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Flexible electronics has gained great research interests in recent years due to their special features and 5 

potential applications in flexible displays, artificial skins, sensors, sustainable energy, etc. With unique 

geometry, outstanding electronic/optoelectronic properties, excellent mechanical flexibility and good 

transparency, inorganic nanowires (NWs) offer numerous insights and opportunities for flexible 

electronics. This article provides a comprehensive review of the inorganic NW based flexible electronic 

in the past decade, from the NWs synthesis and assembly, to several important flexible device and energy 10 

applications including transistors, sensors, display devices, memories and logic gates, as well as lithium 

ion batteries, supercapacitors, solar cells and generators etc. The integration of various flexible 

nanodevices into a self-powered system was also briefly discussed. Finally, several future research 

directions and opportunities of inorganic NW flexible and portable electronics are proposed.

1 Introduction 15 

Over the last decades, the advancement of flexible electronics has 
spread across an expansive area ranging from the development of 
fundamental transistors, different kind of sensing devices, to 
flexible organic light-emitting diode displays on various kind of 
flexible substrates.1-3 This academic interest in flexible 20 

electronics will continue for some years, driven by the growing 
demand for electronics with the availability of lightweight, 
portability, and low cost to manufacture compared to their rigid 
substrate counterparts, and supported by the techniques for 
ceaseless miniaturization of individual elements in 25 

microelectronics, for example, reductions in the critical 
dimensions (i.e. channel lengths and dielectric thicknesses) of 
transistors in integrated circuits.4,5 Commercially speaking, 
during approximately the past 15 years, the most arresting 
examples of macroelectronics are flat-panel displays (FPDs) 30 

which use thin film transistors (TFTs) to drive and address the 
active matrix pixels.6 While the newly commercial success of 
FPDs opens an era of flexible electronics, the desires for extra 
characteristics including light weight, low cost and portability 
lead to the emerge of new applications of rollable displays.7 35 

Besides, thin film solar cells,8,9 artificial skins10,11 and other new 
applications also create intensive interests to build electronic 
devices directly on flexible substrates like thin plastics in scalable 
ways. However, the requires for flexibility and compatibility with 
plastic substrates which limit the process temperature to be lower 40 

than 300 °C make a great challenge to the fabrication techniques 
and especially the choice of materials.12,13 

Organic semiconductors seem to be quite suitable for these 
applications owing to their good flexibility, low-temperature 
synthesis process and inherent compatibility with plastic 45 

substrates.14-18 Organic electronics based on these materials have 
been widely investigated and applied in light-emitting diodes,19-21 

radio frequency identification tags,22,23 sensors24-26 and so on. 
There still existing a problem which limits the application of 
organic devices, that is, the restrictions of mobility and stability. 50 

Comparing with conventional silicon based materials and organic 
semiconductors,27-32 low-dimension materials with excellent 
electrical and optical properties have attracted intensive attention 
in recent years.33-38 Owing to their relatively higher carrier 
mobility and size-related intriguing physical properties, these 55 

low-dimensional materials present widely potential applications 
in high performance electronic devices. For example, great 
interest has been drawn to one-dimensional (1-D) single-walled 
carbon nanotube (SWCNT) based devices. With  intrinsic 
mobility over 100,000 cm-2V-1s-1, good mechanical flexibility and 60 

optical transparency, SWCNTs are promising candidates for 
high-speed electronics.39-48 Whereas there are still several big 
challenges of SWCNTs integration process such as removing 
metallic carbon nanotubes from semiconducting ones as well as 
controlling the conducting type and doping level 65 

reproducibly.49,50 In contrast, inorganic semiconducting NWs are 
ideal materials with controllable size and electrical/optoelectronic 
properties, and have presented one of the most interesting 
research directions in the nanoscience and nanotechnology.51-53 
High quality single-crystalline inorganic semiconducting NWs 70 

have been synthesized via various methods.54-56 Superior 
electrical properties such as high carrier mobility over amorphous 
silicon, amorphous oxide thin films and organic semiconductors 
have been found.57-60 In addition to the advantages of mobility, 
the problems caused by metallic carbon nanotubes also 75 

