 
migrate to the surface along the potential gradient and combine 
with oxygen, inducing desorption of oxygen from the ZnO sur-
face [h  +    +  O 2   −   (ad)   →  O 2(g) ] (Figure  2 c). The hole-trapping process 
results in an increase in the free-carrier concentration which in 
turn reduces the Schottky barrier between contacts and ZnO 
nanoparticles for elecron injection.  

 The liquid–liquid interfacial self-assembly has been shown 
to be another effi cient and low-cost method to fabricate nano-
fi lm-based PDs; a hollow ZnO sphere nanofi lm-based PD 
has been made using this method. [  34  ]  The PS-ZnO core–shell 
nanospheres were dispersed at a hexane–water interface to 
mbH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 5321–5328
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     Figure  2 .     a) Schematic of a ZnO nanoparticle fi lm device structure. b) Time-resolved photocurrent at 120 V in response to a 25.5 s light pulse. 
c) Carrier transport processes in the ZnO nanoparticle fi lm devices. Reproduced with permission. [  37  ]  Copyright 2008, ACS. d) Schematic illustration of 
the fabrication procedures for ZnO hollow-sphere nanofi lm photodetector: deposition of the as-assembled PS/ZnO precursor fi lm on a silicon sub-
strate with a 200 nm SiO 2  top layer, thermal transformation from a PS/ZnO precursor nanofi lm into a ZnO hollow-sphere nanofi lm, and a complete 
ZnO hollow-sphere nanofi lm photodetector. e) Response time of the photodetector measured in air at a bias of 5.0 V. Reproduced with permission. [  34  ]      
form a densely-packed fi lm. The fi lm was transferred onto 
a SiO 2  (200 nm)/Si substrate, and annealed in air to obtain a 
ZnO hollow-sphere nanofi lm (Figure  2 d). A UV PD was then 
fabricated from the as-transformed ZnO hollow-sphere nano-
fi lm, which shows a high photocurrent (ca. 2.6  μ A) and a fast 
response (with both rise and decay times of less than 5 s) under 
350 nm light illumination (1.32 mW cm  − 2 ) at an applied voltage 
of 5.0 V (Figure  2 e). The high-performance ZnO nanofi lm PD 
fabricated by this method is very promising for practical appli-
cation on high-frequency photoelectronic switches and light-
sensors due to its excellent sensitivity, stability, and very fast 
response speed. More importantly, the method can be easily 
extended to other semiconductor nanospheres, such as ZnS 
and SnO 2  hollow spheres; new PDs can be expected that are 
fabricated by this strategy.   

