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   1.     Introduction 

 The goal of nanotechnology is to build nanodevices that are 
intelligent, multifunctional, exceptionally small, extremely 
sensitive, and have a low power consumption. With the use of 
nanomaterials and nanofabrication technologies, a nanosensor 
device is expected to be small in size and low in power con-
sumption; thus, it is possible to use the energy harvested from 
the environment to power such a system for wireless and self-
sustainable operation. [ 1–7 ]  Self-powered nanotechnology aims 
at building a self-powered system that operates independently, 
sustainably, and wirelessly. It is highly desired for wireless 
devices and even required for implanted biomedical systems 
to be self-powered without using a battery, which not only can 
largely enhance the adaptability of the devices but also greatly 
reduce the size and weight of the system. Therefore, it is urgent 
to develop self-powered nanotechnology that harvests energy 
from the environment for self-powering these nanodevices. 

 Self-powered nanodevices and nanosystems have been 
researched recently, and attract lots of attention due to their var-
ious advantages. [ 8–17 ]  As a new fi eld in nanotechnology-related 
research, nanostructural photodetectors (PDs) that can convert 
light into an electrical signal are crucial for wide application 

in many fi elds such as imaging tech-
niques, light-wave communications, and 
so on. [ 18–23 ]  The physical mechanism of 
photodetection is the generation of elec-
tron–hole (e–h) pairs through the optical 
absorption of incident photons. The 
photo generated e–h pairs are then sepa-
rated and collected by the external circuit 
by an electric fi eld. High-performance 
PDs with fast speeds and low power con-
sumption are highly desired for applica-
tions of optoelectronic integration. Due 
to their unique properties in electrical 
transport and light absorption, 1D inor-
ganic nanostructure semiconductors such 
as nanowires (NWs), nanoribbons (NRs), 
and nanotubes (NTs) are promising can-
didates for high-performance PD applica-
tions. [ 24–28 ]  In comparison with PDs based 

on traditional thin-fi lm and bulk materials, PDs made from 1D 
semiconductor nanostructures usually have the advantage of 
higher responsivity and photoconductivity gain because of their 
high crystallinity, high surface-to-volume ratio, and the largely 
shortened carrier transit time in the reduced dimensions of the 
effective conductive channel. [ 29–31 ]  Many semiconductors such 
as ZnO, TiO 2 , SnO 2 , ZnS, Nb 2 O 5  and GaN, have been investi-
gated to fabricate various optoelectronic nanodevices in the past 
several decades. [ 32–40 ]  For instance, we have successfully devel-
oped an ultraviolet-A (UV-A) light PD. [ 41 ]  The PD is based on a 
binary ZnS/ZnO biaxial nanobelt and exhibits tunable spectral 
selectivity and wide-range photoresponse for the UV-A band. 
More importantly, the optimized performance of the ZnS/ZnO-
based PD is much better than that of pure ZnS or ZnO nano-
structures. This research demonstrates that the 1D nanostruc-
ture PDs based on photoconductivity are excellent candidates 
for application, which exhibit very high on/off ratios between 
photoresponse current and dark current due to their large sur-
face area-to-volume ratio and high-quality crystal structure. 

 However, the essential drawbacks of this kind of nanostruc-
ture-based PD are a low photoresponse current, which hence 
requires high-precision measurement systems to detect the 
signal, and a long recovery time, due to the presence of a carrier-
depletion layer at the nanomaterial surface caused by surface 
trap states. Though some effi cient routes, such as integrating 
multiple nanomaterials and using PDs with Schottky contacts 
rather than Ohmic contacts, have been demonstrated to resolve 
these issues, these routes often lead to complicated, time-con-
suming, and uneconomic device fabrication processes. Most 
importantly, these PDs need to be driven by external batteries. 
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powering these nanodevices, the methods will not only largely 
increase the system size but also greatly limit its mobility and 
independence for application in areas such as large-area wire-
less environmental sensing, chemical and biosensing, and in 
situ medical therapy monitoring. In this case, harvesting energy 
from the environment is an essential solution for building self-
powered PDs, which is indispensible for sustainable operation. 
Compared with these traditional PDs, self-powered PDs exhibit 
a much faster photoresponse speed than the conventional pho-
toconductor-based PDs. Further advancements for self-powered 
PDs include fast response times, high photosensitivity, good 
photosensitivity linearity in a large light-intensity range, and 
a large-scale, low-cost, and environmentally friendly fabrica-
tion process. [ 42,43 ]  Therefore, self-powered PDs are currently 
attracting a great deal of interest and will hold great promise 
in future nano-optoelectronic devices, such as a self-powered 
nanoscale PD network, which is highly desired for waste-water 
and air-pollution monitoring systems that feature low energy 
consumption, low cost, and high sensitivity. [ 44,45 ]  

 To date, there have been many methods developed to build 
self-powered nanoscale PDs, which provide a great opportunity 
for using nanostructured materials in ways that exploit their 
novel properties to optimize the potential application of self-
powered PDs. Here, a selection of recent work related to self-
powered PDs is reviewed, with particular focus on energy har-
vesting of the integrated power resources and the building of a 
self-powered system. We begin with a detailed introduction of 
various methods for the fabrication of power resource devices 
to harvest the energies from the physical environment, then the 
recent efforts and great development in the building and appli-
cations of self-powered PDs are discussed. Finally, the possible 
challenges and opportunities that researchers face in this fi eld 
are proposed.   

 2.     Energy Harvesting for Self-Powered 
Nanosystems  

 2.1.     Self-Powered Nanosystems 

 Generally, an integrated self-powered nanosystem includes a 
functional unit (such as the sensor), a power harvesting unit, 
an electrical measurement system, a data processing system 
and, possibly, a wireless communication unit (radio frequency, 
RF, technology). [ 46 ]  Besides the sensing, data processing, trans-
mitting, and power-harvesting components, energy storage 
is also an important function of self-powered nanosystems. A 
simply schematic view of a self-powered system is illustrated in 
 Figure    1  a. The energy harvester fi rst scavenges multiple types 
of energy (such as solar energy, mechanical energy, chemical 
energy, and/or thermal energy) from the environment, then 
stores it in the energy storage module (e.g., capacitors), which 
can be used to power the other parts of the system. The sensors 
detect the changes in the environment, while the data processor 
and controller analyze the information. Then, the signal is sent 
out by the data transmitter, and simultaneously the response 
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is received. Alternatively, the power-harvesting unit of a self-
powered system can be utilized as both the power source and 
the active sensor. In this case, the functional unit of the self-
powered system can not only detect the signals but also be pow-
ered by these detected signals. 
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    Figure 1.    Schematic diagram of a self-powered system. a) An inte-
grated system can be divided into fi ve modules: energy harvester, energy 
storage, sensors, data processor & controller, and data transmitter & 
receiver. Reproduced with permission. [ 46 ]  Copyright 2011, American 
Chemical Society. b) The self-powered electrochromic device system with 
an integrated NG-charged power source. Reproduced with permission. [ 47 ]  
Copyright 2012, Royal Society of Chemistry. 

  To demonstrate the operation of a self-powered nanosystem 
in detail, we take a self-powered WO 3 -based electrochromic 
(EC) device driven by an nanogenerator (NG) as an example. [ 47 ]  
In the self-powered EC system, the power source unit has an 
NG and a full-wave bridge for rectifi cation. The NG converts 
mechanical energy into electricity, while the full-wave bridge 
transforms alternating current from the NG into unidirec-
tional current. The electricity generated by the NG is rectifi ed 
and stored in a capacitor and then released to drive the EC 
device (Figure  1 b). The charging process and discharge pro-
cess are controlled by a regular switch (blue dashed rectangle 
in Figure  1 b). A mechanical vibration at a frequency of 6 Hz 
was applied to the NG. The voltage across the capacitor reached 
4 V after being charged for 14 s. Subsequently, the capacitor 
was forwardly (or reversely) connected to the EC device and dis-
charged. The electrochromic response time during the coloring 
process and bleaching process is even less than 10 s on the 
basis of 80% change of transmittance. This kind of self-pow-
ered system, by integrating an EC device with an NG, can be 
a candidate for monochrome self-powered displays in portable 
electronic devices as well as in electronic billboards.   