disappeared.  
Besides their unique geometry structures, excellent mechanical 

flexibility and superior electrical properties, as inorganic NWs 
are capable to be transferred to all kinds of substrates, it is highly 
desirable to use them as the building blocks for flexible 80 

electronics in a broad and highly interdisciplinary area. First, by 
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providing 1-D monocrystalline pathways for carrier flow, NWs 
has been demonstrated to be reliable and efficient conductive 
channels for flexible electronics. As carriers don’t have to pass 
through many boundaries between adjacent nanocrystals, 
effective mobility in flexible electronics is largely improved. 5 

Second, for its high specific surface, inorganic NWs has also 
been demonstrated to act as highly sensitive materials for flexible 
electronics, especially for the sensing devices. Third, inorganic 
NWs own excellent mechanical flexibility which mainly comes 
from three aspects: 1) With the materials’ dimensions reducing to 10 

nanometer scale, mechanical strength of inorganic NWs is 
usually far superior to their bulk counterparts because of a 
reduction of defect incorporation. This characteristic is very 
common and indeed expected in many nanoscale materials. For 
example, average Young’s modulus of ZnO NWs is very close to 15 

that reported for its bulk and thin-film values while the ultimate 
strengths are up to 40 times that of their bulk counterpart.61 2) It 
is well known that propensity for crack formation in 
semiconductor materials is linearly reduced with dimensions.62 In 
other words, inorganic NWs can be more reliable and robust 20 

under bending conditions when compared with their bulk one. 3) 
Inorganic NWs itself only cross over a span of micrometer scale 
and often serve as some vital but tiny parts of an electronic 
devices or a system. This feature allows inorganic NWs to avoid 
the macroscopic deformations caused by the structural damage in 25 

the bulk materials cases.  
     To fulfil fully flexible electronics, flexible, lightweight, and 
miniaturized energy conversion/storage devices are recognized as 
one of the key components. However,  the  conventional  energy 
conversion/storage  devices  are  too  bulky and  inflexible  to 30 

integrate with the above flexible electrical/optoelectronic devices  
even on the common forms of flexible substrates. The lack of 
flexible energy conversion/storage unites gives a natural limit on 
the further development of next-generation flexible devices, and 
as a result, several enabling technologies must be developed to 35 

realize flexible energy conversion/storage devices with optimized 
performance. Very recently, several simple but inspirational 
models have been demonstrated including supercapacitors and 
lithium ion batteries. Flexible photovoltaic has also being 
considered as the harvesting of energy from sunlight and 40 

conversion into electrical power.63,64 
 This article reviews the state-of-art research progress in the 
field of flexible electronics based on inorganic NW materials. It 
begins with the preparation and assembly techniques of basic 
materials in section 2 and concentrate on the various applications 45 

from section 3 to section 5 including basic flexible electronic 
device elements like transistors, sensors, displays, memories, 
logic gates, etc. Since flexible energy conversion/storage devices 
are vital to realize fully flexible electronic/optoelectronic systems, 
to this point, a number of recent developed flexible energy 50 

conversion/storage devices were discussed and summarized in the 
following sections. Finally, we will discuss the future challenges 
and perspectives of inorganic NWs based flexible electronics. 

2 Inorganic NW synthesis and assembly 

2.1 NW synthesis 55 

 Inorganic NWs can be prepared through a variety of methods, 

among which bottom-up approach is a summary of various routes 
using basic elements to synthesize NW materials.65,66 Numerous 
kinds of materials such as metals, inorganic compounds and 
polymers are prepared by bottom-up approach successfully.67-69 60 

In general, preparation of 1-D nanomaterials relies on the ability 
to condense and grow an assembly of atoms by breaking the 
symmetry of their crystal lattices which can be realized through 
controlling the surface energies of different crystal faces, 
templates assisted growing or catalyzed synthesis. Synthesis of 65 