 2.4. Hetero, Biaxial, and Compound Nanostructures 

 Semiconducting nanocomposites consisting of several dif-
ferent functional materials are of prime importance for 
improving device performance. The fabrication of UV pho-
todetectors based on heterostructures or nanocomposite 
structures will be very valuable due to their multifunctional 
and property-tuning potential. Recently, a UV-A PD based 
on a ZnS/ZnO biaxial nanobelt showed a high photocur-
rent (ca. 4.64  μ A) and a fast response (with response and 
recovery times of less than 0.3 s and ca. 1.7 s, respectively) 
under 320 nm light illumination (0.91 mW cm  − 2 ) at an 
applied voltage of 5.0 V ( Figure    3  a and b). [  31  ]  As summarized 
© 2013 WILEY-VCH Verlag GAdv. Mater. 2013, 25, 5321–5328
in Table  1 , the performance of the present ZnS/ZnO biaxial 
nanobelt-based UV PD is signifi cantly enhanced compared 
with that of pure ZnS or ZnO nanostructure-based UV PDs, 
combining high sensitivity and fast response speed, and justi-
fying the effective utilization of the present ZnS/ZnO biaxial 
nanobelt as the building blocks of UV PDs. More interest-
ingly, a ZnS/ZnO nanofi lm-based UV PD, [  33  ]  among which 
well-organized bilayer nanofi lms consisting of close-packed 
semiconducting ZnS and ZnO hollow microspheres were fab-
ricated using an oil–water interfacial self-assembly strategy, 
displays a very low dark current of 15.1 nA at an applied 
voltage of 5.0 V, and a photocurrent of 18.0  μ A when the wave-
length of light source is 370 nm (1.70 mW cm  − 2 ). Note that 
the photocurrent of 18.0  μ A for the present device is about 
seven times higher than that for the device constructed from 
a monolayer fi lm consisting of ZnO microspheres, [  34  ]  and 
also superior compared to other PDs including those based 
on ZnS and ZnO nanostructures (see Table  1 ). The remark-
able enhancement in photocurrent should be attributed to 
the fact that the bilayer nanofi lm-based PDs integrate elec-
trical signals from a large number of ZnS and ZnO hollow 
microspheres rather than from individual building blocks. 
Furthermore, the bilayer nanofi lms made of ZnS and ZnO 
hollow microspheres can be regarded as a hetero-structured 
assembly. The presence of an internal electric fi eld due to the 
band bending at the heterostructure interface facilitates the 
separation of electron–hole pairs under UV light illumination, 
which signifi cantly reduces the electron–hole recombination 
ratio, resulting in a much higher photocurrent compared with 
that of the monolayer-fi lm device.  
5325wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  3 .     a) A representative SEM image of the PD based on ZnS/ZnO biaxial nanobelt with Cr/Au electrodes deposition at the two ends. b)  I–V  
curves under dark condition and UV-light illumination. Reproduced with permission. [  31  ]  c) Schematic diagram of the photoresponse mechanisms of 
the photodetector. d) Currents as functions of the applied voltage ( I – V ) for the UV PD in the dark (rectangles) and under illumination by a 365 nm UV 
light at a power of 6 W (circles). Reproduced with permission. [  38  ]  Copyright 2013, AIP. e) Schematic layout of the PVK:ZnO nanocomposite fi lm-based 
PD structure. f) Photocurrent and dark current density of the PVK:ZnO device. Reproduced with permission. [  39  ]  Copyright 2012, MPL.  
 In ultrafast PDs, graphene layers play very important roles as 
carrier transport layers and electrodes. Most recently, UV PDs 
based on colloidal ZnO quantum dots and graphene nanocom-
posites were fabricated on poly(ethylene terephthalate) (PET) 
sheets (Figure  3 c). [  38  ]  The UV PD under illumination at 365 nm 
wavelength and 3 V showed ratios of the photocurrent to dark 
current of approximately 1.1  ×  10 4 . The rise and the decay 
times of the UV PD were approximately 2 and 1 s, respectively 
(Figure  3 d). Furthermore, nanoparticle-modifi ed semicon-
ductor fi lms are a potential alternative for UV PDs. A solu-
tion-processed UV PD with a PVK:ZnO nanocomposite active 
layer composed of ZnO nanoparticles blended with semicon-
ducting polymers can signifi cantly outperform inorganic PDs 
(Figure  3 e). [  39  ]  The PVK:ZnO nanocomposite fi lm-based PD 
shows a very low dark current of 6.8 nA at an applied voltage of 
–9.0 V, and a photocurrent of ca. 70 mA when the wavelength 
of the light source is 360 nm (1.25 mW cm  − 2 ; Figure  3 f). This 
kind of nanocomposite structure-based UV PD has great poten-
tial for replacing inorganic UV PDs and for opening avenues to 
new applications.   

 2.5. Self-Powered UV PDs 

 As a new fi eld in self-powered nanotechnology-related 
research, self-powered UV PDs have been developed. They 
can be self-powered by harvesting energy from the environ-
ment and operate independently without using batteries, 
which can not only greatly enhance the adaptability of the 
devices but also greatly reduce the size and weight of the 
systems. Generally, these designed self-powered PDs include 
two classes. One type of self-powered PD is powered by an 
integrated energy harvesting unit, which is usually equipped 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag
with a capacitor; for instance, Wang et al. developed a self-
powered UV PD by integrating a micrometer-sized biofuel 
fuel cell (BFC) and a nanogenerator (NG) with a ZnO NW-
based sensor ( Figure    4  a–d). [  58  ]  The BFC and the NG concur-
rently harvest mechanical and biochemical energy, and then 
power the UV PD. When UV light is shining on the UV PD, 
its resistance decreases because of the increasing number of 
carriers, and the voltage drop on the PD decreases accord-
ingly. By monitoring the voltage drop on the UV PD, UV light 
can be detected quantitatively (Figure  4 e).  