 2.2.     Energy-Harvesting Devices for Self-Powered Nanosystems 

 Harvesting energy from the environment to power a micro-/
nanodevice is of vital importance to self-powered micro-/nano-
systems. The power required to drive such electronics is in the 
micro- to milliwatt range and so can be harvested from our 
physical environment. Once outputs on the order of milliwatts 
can be achieved, it is possible to have self-powered PDs, bio-
sensors, environment sensors, nanorobotics, micro-electrome-
chanical systems, and even portable/wearable electronics. As 
summarized in  Table    1  , the rationally designed materials and 
nanotechnologies have been developed for converting solar, 
mechanical, and chemical energies into electricity during the 
past years. Photovoltaic cells rely on approaches such as inor-
ganic p–n junctions, Schottky junctions, organic thin fi lms, and 
organic–inorganic heterojunctions. [ 48–51 ]  Mechanical energy 
NGs have been designed based on principles of electromag-
netic induction and the piezoelectric effect. [ 52,53 ]  Microbial fuel 
cells can be used to convert the chemical energy of glucose and 
oxygen in a biofl uid into electricity. [ 54 ]  Innovative approaches 
have also been developed for conjunctional harvesting of 
multiple types of energies by using an integrated structure/
material, and then the energy resources can be effectively and 
complimentarily utilized whenever and wherever one or all of 
them are available. [ 55–58 ]    

 2.2.1.     Micro-/Nano Solar Cells 

 Solar cells are attractive candidates for clean and renewable 
power. With miniaturization, they might also serve as inte-
grated power sources for self-powered nanosystems. The use of 
nanostructures or nanostructured materials represents a gen-
eral approach to reduce both cost and size and to improve effi -
ciency in photovoltaics (PVs). Semiconductor NWs have a lot of 
advantages as candidates for photovoltaic applications [ 59,60 ]  due 
to their large surface-to-volume ratio, better charge collection, 
and the possibility of enhanced absorption through light trap-
ping. At the same time, a NW-based PV has great application in 
fl exible power sources compared to bulk materials. [ 61 ]  

 The p–n (or p–i–n) junction is an alternative structure for the 
PV device. Solar cell devices composed of radial p–n junctions, 
axial, and coaxial p–n Si nanowires (SiNWs) with effi ciencies 
of ∼0.63%, 0.5%, and 3.4%, respectively, have been fabricated 
as well. [ 62,63 ]  A conversion effi ciency of 42.3% was achieved by 
combining multijunction cells and concentrator technology. [ 64 ]  
The Schottky junction is another alternative structure for the 
NW-based PV device. Basically, any semiconductor can form a 
Schottky junction with a certain metal if their work function 
difference is big enough, and the carrier density of the semi-
conductor is low or moderate. In addition, the fabrication of 
Schottky junctions has the merits of low-cost and simplicity. 
For instance, Kelzenberg and co-workers reported a single 
SiNW rectifying junction solar cell with an energy-conversion 
effi ciency of ∼0.46%. [ 65 ]  By using a Pt-SiNW-Al structure, Kim 
et al. demonstrated multiple SiNW (multi-SiNW)-embedded 
Schottky solar cells with a large photocurrent. [ 66 ]  In order to 
increase the conversion effi ciency, graphene with many excep-
tional properties such as high transparency, large thermal con-
ductivity, and excellent electronic and mechanical properties 
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has been adopted to optimize the solar cell devices. [ 67–69 ]  Ye and 
co-workers reported CdSe NR/GO Schottky solar cells with an 
effi ciency of 1.25%. [ 70 ]  Xie and co-workers reported a graphene 
NR/multiple SiNW junction solar cell with an energy-conver-
sion effi ciency of ∼1.47% under AM 1.5G illumination. [ 71 ]  The 
effi ciency can be further enhanced to 1.65% by using Au/gra-
phene Schottky electrodes. [ 72 ]  What's more, by combining with 
the Si wafer or SiNW array, graphene fi lm/Si Schottky solar 
cells were fabricated which showed effi ciencies in the range of 
1.65–4.35%. [ 73–76 ]  

 The strain in the NWs, introduced during growth, device fab-
rication, and/or application, is an important issue for piezoelec-
tric semiconductor-based PVs (e.g., CdS, ZnO, and CdTe). Epi-
taxial core–shell NWs grown with different materials acquire 
in general elastic strain as a result of a misfi t between the 
inherent crystal lattices of the core and shell materials. Such a 
static and internally built strain can create piezoelectric polari-
zation in the NW. Xu and co-workers have theoretically investi-
gated the piezopotential created in a core–shell NW as a result 
of intrinsic strain [ 77,78 ]  and its possibility for high-effi ciency 
solar cells. [ 79,80 ]  The lattice-mismatch induced strain in an epi-
taxial core–shell NW gives rise to an internal electric fi eld along 
the axis of the NW. The effect can be employed to separate pho-
tongenerated e–h pairs in the core–shell nanowires and thus 
offers a new device concept for solar-energy conversion. Pan 
and co-workers [ 81 ]  fi rst experimentally demonstrated largely 
enhanced performance of n-CdS/p-Cu 2 S coaxial NW-based PV 
devices using the piezo-phototronics effect when the PV device 
is subjected to an external strain. This piezo-phototronics effect 
could control the e–h pair generation, transport, separation, 
and/or recombination, thus enhancing the performance of the 
PV device by as much as 70%. The fabrication process of the 
coaxial CdS/Cu 2 S NW-based PV device is shown in  Figure    2  a–c. 
These NW-based PV devices were 220 µm long and 4.95 µm in 

diameter and yielded a short-circuit current ( I  SC ) of 0.25 nA and 
open-circuit voltage ( V  OC ) of 0.26 V under a full-sun intensity 
(Figure  2 d). The performance of this PV device was enhanced 
when the PV device was subjected to a compressive strain up 
to −0.41% (Figure  2 e). This effect offers a new concept for 
improving the solar-energy conversation effi ciency by designing 
the orientation of the NWs and the strain to be purposely intro-
duced in the packaging of the solar cells, which has a bright 
future in the applications of fl exible solar cells and self-powered 
technology.  

 The high-effi cient micro/nano solar cells can be achieved by 
nanotechnology. However, the high effi ciency of solar cells is 
offset by their increased complexity and manufacturing cost, 
which limit their application. Enormous efforts have therefore 
been made to develop a new generation of PV technologies that 
operate with enhanced effi ciency at a lower cost.   

 2.2.2.     Nanogenerators 

 Various types of mechanical energy sources have been scav-
enged by NGs, including sonic wave, [ 82 ]  respiration, [ 83 ]  and 
air/liquid pressure. [ 84 ]  The advancement of NG technologies 
provides us with an alternate energy resource and pushes 
forward the investigation of self-powered systems. [ 11,46,85 ]  NG-
based self-powered nanosystems have been proven viable by 
self-powered pH sensors, UV sensors, small liquid crystal dis-
plays, commercial laser diodes, pressure/speed sensors, envi-
ronmental sensors, and so on. [ 8,10,11,42,86 ]  There are three typical 
approaches: piezoelectric, [ 87,88 ]  triboelectric, [ 89,90 ]  and pyroelec-
tric NGs. [ 91,92 ]  Alternatively, the NG can be used as a sensor to 
directly measure the magnitude and dynamic behavior of the 
mechanical triggering or temperature variation, which is a new 
type of active sensor for monitoring mechanical and thermal 
processes, such as vortex capture and ambient wind-velocity 

  Table 1.    Nanostructured energy-harvesting devices (please see the main text for defi nitions of acronyms).  

Energy harvesting device Power or power density Output voltage Current or current 
density

Response Decay time Ref.

Coaxial Si nanowires solar cell ∼72 pW 0.260 V 0.503 nA — —  64 

TENG (I) 31.2 mW/cm 3 110 V 6 µA — —  88 

TENG (II) — 18V 0.7 µA — —  120 

GaN nanowire-based PENG 12.5 mW/m 2 24.95 mV 49.90 pA — —  97 

PZT nanowire-based PENG 200 µW/cm 3 6 V 45 nA — —  117 

PZT ribbon-based NG ∼88 mW/cm 3 ∼2 V ∼2.2 µA/cm 2 — —  118 

Single PZT nanowire PYNG — 60 mV — 0.9 s 3 s  130 

Sb-Doped ZnO PYNG 3.2×10 4  W/mK 2 10 mV 94 nA — —  129 

ZnO/P3HT:PCBM PENG 0.88 W/cm 3 1.45 V 6.05 A/cm 2 — —  52 

HC for DSSC and NG 34.5 µW/cm 2 0.243 V 141 µA/cm 2 — —  137 

HC for solar energy and NG 100 mW cm 2 0.55 V 9.2 mA/cm 2 — —  138 

Coaxial NWs-based PV device — 0.532 V 3.47 nA — —  81 

Flexible TENG ∼10.4 mW/cm 3 3.3 V 0.6µA — —  89 

A nanowire-based MFC 30 µW/cm 2 0.23 V — — —  134 

Optical fi ber-based 3D HC — 3.3 V 7.65 µA — —  142 
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   Figure 2.    Fabrication and performance of the CdS−Cu 2 S core−shell NW PV device. a) Schematic of the fabrication process of the PV device. b,c) Optical 
microscopy and digital image of a typical PV device. d) The dark and 1.5AM illuminated  I − V  curve of the NW solar cell. The insert is an optical micro-
scopy image of the Cu 2 S/CdS coaxial NW solar cell. e) The  I − V  curve of the same NW solar cell under different compressive strain, clearly indicating 
the current increase with increasing external compressive strain. The schematic of the measurement setup for studying the piezo-phototronic effect 
PV devices is demonstrated as inset. Reproduced with permission. [ 81 ]  Copyright 2012, American Chemical Society. 

detection, [ 93 ]  low frequency vibrations, [ 94 ]  automobile velocity, [ 95 ]  
and temperature sensing. [ 6 ]  Therefore, the device can operate 
without external power sources; i.e., it is a self-powered system 
in which the NG is utilized as both the power source and the 
active sensor. 