NWs has been well-documented in the last several years, thus 
they are not the focus of this review and we only provide a very 
brief introduction about NWs synthesis in this section. 
 The first strategies that have been widely applied are solution-
based methods including hydrothermal method, solvothermal 70 

method, reflux method, microwave synthesis method and so 
on.70-72 At the beginning of the synthesis, nucleation results in the 
formation of massive nanocrystals with different crystal faces 
exposed to the solution. The diversity of surface energies will 
lead to anisotropic condensation or growth of these nanocrystals. 75 

If one of the crystal faces has a distinct surface energy, a 
preferred growth on this face will result in the formation of one 
dimensional morphology.73 What is worth noting is that the 
surface energies are not only the intrinsic properties of materials, 
but also affected by the solution environment or the choice of 80 

source reagents. PH values of the solution are often investigated 
to control the growth of NWs, while some specific cations or 
anions are also observed to play important roles in the formation 
of 1-D structures. For example, Xu et al. studied the effect of 
capping agent, metal cations as well as pH values on 85 

hydrothermal growth of 1-D ZnO nanostructures.74 It was found 
that long chains of oleate ions led to the formation of ZnO NWs 
(Fig.1a) and nanorods, compared to CH3COO- or Cl-. Similar 
phenomena were also found in Birkel’s result.75 

 90 

 
Fig. 1 SEM images and TEM images of various types of 1-D 
nanostructures grown from both solution process and vapor phase 
processes. (a) ZnO NWs obtained via hydrothermal method. Reprinted 
with permission from ref. 74 © 2011, The Royal Society of Chemistry. 95 
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(b-c) Ag nanocables via hydrothermal method. Reprinted with permission 
from ref. 76 © 2005, WILEY-VCH. (d-e) In2O3 NW thin films via VLS 
method. Reprinted with permission from ref. 79 © 2010, WILEY-VCH. (f) 
ITO NW arrays via an epitaxial growth method. Reprinted with 
permission from ref. 92 © 2006, WILEY-VCH. (g) SnO2 nanobelts via 5 

VS method. Reprinted with permission from ref. 100 © 2003, American 
Institute of Physics. (h) well-aligned ZnO NWs via the VS method. 
Reprinted with permission from ref. 103 © 2005, American Institute of 
Physics. 

Solution phase methods have been extensively explored to 10 

synthesize various NWs. Metallic NWs like Ag (Fig.1b-c), Cu, 
Au, and Pt,76,77 semiconducting oxide NWs such as ZnO, SnO2, 
In2O3, Cu2O, Fe2O3 and V2O5 have been successfully 
synthesized.78 In spite of the decreased crystallinity and 
weakened electrical properties, it can be predicted that solution 15 

phase methods are promising ways for mass production and large 
scale application of NWs with the advantages of low cost and 
easy fabrication.  
 Large aspect ratio often helps to enhance the contact of the 
electrodes with the active materials in electronic devices like 20 

transistors.79 It also facilitates the adsorption/desorption of O2 in 
optoelectronic devices such as photodetectors.80 That is why 
NWs find such a wide application in nano-devices. However, it is 
usually a challenge to synthesize uniform NWs, especially highly 
ordered NW arrays, by using general hydro/solvothermal 25 

methods. In this case, templates are adopted to control the 
material’s growth in a confined domain or along a specific 
direction. Among all adopted templates anodic aluminium oxide 
(AAO) membrane are widely utilized. As a typical example, 
highly ordered CdS NWs array with lengths up to 1 µm and 30 

diameters as small as 9 nm have been obtained by using AAO 
templates. During the process, CdS was electrochemically 
deposited into the pores of AAO films from an electrolyte 
containing Cd2+ and S in dimethyl sulfoxide and the deposited 
material was found to be hexagonal CdS with the crystallographic 35 

c-axis preferentially oriented along the length of the pore.81 
Similar method were also employed to synthesize many other 1-
D nanostructures, such as In2O3, SnO2, Fe2O3 and Fe3O4 NWs.79, 