 Another type of self-powered UV PD has been developed 
by exploiting the photovoltaic effect. The type of self-powered 
UV PD not only detects signals but also is powered by those 
signals; the devices exhibit a much faster photoresponse speed 
and a higher photosensitivity than the conventional photo-
conductive UV PDs and shows potential applications in light 
detecting and nano-optoelectronic integrated circuits. Cho et al. 
fabricated a self-powered UV photovoltaic device based on a 
single-crystalline nanowire ZnO  p  – n  homojunction, [  59  ]  At zero-
voltage bias, the dark current was less than 1 pA and the open-
circuit voltage ( V  OC ) was 0 V, whereas the photocurrent was ca. 
1  μ A and the  V  OC  was ca. 0.2 V under UV light illumination. 
The rise time during the voltage-increasing edge and the decay 
time were estimated to be 30 and 50 ms, respectively, which are 
smaller than those of the previously reported photoconductive 
ZnO UV PDs. [  60  ]  Liao et al. reported an ultrafast and visible-
blind UV PD based on ZnO/GaN nanoscale  p  – n  junctions. [  61  ]  
The self-powered visible-blind UV PD had an ultrafast response 
of rise time (ca. 20  μ s) and decay time (ca. 219  μ s), which is two 
orders of magnitude faster than ZnO photoconductivity-based 
PDs. The UV PD was driven by the photovoltaic effect of the 
ZnO/GaN  p  – n  junction with a UV photocurrent of ca. 2  ×  10  − 6  
A and a  V OC   of  ∼ 2.7 V at zero bias.    
 GmbH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 5321–5328
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     Figure  4 .     a) Schematic illustration of the self-powered UV PD. b) Mechanical bending of the NG creates tensile strain and a corresponding piezoelectric 
fi eld along the fi ber that drives the electrons through an external load back and forth following the cycled mechanical action. c) Schematic illustration 
of the fabricated BFC device. d) Circuit diagram used for integration of the hybrid BFC-NG device. Note, considering the inner resistance of the NG, 
the time required to charge the capacitor is much longer than the period at which the strain was applied to the NG, so that the output  V  is a sum of 
those from BFC and NG. e) Open-loop voltage of the independent and combined operation of the BFC and PVDF NG.Reproduced with permission. [  58  ]  
Copyright 2010, ACS.  
 3. Conclusion and Outlook 

 In summary, the state-of-the-art research activities on LD 
nanostructure-based visible-blind UV PDs have been reviewed. 
LD nanostructure-based visible-blind UV PDs exhibit a much 
faster photoresponse speed and a higher photosensitivity, and 
show potential applications in light detecting and nano-opto-
electronic integrated circuits. However, there still is a lot of 
room for the development of LD nanostructures and their PD 
application in this fi eld. Therefore, considerable interest in the 
future study of fabricating LD nanostructure-based visible-blind 
UV PDs is proposed. First, the growth kinetics and thermo-
dynamics involved in the synthesis of LD nanostructures are 
extremely complex, and signifi cant challenges still exist in the 
synthesis of high-quality LD nanostructures, including reliable 
control of diameter, length, orientation, density, crystallization 
and hierarchical assembly; new fabricating technologies need 
to be developed for the controlled growth and assembly of low-
dimensional nanostructures. Second, constructing LD nano-
structure devices uses some sophisticated techniques, such as 
photolithography and electron beam lithography, which are 
complicated, time-consuming, and costly, and thus hamper the 
development of practical manufacturing routes; a simple and 
effective method to construct UV PDs is highly desirable. Third, 
and fi nally, next generation UV PDs will require signifi cant 
improvements in sensitivity, selectivity, and stability in order to 
meet the future demands of a variety of fi elds. Though some 
research groups have successfully fabricated LD nanostructure-
based visible-blind UV PDs, the selectivity and stability are still 
quite low. It is believed that future research work in this fi eld 
© 2013 WILEY-VCH Verlag GmAdv. Mater. 2013, 25, 5321–5328
will further enhance the photoconductor properties up to the 
level desirable in practical industrial application.  
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