  Piezoelectric Nanogenerators : The piezoelectric nanogen-
erator (PENG) converts random mechanical energy into elec-
tric energy using piezoelectric materials. The mechanism of 
the NG relies on the piezoelectric potential created in the NWs 
by an external strain: a dynamic straining of the NW results 
in a transient fl ow of electrons in the external load because of 
the driving force of the piezopotential. [ 3,96–99 ]  The advantage 
of using NWs is that they can be triggered by tiny physical 
motions, and the excitation frequency can be just one to thou-
sands of Hz, which is ideal for harvesting random energy in the 
environment. In addition, due to their small size, NGs can be 
effectively integrated with nano/microscale functional devices 
to form self-powered nanosystems. 

 Many piezoelectric materials, such as ZnO, [ 1,100 ]  InN, [ 101 ]  
ZnS, [ 102 ]  lead zirconate titanate PbZr 0.52 Ti 0.48 O 3  (PZT), [ 103–106 ]  
BaTiO 3  [ 107 ]  and polyvinylidene fl uoride (PVDF) [ 108–110 ]  have 
been used for fabricating NGs. Currently, the most popular 
structure is the ZnO-based NG for three reasons. First, ZnO 
NWs can be easily grown in large quantities by using a vapor–
solid process or chemical approach at low temperature. Second, 
they are biologically compatible and environmentally friendly. 
Third, they can be grown on a substrate with any shape. ZnO 
NWs are unique in their suitability not only for the fabrication 
of nanosensors, [ 111,112 ]  but also for scavenging mechanical 

energy. [ 1,87,113 ]  In 2007, Wang and co-workers developed a direct-
current PENG based on vertically aligned ZnO NW arrays, 
which relies on a zig-zag top electrode. This acts like an array 
of atomic force microscopy tips that force the NWs to bend 
in response to the external mechanical agitation caused by an 
ultrasonic wave. [ 87 ]  In late 2010, Xu and co-workers presented 
innovative and much improved steps towards achieving a high-
power-output, alternating-current NG based on vertically or lat-
erally aligned ZnO NW arrays in which there are solid bonds/
contacts between the electrodes and the ends of the NW. [ 42 ]  A 
periodic, low-frequency, uniaxial strain is applied to the ZnO 
NWs by an external mechanical action to create a piezoelec-
tric potential along the NWs, which results in an alternating 
electrical output. A three-layer integration of the vertical NW 
array integrated NG (VING) enhances the output voltage up to 
0.243 V. In addition, a multiple lateral-nanowire-array integrated 
NG has also been fabricated by combining a rational chemical 
growth with novel nanofabrication. A maximum voltage output 
of 1.26 V has been generated by integrating 700 rows of lateral 
ZnO NW arrays. Furthermore, the integration of a VING with a 
ZnO NW-based pH or UV nanosensor has successfully demon-
strated the feasibility of the independent and sustainable opera-
tion of a nanosensor using a VING with an output voltage of 
20–40 mV. 

 The integration of fl exibility to a NG has received increasing 
interest for realizing energy-harvesting systems in practical 
life. Recently, ZnO nanomaterial-based fl exible NGs have been 
demonstrated by using elastomeric substrates. For instance, 
a transparent and fl exible nanogenerator (TFNG) [ 95 ]  has been 
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substrates for the growth of ZnO nanowires. With the strain 
of 0.12% at a strain rate of 3.56 %s −1 , the  V  OC  and  I  SC  of the 
TFNG device were measured to be 8 V and 0.6 µA, respectively, 
corresponding to a power density of ∼5.3 mW/cm 3 . This output 
is high enough for powering up small electronic devices. The 
TFNG device is robust enough and has the capability of scav-
enging energy under the rolling of vehicle tires on the road, 
and the high output performance of the TFNG device under the 
rolling of the wheel was quite stable. The study demonstrated 
the application as a self-powered sensor for monitoring vehicle 
speed and detecting vehicle weight. 

 As for materials with electromechanical coupling, some of 
them, such as PZT [ 114 ]  and BaTiO 3 , [ 115 ]  are good piezoelectric 
materials with a larger piezoelectric constant, as compared to 
those of piezoelectric semiconductor materials. However, due to 
poor mechanical properties, these inorganic piezoelectric mate-
rials are brittle and diffi cult to manipulate for the fabrication of 
NGs. Recent work explores a different approach that uses the 
direct printing of high-quality, bulk inorganic piezoelectric thin 
fi lms on wafers onto plastic substrates to produce NGs with 
high performance. [ 106,107,116 ]  This method, based on ‘‘top-down’’ 
techniques including photolithographic patterning and etching 
of source wafers, has attracted much attention, but the high 
expense of the facility and the low effi ciency have limited its 
practical application. Thus, exploring a general, high-effi ciency, 
simple, and low-cost method to fabricate aligned high piezo-
electric coeffi cient NWs is necessary and very important for 
fl exible and wearable NGs. In this case, a suspending sin-
tering technique of electrospinning NWs has been developed 
to fabricate a fl exible, dense, and tough PZT textile composed 

of aligned parallel NWs. [ 117 ]  This textile was transferred onto a 
thick PET fi lm and chemical fabric to make fl exible and wear-
able NG. The maximum output voltage and current reached 
6 V and 45 nA, respectively. This kind of NG was demonstrated 
to light a commercial LCD and power a ZnO NW-based UV 
sensor to detect UV light quantitively. In addition, integration 
of graphene fi lms to PZT NW-based NGs has been achieved 
( Figure    3  a–c). [ 118 ]  The high effi ciency, semi-transparent PZT 
NW-based NGs integrated with graphene fi lms that possess 
outstanding mechanical and optical properties can offer unique 
benefi ts in high-performance fl exible and transparent devices. 
The NGs showed a high output voltage of ∼2 V, a current den-
sity of ∼2 µA cm −2 , and a power density of ∼88 mW cm −3  at an 
applying force of 0.9 kgf (Figure  3 d,e). This can effi ciently run 
commercially available electronic components in a self-powered 
mode, without any external electrical supply.  

  Triboelectric Nanogenerators : The triboelectric nanogenerator 
(TENG) is different from the PENG in design. [ 119 ]  The triboelec-
tric associated electrostatic phenomena are the most common 
phenomena in our daily life, from walking to driving, but have 
been ignored as an energy source for electricity. It will be won-
derful if one can use the electric charges/potential generated 
by a tribological process to generate electricity. Recently, a fl ex-
ible triboelectric generator using all-polymer-based materials 
has been developed. [ 119 ]  By stacking two thin polymer fi lms 
made of Kapton and polyester, a charge generation, separation, 
and induction process can be achieved through a mechanical 
deformation of the polymer fi lms as a result of the triboelec-
tric effect ( Figure    4  a). This is a simple, low-cost, readily scalable 
fabrication process for a generator that can convert random 
mechanical energy in our living environment into electric 

    Figure 3.    Schematic illustration and output measurement of a fl exible PZT NG. a) Overview of the fabrication process for PZT NGs and schematic 
cross-sectional view. b) Optical image of PZT nanoribbons on silicon wafer. c) PZT nanoribbons with graphene electrodes on the PET fi lm. d) The 
voltage and e) current density of a PZT nanogenerator with doped graphene electrodes when a dynamic load was applied on top of the NG by touch. 
Reproduced with permission. [ 118 ]  Copyright 2012, Royal Society of Chemistry. 
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    Figure 4.    Schematic illustration, working principle and electric output of TENGs. a) Images of the fl exible TENG and mechanical bending equipment. 
b) Proposed mechanism of the TENG. c)  I  SC  when forward-connected to measurement system. Reproduced with permission. [ 119 ]  Copyright 2012, Else-
vier. d) The patterned (100) Si wafers serve as the mold for the fabrication of a PDMS thin fi lm with various features such as patterned lines, cubes, 
and pyramids. e) Schematic illustration of the charge-generating process of the triboelectric generator. f) Output current of the TFNG using a PDMS 
thin fi lm with a fl at surface and various patterned features. Reproduced with permission. [ 120 ]  Copyright 2012, American Chemical Society. 

energy using the well-known triboelectric effect. The basic prin-
ciple of the triboelectric generator can be described as follows 
(Figure  4 b): 1) The two stacked insulating polymeric materials 
are touched and rub each other when deformed by an external 
mechanical deformation. Thus, triboelectric charges with 
opposite signs are generated and distributed on the internal 
surfaces of the two polymers. 2) The opposite triboelectric 
charges become separated with an air gap and form a dipole 
moment as soon as the deformation starts to be released. As 
a result, an electric potential difference is established between 
the two planar electrodes. 3) The electrons fl ow from the side 
with lower potential to that with higher potential in order to 
achieve equilibrium, leading to accumulation of electrostatically 
inducted charges on the electrodes. 4) The dipole moment dis-
appears or is reduced in magnitude when the deformation is 
then reapplied so that the two polymers are in contact. Thus, 
the reduced electric potential difference leads to the electrons 
in the electrode fl owing in the opposite direction, and thus the 
accumulated induced charges vanish. With repeated bending 
and releasing of the structures, electrons are driven to fl ow 
through the external load in an alternating manner. Based on 
the two-layered structure, the electrical output of the triboelec-
tric generator achieves a peak voltage of 3.3 V and a current of 
0.6 µA with a peak power density of ∼10.4 mW/cm 3  (Figure  4 c). 
Triboelectric generators could harvest energy from human 
activities, rotating tires, ocean waves, mechanical vibrations, 
and more, with great application in self-powered systems. In 
comparison to the existing energy-harvesting methods, a tri-
boelectric generator has several advantages. First, the entire 
fabrication process does not require expensive raw materials or 
sophisticated equipment, which would benefi t mass industrial 

production and practical applications of the technology. Second, 
the device is based on fl exible polymer sheets, which have man-
ufacturability, durability, and capability of integration with other 
processing technologies. Third, the type of generators based on 
this novel principle are likely to open up new areas of research 
in using organic materials for energy harvesting.  

 Furthermore, through rational design, this mode of power 
generation can be developed to build a new transparent and 
fl exible nanogenerator (TFNG) with high output. [ 120 ]  Instead of 
using the two relatively fl at polymer sheets, some patterns have 
been fabricated on the polymer surfaces to increase the tribo-
electric power output. The TFNG was composed of a sandwich 
structure with two ITO-coated PET membranes and a layer of 
patterned PDMS thin fi lm (Figure  4 d). A type of regularly and 
uniformly pyramid-featured PDMS pattern at the micrometer 
scale was achieved through a common and scalable approach. 
The electrical output achieved a peak voltage of 18 V and cur-
rent of 0.7 µA with a peak current density of ∼0.13 µA/cm 2  
(Figure  4 f), which is four times as high as that of the triboelec-
tric generator using fl at polymer sheets. [ 119 ]  The mechanism 
of the triboelectric generator is to use the potential difference 
between the electrodes induced by a triboelectric dipole layer in 
a bending or releasing process, which will drive the free elec-
trons to fl ow across the external load to countervail the fi eld 
produced by the triboelectric changes (Figure  4 e). The TFNG 
has potential application in touchscreens, high-defi nition 
LCDs, and other self-powered electronic displays. 

 Most recently, another type of self-charged triboelectric gen-
erator for harvesting mechanical energy has been demonstrated 
based on a coupled process of contact charging and electro-
static induction. [ 90 ]  The generator has a multilayered structure. 
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tained by a spacer designed for the charge generation and 
separation processes. The generator has the virtue of highly 
simple fabrication/implementation, strong performance, and 
extremely low cost, which properly address the limitations of 
energy-harvesting technologies. The electrical output achieved a 
 V  OC  of 110 V and an  I  SC  of 6 µA with an instantaneous electric 
power density of ∼31.2 mW/cm 3 . Moreover, it can be applied 
as a pulsed power source for effectively electroplating uniform 
silver microstructures with a fi ne grain size. These work not 
only demonstrates a promising energy-harvesting technique 
but also greatly broadens the application of energy harvesters. 

  Thermoelectric Generators : The conventional thermoelectric 
generators (TMENGs) mainly rely on the Seebeck effect that 
utilizes a temperature difference across a device to drive the dif-
fusion of charge carriers. [ 121–129 ]  For instance, a TMENG based 
on a single Sb-doped ZnO micro/nanobelt for thermoelectric 
energy conversion can produce an output voltage of about 
10 mV and an output current of 194 nA under a temperature 
difference of 30 K between two electrodes. [ 129 ]  These results 
support the applications of single Sb-doped ZnO micro-/nano-
belts in thermoelectric energy conversion and self-powered 
nanodevices/systems. However, the existence of a temperature 
difference is a must for these devices. They cannot work when 
the environmental temperature is spatially uniform and under 
a time-dependent temperature fl uctuation. Recently, a TMENG 
based on ZnO NW arrays have been fabricated as a key tech-
nology for converting heat energy into electricity ( Figure    5  a). [ 91 ]  
The mechanism of TMENG is to use the anisotropic polariza-
tion in ZnO nanowires created as a result of time-dependent 
temperature fl uctuations to drive electrons to fl ow. Under 
forward connection, a sharp negative voltage/current pulse 
(∼5.8 mV/108.5 pA) has been observed by varying the tempera-
ture in the vicinity of the NG from 295 to 289 K (Figure  5 b).  

 PZT nanomaterials may be another good choice for the 
TMENGs due to a large pyroelectric coeffi cient. A TMENG 
based on a single PZT micro-/nanowire was fabricated, which 
was used as a self-powered temperature sensor. [ 130 ]  The output 
voltage of the sensor was found to linearly increase with 
an increasing rate of change in temperature of the detected 
heat sources. Under forward connection, a sharp negative 
voltage/current pulse (about 60 mV/0.6 nA) was observed when 

the temperature was increased from 296 to 333 K. The response 
time and reset time of the fabricated sensor are about 0.9 s and 
3 s, respectively. The sensor can light an LCD when the tem-
perature of the heat source is up to 473 K, which can be used 
in high-temperature early warning systems. The self-powered 
temperature sensor could be applied in temperature measure-
ments in environmental sciences, safety monitoring, medical 
diagnostics, and more.   

 2.2.3.     Micro Fuel Cells and Biofuel Cells 

 Fuel cells have many advantages over conventional batteries, 
including more rapid recharging and much higher energy 
storage density. [ 131 ]  It is expected that fuel cells of sizes in the 
nanometer range will be accomplished eventually. Pan and co-
workers presented the fi rst micrometer-sized fuel cell using 
Nafi on/poly(vinyl pyrrolidone) (PVP) nanowires (NPNWs) as 
the electrolyte. [ 132 ]  The micro fuel cell (MFC) was monolithi-
cally integrated on a silicon substrate and consisted of NPNWs, 
PtRu/C and Pt/C catalysts, two outleading electrodes, meth-
anol as fuel, and air as an oxidant ( Figure    6  a,b). For the best 
output of the developed MFC, the  V  OC  was 0.43 V and the 
current density and maximum power density were approxi-
mately 4.33 µA/µm 2  and 0.44 µW/µm 2 , respectively, at 333 K 
(Figure  6 c). These results showed that the performance of the 
MFC was several orders of magnitude higher than that of tra-
ditional fuel cell power sources. [ 131 ]  Furthermore, it is revealed 
that the proton conductivity of NPNWs showed a very strong 
increase with decreasing diameter of the NPNW: the proton 
conductivity could be enhanced by orders of magnitude when 
using NPNWs with a diameter of less than 2.3 µm. The power 
generated by a single 2.1 µm NPNW-based micro fuel cell was 
about 1.54 µW, which is enough to drive low-power-consuming 
complementary metal-oxide semiconductor (CMOS) circuits 
and certain nanodevices. [ 132,133 ]  Though the power generated 
by a single NPNW-based MFC is too small to serve as a power 
source for portable electronics like a personal digital assistant, 
this limitation could be overcome by increasing the number of 
the nanowires. NPNW-based MFC would provide a great future 
for integrated, self-powered nanodevices.  

 Subsequently, Pan and co-workers reported an NW-based 
biofuel cell (NBFC) based on a single proton conductive 

poly mer NW for converting chemical energy 
from biofl uids, such as glucose/blood, into 
electricity, using glucose oxidase (GOx) and 
laccase as a catalyst (Figure  6 d,e). [ 134 ]  By inte-
grating an NBFC with a single NW-based pH 
sensor or glucose sensor fabricated using 
ZnO nanowire, a self-powered nanosensor 
is formed (Figure  6 f). [ 135 ]  For the glucose 
sensor, a rapid and obvious amperometric 
response was exhibited on the successive 
addition of glucose solution (Figure  6 g,h). 
For the pH sensor driven by the NBFC, the 
current increased when the pH was increased 
step by step because the conductance of the 
pH sensor varied in different pH solutions 
(Figure  6 i). For a carbon nanotube-based vis-
ible photon sensor driven by the NBFC, an 

   Figure 5.    Schematic illustration and electric output of the TMENG. a) Schematic diagram 
showing the structure of the TMENG. b) Measured  V  OC  and  I  SC  of the TMENG at forward con-
nection to the measurement system, when it was subject to a repeated temperature change 
from 295 to 289 K. Reproduced with permission. [ 91 ]  Copyright 2012, American Chemical Society. 
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    Figure 6.    Schematic illustration and performance of the MFC and the NBFC. a) A groove in the Si substrate serves simultaneously as a “microchannel” 
fuel container and an electrode. The inset shows the working principle of MFC. b) A top-view of the micro fuel cell and a magnifi ed image of the area 
marked by the red rectangle. c) Current–voltage characteristics (upper graph) and current–power density characteristics (lower graph) measured at 
333 K for various fuel/oxidant combinations. Reproduced with permission. [ 132 ]  Copyright 2008, Wiley-VCH. d) The NW lies on a substrate, with both 
ends tightly bonded to the substrate and outlet interconnects. e) The NBFC is immersed in a biofuel solution, two chemical reactions occur in the 
anode and cathode regions, creating a corresponding chemical potential drop along the NW. f) A nanosensor and a current meter were connected in 
series, and the only power source for driving the nanodevice was the NBFC. g,h) Current response of a glucose nanosensor driven by the NBFC. The 
difference between them is that the solution in case (g) is without stirring, while that in case (h) is stirring. i) Current response of a pH nanosensor 
driven by the NBFC. j) A carbon nanotube-based visible light sensitive photon nanosensor driven by a NBFC in responding to the on and off of visible 
light. Reproduced with permission. [ 134 ]  Copyright 2010, Wiley-VCH. 

obvious amperometric response was presented when the light 
was turned on and off (Figure  6 j). These studies show that the 
NBFC can truly serve as a power source not only for driving in 
vivo nanosensors, but also for other devices. 

 Although the MFC exhibits unique features such as long-term 
stability and fuel effi ciency, the power densities are typically 
lower owing to ineffi cient mass transfer across cell membranes, 
which might limit the application of the MFC in miniaturized 
electronic devices. Compared with the MFC, an enzymatic BFC 
uses isolated enzymes which can be mass-produced readily and 
cheaply. The operation principle of the BFC provides a potential 
biocompatible and sustainable power source for micro-/nanosys-
tems through the harvesting of biochemical energy. However, 
current BFCs suffer poor stability due to the limited lifetime of 
extracellular enzymes and their inability to fully oxidize fuels.   

 2.2.4.     Conjunctional Energy Harvesting 

 Several approaches have been developed for harvesting solar, 
thermal, and mechanical energies, but all of the approaches are 

targeted at one type of energy for one type of application, while 
the rest of the other types of energies are wasted. In addition, 
the energy available for driving a system could vary from time 
to time and from location to location. This is especially true for 
solar energy and mechanical vibration energy. Solar energy, 
for example, is one of the important energy sources for green 
energy, but solar is not always available, strongly depending 
on time of day and weather. Mechanical vibration energy may 
exist in most places, but the mechanical energy available in 
our environment has a wide spectrum of frequencies and time-
dependent amplitudes. In this case, conjunctional harvesting 
of energy from multiple sources available in our living envi-
ronments using a single device has become highly desirable, 
representing a new trend in energy technologies, not only for 
powering personal electronics but also for future implantable 
sensor transmitter devices for biomedical and healthcare appli-
cations. [ 136 ]  After the fi rst NW-based hybrid cell (HC) device was 
demonstrated for concurrently harvesting solar and mechanical 
energy in 2009, [ 55 ]  a number of researchers were inspired to 
work on developing such a technology. Since then, many HCs 
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for multi-type energy harvesting including solar and mechan-
ical energy, [ 137,138 ]  biochemical and biomechanical energy, [ 139,140 ]  
thermal and solar energy, [ 56 ]  and sound and solar energy, [ 57 ]  
have been demonstrated. These hybrid energy-harvesting 
approaches can work simultaneously or individually, and they 
can be integrated in parallel and in series for raising the output 
current and voltage, respectively, as well as power. 

 Recently, an optical fi ber-based 3D HC, consisting of a dye-
sensitized solar cell (DSSC) for harvesting solar energy and a NG 
for harvesting mechanical energy, has been fabricated coaxially 
based on a traditional optical fi ber as a core–shell structure. [ 141 ]  
The design of the DSSC is based on ZnO NW arrays grown 
radially around the optical fi ber, [ 142 ]  with the  c -axis pointing out-
wards, as shown in  Figure    7  a. The conventional optical fi ber 
is fl exible and allows the remote transmission of light, which 
makes the DSSC suitable for solar power generation at remote/
concealed locations, such as caves and basements, with appli-
cations in defensive technologies, smart construction, and envi-
ronmental science. The widely available mechanical energy in 
our living environment will supplement the power needed 
when the DSSC is not available, such as at night and on rainy 
days. For such 3D DSSCs, light will enter the optical fi ber from 
the end cross-section and experience multiple internal refl ec-
tions inside the fi ber during propagation, which will improve 
the performance of the DSSC. For the output of the HC, the 

 V  OC  of the DSSC is about 0.4 V, and the  V  OC  of the NG is about 
2.9 V, resulting in a  V  OC  of the HC about 3.3 V (Figure  7 b). The 
 I  SC  of the DSSC is 7.52 µA and that of the NG is 0.13 µA; as a 
result, the  I  SC  of the HC is 7.65 µA when the DSSC and the NG 
are connected in parallel with the same polarity (Figure  7 c–e). 
It is noted that the output current of the HC is dominated by 
the DSSC, while the output voltage of the HC is dominated by 
the NG. Complementary contributions of the DSSC and NG 
are likely benefi cial for the power output of the HC. The optical 
fi ber-based HC is of great potential application for continually 
powering devices at remote/concealed locations.  

 Conjunctional energy harvesters are promising as sustain-
able power sources for self-powered micro-/nanosystems. 
However, real applications need to solve the problem of mis-
matching between different energy-harvesting devices, and the 
improvment of the conjunctional energy harvesting devices 
might also impart increased costs as well as diffi culties in 
manufacturing.    

 2.3.     Energy-Storage Devices for Self-Powered Nanosystems 

 Energy storage is a most important technology in the devel-
opment of green, sustainable, and renewable energy sources. 
Green energy sources such as solar and wind energies are both 

   Figure 7.    Design and performance of a 3D optical fi ber-based HC consisting of a DSSC and an NG. a) The 3D HC is composed of an optical fi ber-based 
DSSC with a capillary tube as counter electrode. b)  V oc of the HC when the NG and the DSSC are connected in series, where  V oc(HC) =  V oc(DSSC) + 
 V oc(NG). c)  I sc of the HC when the NG and the DSSC are connected in parallel. d,e) Enlarged view of the  I sc(HC) and  I sc(NG), clearly showing that 
the  I sc(NG) is 0.13 µA, the  I sc(DSSC) is 7.52 µA, and the  I sc(HC) is about 7.65 µA, nearly the sum of the output of DSSC and NG. Reproduced with 
permission. [ 141 ]  Copyright 2012, Wiley-VCH. 
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intermittent, and the harvesting of these energies may be inter-
rupted with variances in time and space. Other energy-har-
vesting technologies such as NGs could easily and effi ciently 
convert vibrational energy in living environments to electrical 
energy, but they cannot continuously drive small electronics 
because of their limited output power. Therefore, energy-
storage systems are essential for providing a stable and durable 
output which can be regulated. Energy storage using nanoma-
terials is an active and important fi eld of today's research. The 
main approaches to this challenge are supercapacitors [ 143,144 ]  
and Li-ion batteries, [ 145,146 ]  both of which use electrochemical 
processes for storing charges using ions at a high density. 

 Supercapacitors (SCs), which are superior in power density, 
long cycle life, and fast charge–discharge rates, have demon-
strated feasibility as outstanding storage components. [ 147–151 ]  
Compared with the SCs using liquid electrolytes, solid-state 
SCs have many advantages such as light weight, high fl exibility, 
a high safety, and environmentally benign nature, which are 
suitable for fl exible and portable electronics. [ 152–154 ]  Recently, 
Yuan and co-workers fabricated solid-state polyaniline-based 
(PANI-based) fl exible SCs on paper substrates as effective 
energy storage units for storing electric energy produced by 

a piezoelectric generator or a solar cell ( Figure    8  a–c). [ 155 ]  The 
all-solid-state SC shows a power density of around 3 Wcm −3  at 
an energy density of around 0.01 Wh cm −3 , which is compa-
rable to that of activated carbon SCs in aqueous electrolyte. [ 156 ]  
As effi cient and powerful energy-storage devices, SCs could be 
charged and then discharge to drive various electronic com-
ponents. In particular, if a sustainable and renewable energy 
source is used to charge SCs, they could make electronic 
devices work continually without a battery, forming a self-pow-
ered system (Figure  8 c). The voltage of six SCs connected in 
series reached 2.6 V after charging for 11 h by the generator 
(Figure  8 b), and could be charged to 3.2 V quickly in 2 min 
by solar cells of a higher current (around 5 mA). The charged 
SCs could light a blue light-emitting diode (LED) or power a 
strain sensor, which implies potential applications of the fl ex-
ible solid-state SC in self-powered nanosystems and opens up 
new ways for the use of SCs.  

 Benefi ting from its small size, fl exibility, high conductivity, 
and large surface area, the carbon fi ber (CF) can serve as a 
good scaffold to load active materials and fabricate small size, 
lightweight, and fl exible SCs. For instance, the all-solid-state 
fl exible SCs based on a carbon/MnO 2  core/shell fi ber structure 

   Figure 8.    a) Fabricated solid-state SCs (upper) and photographs of the SC (lower). b) Charging curve for six all-solid-state SCs connected in series 
charged by a piezoelectric generator. The inset shows an optical image of a blue LED lighted by charged SCs connected in series. c) Schematic diagram 
of the self-powered nanosystems. Reproduced with permission. [ 155 ]  Copyright 2012, Wiley-VCH. d) Schematic diagram showing the design and struc-
ture of the self-charging power cell (SCPC). This structure is sealed in stainless-steel 2016-coin-type cells, as shown in the inset. e) Sticking a power 
cell on the bottom of a shoe, the compressive energy generated by walking can be converted and stored directly by SCPC. f) Cross-sectional scanning 
electron microscopy (SEM) image of the self-charging power cell. g) Enlarged view of the aligned TiO 2  nanotubes. The inset is a top view SEM image of 
the nanotubes. h) The SCPC is separated into two individual units: a PVDF piezoelectric generator and a Li-ion battery by using PE as a separator. The 
inset is a schematic circuit of the traditional charging methods with separated generator and storage units connected by a bridge rectifi er. Reproduced 
with permission. [ 167 ]  Copyright 2012, American Chemical Society. 
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as high rate capability with a scan rate up to 20 Vs −1 , high 
volume capacitance of 2.5 Fcm −3 , and an energy density of 
2.2×10 −4  Wh cm −3 . [ 157 ]  By integrating with a triboelectric gen-
erator, SCs could be charged and power commercial electronic 
devices, such as a liquid crystal displays or a light-emitting-
diode, demonstrating feasibility as an effi cient storage compo-
nent of self-powered micro/nanosystems. 

 In addition, many metal oxide negative electrode materials, 
such as molybdenum oxide (MoO 3–x ) [ 158 ]  and iron oxide, [ 159 ]  
show a superior capacitive performance, but the low electronic 
conductivity of metal oxides profoundly affects their electro-
chemical performance. In order to solve this problem, the use 
of high-specifi c-area and high-conductivity nanomaterials, such 
as ZnO and tungsten oxide (WO 3–x ) NWs [ 160 ]  as a scaffold to 
load electrochemically active materials, is proposed as a viable 
solution. [ 152 ]  For instance, the MoO 3–x /WO 3–x  core/shell nano-
structures are grown radially on carbon fabric as a negative 
electrode, assembled with PANI NWs on carbon fabric as a 
positive electrode, to fabricate high-performance, all-solid-state 
asymmetric supercapacitors (ASCs) with H 3 PO 4 /poly(vinyl 
alcohol) (PVA) as the electrolyte. [ 148 ]  Electrochemical measure-
ments indicate that the fabricated ASCs can be cycled reversibly 
between 0 and 1.9 V. Furthermore, The fabricated all-solid-state 
ASCs (the volume of the whole cell was about 0.057 cm 3 ) exhib-
ited a high energy density of 0.0019 Wh cm −3 , which is about 
twice that of graphene oxide (8 × 10 −4  Wh cm −3 ) and onion-like 
carbon SCs (1 × 10 −3  Wh cm −3 ). [ 156,161 ]  

 The Li-ion battery [ 146,162–165 ]  is another effective energy storage 
approach, in which electrical energy is stored as chemical 
energy through the migration of Li ions under the driving force 
of an externally applied voltage and the follow-up electrochem-
ical reactions occurring at the anode and cathode. [ 166 ]  In gen-
eral, electricity generation and energy storage are two distinct 
processes that are accomplished through two different and sepa-
rated physical units achieving the conversions from mechanical 
energy to electricity and then from electrical energy to chemical 
energy, respectively. Recently, Xue and co-workers developed an 
integrated self-charging power cell (SCPC). [ 167 ]  They introduced 
a fundamental mechanism that directly hybridizes the two pro-
cesses into one, through which the mechanical energy is directly 
converted and simultaneously stored as chemical energy, so that 
the nanogenerator and the battery are hybridized as a single 
unit. The experimental design of a self-charging process is based 

on the characteristics of both piezoelectric and electrochemical 
properties, as schematically shown in Figure  8 d–g. Under the 
compressive force applied to the SCPC at a frequency of 2.3 Hz, 
the voltage of the device increased from 327 to 395 mV in 240 s. 
After the self-charging process, the device was discharged back 
to its original voltage of 327 mV under a discharge current of 1 
µA (Figure  8 h). Compared with the effi ciency of the traditional 
charging method, which is composed of a separated generator 
and a storage unit connected though a bridge rectifi er (inset 
of Figure  8 h), the voltage of the SCPC (65 mV) is a lot larger 
than that of the traditional battery. Such an integrated SCPC, 
which can be charged up by mechanical deformation and vibra-
tion from the environment, provides an innovative approach for 
developing a new mobile power source for both self-powered 
systems and portable and personal electronics. 

 To meet the pressing demands for portable and fl exible 
equipment in contemporary society, it is strongly required to 
develop next-generation inexpensive, fl exible, lightweight, and 
sustainable supercapacitor systems with large power densi-
ties, long cycle lives, and good operational safety. The primary 
energy storage technologies for existing designs are superca-
pacitors and batteries, although there are niche applications 
emerging for higher power density but lower energy density 
supercapacitors. However, the production of thin, lightweight, 
and fl exible energy-storage devices of any type using processes 
scalable to commercial implementation remains challenging.    

 3.     Self-Powered Photodetectors 

 Harvesting the available forms of energies in the environment 
to create self-powered nanosystems is now becoming a tech-
nological reality (see  Table    2  ). As a new fi eld in self-powered 
nanotechnology-related research, self-powered PDs have been 
developed. These designed self-powered PDs include two 
classes. One type of self-powered PD was powered by an inte-
grated energy harvesting unit, which is usually equipped with a 
capacitor. This type of self-powered PD has been proven viable. 
At the same time, another type of self-powered PD has been 
developed by exploiting the photovoltaic effect. This type of self-
powered PD can not only detect the signals but also be powered 
by these detected signals. It is highly desired that the fabricated 
self-powered PDs can be used to both detect the signals and pro-
duce the measurable electric energy from these detected signals.   

  Table 2.    Nanostructured and self-powered photodetectors.  

Self-powered nanostructured PD Light Sensitivity  V  OC  I  SC Rise time Decay time Ref.

CdSe nanobelt/graphene white ∼3.5 × 10 5 — 0.02 µA 82 µs 179 µs  187 

CdS:Ga nanoribbon/Au 510 nm ∼10 3 0.16–0.18V 0.73–1.05 nA 95 µs 290 µs  175 

ZnO nanowire p–n junction UV ∼10 6 ∼0.2 V ∼0.1 µA 30 ms 50 ms  171 

Opposite heterojunctions 365 nm 1.68 × 10 5 — ∼14 µA — —  173 

ZnO/GaN junction 367 nm ∼10 6 ∼2.7 V ∼2 µA ∼20 µs ∼219 µs  4 

rGO-ZnO hybrid structure white 430 — ∼90 nA <0.2 s <0.2 s  195 

Sb-doped ZnO nanobelt 325 nm 22 — 23 nA <100 ms <100 ms  43 

PD driven by a MFC 254 nm — 295 mV 56 nA 30 ms 40 ms  168 
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 3.1.     Self-Powered Photodetector Based on an Integrated Power 
Source 

 Generally, the type of self-powered PD with an integrated power 
source consists of a power unit, a light sensor, and an elec-
trical measurement system. [ 14,117,140 ]  For example, an FTNG is 
used to power a fl exible ZnO NW-based UV sensor. [ 117 ]  A volt-
meter is connected with a UV sensor to measure the voltage 
drop on it. When the UV light is off, the resistance of the UV 
sensor is very large and the corresponding voltage drop on the 
UV sensor is about 0.2 V. When UV light is shining on the 
UV sensor, its resistance decreases because of the increasing 
carriers, and the voltage drop on the sensor decreases accord-
ingly. With the increasing of UV light intensity, more carriers 
are generated in the ZnO nanowires, and the voltage drop 
decreases further. Therefore, by monitoring the voltage drop on 
the UV sensor, UV light can be detected quantitatively. The HC 
developed by integrating a NW-based NG with a enzyme-based 
BFC was also used to drive the operation of a ZnO NW-based 
UV light sensor. [ 140 ]  The UV sensor and the HC are connected 
in a loop. The resistance of the ZnO NW in the HC was 7 MΩ 
without UV light shining on the top, and the corresponding 
peak voltage of the nanosensor declined 5 mV. As a result of 
UV radiation, NW resistance declined to 800 kΩ and the peak 
voltage decreased to 2.5 mV. The output difference in voltage 
can be used to detect the UV light illumination. Recently, a 
self-powered photodetector is fabricated by integrating a single-
fi ber NW hybrid-structured MFC with a single CdS NW-based 
PD in series ( Figure    9  a–c). [ 168 ]  The self-powered photodetector 
shows an excellent response to solar light, with a response 

time of about 30 ms and decay time of about 40 ms. The self-
powered photodetector can also be used to detect multicolored 
light ranging from red light to UV light. With UV light with an 
intensity of about 1.6 × 10 −4  Wcm −2  shining on the CdS NW, 
the system current increases immediately to 1.4 nA (Figure  9 d). 
The on–off cycles have remarkable reproducibility. The self-
powered nanosystem can detect light down to a nW/cm 2  level. 
The responsivity for UV, blue, and green light with intensity 
of 2.3 nWcm −2  of the system were 1180, 344, and 332 AW −1  
(Figure  9 e), respectively, which is two to three orders of mag-
nitude higher than that received using a nitride based metal–
semiconductor–metal PD [ 169 ]  and a silicon NW-based PD. [ 170 ]     

 3.2.     Self-Powered Photodetector Based on a Built-in Potential 
Difference 

 The self-powered photodetectors depicted above require an inte-
grated power unit as the driving force to restrain the recombina-
tion of the photogenerated e–h pairs. [ 168–170 ]  In fact, the purpose 
of integrating a power source is to provide a potential difference 
in the photoresponse nanosystem, which plays a very important 
role in controlling the directional movement of the photogen-
erated electron and hole. It is easy to understand that a poten-
tial difference in a photoresponse nanosystem is necessary for 
separating the photogenerated e–h pairs and forming a photo-
current. Therefore, the issue that needs to be resolved can be 
transferred from the power source to the potential difference, 
which may be easily resolved if an inner potential difference can 
form automatically in photoresponse nanosystem. [ 4,171,173,179 ]   

    Figure 9.    Experimental design and multicolor detection of the self-powered PD system. a) Illustration of a self-powered nanosystem composed of a 
MFC and a NW PD. E = electrode. b) SEM image of a carbon fi ber covered with densely packed ZnO NWs, which was used for fabricating the MFC. 
c) SEM image of a CdS wire used for fabricating the photodetector. d) UV light (372 nm). e) Photocurrent as a function of the excitation intensity on 
the CdS NW that was illuminated by UV, blue, and green light (curves correspond to the color of the light). Reproduced with permission. [ 168 ]  Copyright 
2012, Wiley-VCH. 
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 Junctions between p-type and n-type semiconductors have a 
built-in potential difference, so they should have the ability to 
provide the driving force required for the movement of photo-
generated electrons and holes. In fact, photodetectors based 
on p–n junctions without any integrated power source have 
already been reported by some groups. For example, Cho and 
co-workers fabricated a self-powered UV photovoltaic made 
of a single-crystalline ZnO p–n homojunction NW device, [ 171 ]  
which exhibits the clear rectifying characteristics of a p–n 
junction diode and also shows very good UV light absorption 
characteristics. At a zero-voltage bias, the dark current was less 
than 1 pA and the  V  OC  was 0 V, whereas the photocurrent was 
∼1 µA and the  V  OC  was ∼0.2 V under UV light illumination. 
Very stable and repetitive on–off cycles of the  I  SC  were observed 
with the light on and off. After turning off the UV illumina-
tion, the photocurrent and the output voltage immediately 
return to the initial levels of the dark current and open-circuit 
voltage. The rise time during the voltage-increasing edge and 
the decay time were estimated to be 30 ms and 50 ms, respec-
tively, which are smaller than those of the previously reported 
photoconductive ZnO ultraviolet detectors. [ 172 ]  Liao and co-
workers reported an ultrafast and visible-blind UV PD based 

on ZnO/GaN nanoscale p–n junctions ( Figure    10  a–c). [ 4 ]  The 
self-powered visible-blind UV PD had an ultrafast response of 
rise time (∼20 µs) and decay time (∼219 µs) (Figure  10 c), 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 short-circuit current density 
of up to ∼5×10 4  mA cm −2 , a  V  OC  of ∼2.7 V, a maximum output 
power of ∼1.1 µW, and the UV photocurrent of ∼2×10 −6  A at 
zero bias (Figure  10 b). In addition, by integrating the ZnO/GaN 
junction with a CdSe NW-based device, a selective multiwave-
length PD was achieved (Figure  10 d,e). The integrated device 
not only realized a self-powered red and UV detector system, 
but also achieved an optically operated AND gate and a mul-
tiple-state logical unit controlled by UV-light illumination.  

 However, these studies indicated that the photocurrent only 
reached the range of 10 −6  A at zero bias. This implies that a 
simple junction in a nanodevice could not completely replace 
the external bias voltage to control directional movement of the 
photogenerated electron and hole. In this case, a relatively inde-
pendent UV PD, based on a sandwich-like structure which is 
composed of one layer of p-type PANI NWs and two layers of 
n-type ZnO nanorod arrays, has been proposed (Figure  10 f). [ 173 ]  
ZnO nanorod arrays were vertically grown on indium tin oxide 
(ITO) glass, which serves as a common substrate for directly 

   Figure 10.    a) SEM image of the fabricated n-type ZnO nanowire/p-type GaN fi lm heterojunction. b)  I – V  curves of the ZnO/GaN heterojunction under 
dark (square plot) and UV (circular plot) conditions. c) Photoelectrical voltage (logarithmic scale) of the ZnO/GaN heterojunction as a function of 
time while the incident UV light is modulated by a chopper working at 800 Hz. d) Schematic picture of the integrated PD: a CdSe nanowire device 
powered by an n-ZnO/p-GaN heterojunction photovoltaic unit. e) SEM image of the CdSe NW device. Reproduced with permission. [ 4 ]  Copyright 2011, 
Wiley-VCH. f) Experimental schematic diagram of ZnO/PANI/ZnO device. g)  I – t  curves of the sandwich-structured ZnO/PANI/ZnO devices irradiated 
from the left side. Curves a, b, and c are for the special ZnO/PANI/ZnO device, in which the ZnO nanorods have been functionalized by PSS with 0, 
1, and 5 layers, respectively. Reproduced with permission. [ 173 ]  Copyright 2012, Royal Society of Chemistry. 
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connecting the ZnO nanorod arrays with an external circuit. 
Two layers of the ZnO nanorod arrays were separated by a thin 
layer of PANI NWs synthesized by the liquid–liquid interface 
method. [ 174 ]  In the design, there are two opposite directional 
inner electric fi elds in the ZnO/PANI/ZnO device. A high pho-
tocurrent (∼1.4 × 10 −5  A) with a photosensitivity of 1.68 × 10 5  
was observed for the special ZnO/PANI/ZnO device at zero 
bias (Figure  10 g).   

 3.2.2.     Self-Powered Photodetector Based on the Schottky Junction 

 Recent progress in PDs demonstrates that the device structure of 
PDs plays an important role in determining the detection ability. 
For instance, Ohmic contact PDs normally exhibit unparalleled 
performance in terms of high responsivity and high photocon-
ductive gain, whereas Schottky junction PDs, in contrast, have 
advantages in sensitivity and fast response. [ 175–177 ]  In addition, 
photovoltaic behavior usually can be observed in such Schottky-
based devices, which can provide energy for themselves in appli-
cations of PDs. [ 176,178 ]  This feature renders it possible to detect 
light irradiation without any integrated power source unit. 

 Zhang and co-workers presented a self-powered UV PD 
based on a single Sb-doped ZnO nanobelt (NB) bridging an 
Ohmic contact and a Schottky contact (ZnO/Au). [ 43 ]  When the 
UV light is focused on the Schottky contact, the photon-gener-
ated electrons and holes are quickly swept away from this area 
in opposite directions, which can result in a photocurrent. At 
zero bias, the current value of the device jumped to ∼23 nA and 
the sensitivity was found to be ∼2200% under UV light illumina-
tion. The reset time of the fabricated device is less than 100 ms. 
Recently, a self-powered visible light PD based on a CdS:Ga NR/
Au Schottky barrier diode, was investigated ( Figure    11  a). [ 179 ]  
The visible light PD shows the reversible switching between 

high and low conductance without exterior power supply when 
510 nm light illumination with intensity of 0.27 mW cm −2  was 
turned on and off. The  I  on / I  off  ratio was ∼10 3  and the response 
was very fast and highly stable and reproducible (Figure  11 b). 
The mechanism of these Schottky junction PDs relies on the 
built-in fi eld within the depletion region of Schottky junction. 
By the effective absorption of photons with energy ( hν ) greater 
than the bandgap ( E  g ) by semiconductor nanostructures, the 
electrons were driven into the CdS, and the holes were driven 
into the Au surface, as soon as the photogenerated e–h pairs 
were readily separated by the built-in fi eld within the deple-
tion region. The continuous accumulation of these carriers at 
both sides of the depletion region forms the photovoltage with 
a direction pointing from metal to semiconductor (Figure  11 c). 
Once the Schottky junction is short-circuited (Figure  11 d), the 
photogenerated carriers can transit through the external circuit, 
giving rise to a short-circuit current.    

 3.2.3.     Self-Powered Photodetector Based on a Semiconductor/
Graphene Nanostructure 

 In comparison to the p–n junction, the Schottky junction has 
the advantages of material universality, facile fabrication pro-
cesses, etc. However, the remarkable light absorption of metals 
may seriously limit the performance of the PDs made from a 
Schottky junction. Graphene, an atomic-layer-thick and two-
dimensional system, [ 180 ]  has triggered considerable research 
interest due to its fascinating electronic and mechanic proper-
ties prescribed by its unique structure. [ 181–186 ]  

 Graphene, as a substitute for metal, was used to fabricate 
the self-powered visible-light PD based on a CdSe NB/graphene 
junction ( Figure    12  a). [ 187 ]  Under zero bias, such PD typically 
shows a high photosensitivity (∼3.5 × 10 5 ) to above-bandgap 

irradiation and a fast response (with response 
and recovery times of 82 µs and 179 µs, 
respectively) in a wide range of switching 
frequencies (up to 1000 Hz) (Figure  12 b). 
The mechanism of the self-powered PD can 
be explained qualitatively as follows: because 
of the work function difference between the 
two materials, a built-in electric fi eld forms 
between graphene and the CdSe NB. Upon 
above-bandgap light illumination, the photo-
generated holes and electrons are driven 
towards the graphene and the CdSe NB, 
respectively, by the built-in fi eld. The offset 
between the quasi-Fermi levels of the CdSe 
NB and graphene results from the voltage 
drop on the external load, which is analogous 
to applying a forward bias to the junction 
(Figure  12 c). This kind of high performance 
PD, with the advantages of easy fabrication 
and energy saving, shows wide application 
potential in the fi elds of visible-light detec-
tion, binary switches, and optoelectronic inte-
grated circuits.  

 On the other hand, the optical and elec-
tronic properties of semiconductor nanopar-
ticles (NPs) can be tuned by the size, shape, 

    Figure 11.    a) SEM image of CdS NR/Au Schottky diode. Inset shows an enlarged SEM image, 
the scale bar is 10 mm. b) Time response of CdS:Ga NR/Au SPDs at zero bias under light 
illumination of 510 nm with intensity of 0.27 mW cm −2 . c,d) The energy band diagrams of 
(c) an open-circuited and (d) a short-circuited CdS:Ga NR/Au Schottky junction device under 
light illumination. Reproduced with permission. [ 179 ]  Copyright 2012, Royal Society of Chemistry. 
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different from those for the graphene photodetecting devices 
based on the Schottky junction. [ 196,197 ]  The photocurrent in 
the self-powered PD comes from a synergic effect of rGO and 
ZnO: effective charge transfer between their interface and fast 
charge transport by rGO. When ambient oxygen molecules are 
adsorbed on ZnO surface, they capture the free electrons pre-
sent in the n-type ZnO [O 2 (g)+e − → O2

− (ad)], generating a low-
conductivity depletion layer near the surface. When the device is 
illuminated by photons with energy higher than the  E  g  of ZnO 
( hν > E  g ), e–h pairs are photogenerated ( hν →e − +h + ) in ZnO NPs. 
The photogenerated holes will migrate to the ZnO surface and 
combine with oxygen [ O2

− (ad)+h + →O 2 (g)], while free electrons 
will be transferred into the rGO layer the built-in fi eld within 
the depletion region and then transported to the electrode. Fur-
ther, the rGO-ZnO hybrid introduces narrow energy levels in 
the forbidden gap of the carbon-doped ZnO and extends the 
absorption from the UV zone to the visible zone, thus a distinct 
photocurrent is generated under zero bias (Figure  12 e).     

 4.     Summary and Outlook 

 As a new fi eld in self-powered nanotechnology-related research, 
self-powered PDs have been developed, which exhibit a much 
faster photoresponse and higher photosensitivity than the 
conventional photoconductor-based PDs and show potential 
applications in light detecting and nano-optoelectronic inte-
grated circuits. The decisive factor for the implementation of 

and composition. [ 188,189 ]  Thus it is of great interest to modify 
graphene sheets with such semiconductor NPs, because the 
combination of certain NPs with graphene might produce 
promising optoelectronic and energy-conversion materials. 
For example, a reduced graphene oxide (rGO)-semiconductor 
NP nanocomposite with interesting photovoltaic response and 
improved photoinduced charge-transfer properties [ 190,191 ]  has 
been synthesized; an rGO-CdSe hybrid shows dramatically 
enhanced photoresponse. [ 192 ]  In these materials, the excited 
electrons in the conduction band of semiconductor NPs will 
migrate into rGO, thereby decreasing the recombination possi-
bility of electron–hole pairs. Meanwhile, countless endeavours 
have been devoted to extending the absorption of ZnO from 
the UV band to the visible zone. Various strategies, including 
atomic doping and surface modifi cation by heterogeneous spe-
cies, have been proposed to enhance the absorption of ZnO in 
the visible band. [ 193,194 ]  In particular, a carbon-doping method 
has been widely used to enhance the visible-light absorption 
of ZnO and improve its visible-light photocatalytic activity; [ 193 ]  
rGO was also used to enhance the photocatalytic activity of 
ZnO NPs. [ 194 ]  Recently, a rGO-ZnO NPs nanocomposite PD 
with ultrasensitive visible-light photoresponse has been syn-
thesized (Figure  12 d) and could produce a distinct electric 
current to visible-light illumination under zero-bias, making 
the PD self-powered. [ 195 ]  Under white-light illumination, the 
photoresponsivity defi ned by the ratio of photocurrent to dark 
current reached 430, and both rise and fall times are less 
than 0.2 s (Figure  12 e). The mechanism of photoresponse is 

   Figure 12.    a) FESEM image of the photodetector. b) Photocurrent response measured at zero bias (under short circuit conditions) under a fi xed white 
light illumination. c) The energy band diagrams of such photodetector under light illumination for the load (resistor) cases.  Φ  G  is the work function 
of graphene,  Φ  B  is the Schottky barrier height,  V  i  is the built-in potential,  V  is the voltage drop on the resistor, χ S  is the electron affi nity of the CdSe 
NB.  E  C ,  E  V , and  E  F  are the conduction band edge, valence band edge, and Fermi level of the CdSe NB, respectively. Reproduced with permission. [ 187 ]  
Copyright 2012, Royal Society of Chemistry. d) Schematic illustration of ZnO decorated rGO-ZnO composite PD. e) Time-resolved photocurrent gen-
eration with illumination for the rGO–ZnO PD. f) Schematic illustration of charge transfer process involving oxygen-adsorption upon illumination of 
carbon-doped ZnO–rGO hybrid, the brown lines denote new energy levels generated by carbon doping. Reproduced with permission. [ 195 ]  Copyright 
2012, Royal Society of Chemistry. 
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self-powered PDs is the successful development of energy-har-
vesting devices to provide appropriate power sources that can 
sustainably and stably operate over a broad range of conditions. 
For comparison, the major energy-harvesting techniques dis-
cussed herein and their prospects for application in self-pow-
ered PDs are summarized in Table  1  and Table  2 , respectively. 

 Despite the rapid progress that has been made in the new fi eld 
of self-powered PDs, the practical applications still require the 
development of the much higher performance self-powered PDs. 
Therefore, considerable future study of fabrication of self-powered 
PDs is proposed. First, power-source devices with more stable and 
suffi ciently high outputs are still needed to power the self-powered 
PDs. Although some self-powered PDs, such as the self-powered 
PD integrated a single-fi ber NW hybrid-structured MFC, [ 168 ]  
show an excellent response and photosensitivity to solar light, the 
highest photocurrent value is only in the region of 10 −9 ∼10 −8  A, 
which is very low and diffi cult for it to meet the requirements of 
practical applications. Second, the detection performance of PD 
itself needs to be further improved. Many PDs indicate that the 
limitation of the detectable light intensity is very high. However, 
for environmental monitoring and medical therapy treatment, 
weak light detection is much more desired. For instance, a rapid 
and high-sensitive PD is urgently required to detect fl uorescence 
of the contamination in recycled water systems for environmental 
monitoring. [ 44,45 ]  In addition, innovative approaches should be 
developed to greatly reduce the size and weight of self-powered 
systems, especially for implanted biomedical systems. When these 
issues are addressed properly, sustainable self-powered PDs will 
play a critical role in the advancement of the important fi elds of 
imaging techniques, light-wave communications, environmental 
monitoring, medical science, defense technology, and so on 

 In summary, the development of self-powered PDs requires 
the rational synthesis of nanomaterials, measurements of 
nanoscale properties, fabrication of nanodevices, integration 
of various nanodevices into systems with multi-functionality, 
and harvesting energy to power the self-powered system. 
We look forward to seeing a marked impact of self-powered 
nanotechnology on nanostructural PDs. The fabricated self-
powered PDs will be intelligent, multifunctional, super-small, 
extremely sensitive, and energy effi cient in the near future. 
The development of the self-powered PDs should also open up 
other novel research areas and challenging techniques.  
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