80-84  
For the vapor phase processes, an important one is using 40 

catalysts to guide the growth of NWs which is generally 
described as vapor-liquid-solid (VLS) method.85 In VLS growth 
process, metal droplets, usually formed by annealing a gold thin 
film prepared by sputtering (1-10 nm) or gold colloids,86 are 
indispensable to serve as catalysts. These metal droplets capture 45 

the source vapor and form liquid alloy droplets, then 
supersaturation and nucleation happen at the liquid/solid interface 
and lead to axial crystal growth. Owing to catalyzed mechanism, 
the NWs often have diameters equal to the droplets, and only 
grow at sites activated by metal droplets. VLS method was first 50 

developed by Wagner and Ellis to synthesize single crystal Si 
NWs and became one of the most successful approaches for 
preparation of various kinds of NWs,87 including element 
semiconductors like Si and Ge, metal oxides like ZnO and In2O3 
(Fig.1d-e), II-VI group semiconductors like ZnS and CdSe, III-V 55 

group materials like GaAs and InP, and others. 88-91  
 Using appropriate substrate, well-aligned NW arrays can be 
fabricated with the orientation normally perpendicular to the 
substrate surface through catalyzed epitaxial growth. For 

example, vertical aligned tin-doped indium oxide (ITO) NW 60 

array has been synthesized using ITO thin film as substrate, as 
shown in Fig.1f.92, 93 Besides the ability to tune the diameters of 
NWs by changing the catalysts’ sizes, one of the advantages of 
VLS method is the possibility to control the orientation, position 
and density of NW arrays which are very important to the 65 

assembly of NWs for device applications, through patterning the 
catalyst nanoparticles. Combining the epitaxial growth technique 
and nano-scale patterned metal catalysts fabricated by electron-
beam lithography, photolithography, mask lithography by porous 
alumina or nanosphere lithography, highly ordered vertical 70 

aligned ZnO NW arrays with different densities have been 
successfully synthesized in hexagonal, orthogonal or other kinds 
of arrangements.94, 95 
 In addition, different kinds of heterostructures along axial or 
radial directions are also available through clever synthesis 75 

strategies. Branched NWs can be fabricated using two-step VLS 
growth method, which has been utilized for SnO2 hierarchical 
NWs.96 Besides, NWs can be formed with different materials in 
core-shell layout by controlling growth conditions to induce 
homogeneous reactant decomposition on the core NW surface.97 80 

Through repeated modulation of reactants, even multishells can 
be obtained. Axial heterostructures have also been formed by a 
time-dependent modulation of NW composition and doping 
during the growing process. These heterostructured NWs are 
essential for many potential applications in nanoscale 85 

optoelectronic devices. 
 Another process related to VLS method that has also been 
employed in the growth of NWs is named vapor-solid (VS) 
technique. The VS technique does not require metal droplets 
serving as catalysts. But meanwhile, a higher temperature is 90 

usually needed to overcome the much higher activation energy 
compared with VLS method.63 Metal oxide NWs such as ZnO,98 
SnO2 (Fig.1g),99 In2O3,

100 CdO101 and many other NWs have been 
successively synthesized via the VS process in recent years, 
demonstrating its universality towards various NWs. In catalysts-95 

assistant growth, the remains of catalysts or additives will 
unavoidably influence the purity of the final products, thus the 
fundamental properties of the materials will inevitably be 
affected. NWs synthesized via VS process may also have high 
crystallinity and outstanding microstructure. For example, Zhang 100 

et al. have reported a simple vapor solid deposition approach to 
synthesize well-aligned ZnO NWs on c-oriented ZnO thin films 
using Zn as vapor source.102 As shown in Fig.1h, well-aligned 
NWs are in high density and are uniformly distributed over the 
substrate.  105 

2.2 NW assembly and device fabrication 

 Between NW synthesis and device fabrication, a key challenge 
is the controlled assembly of NWs. In the initial phase of NW 
device, researches are concentrated on individual devices. NWs 
are directly suspended in solutions and dropped onto substrates. 110 

Randomly distributed and arranged NWs are obtained after 
volatilize the solutions. These individual devices are fabricated to 
investigate the electrical transport properties of NWs. However 
large scale device arrays and integrated circuits are impossible 
based on this method due to the disordered arrangement of NWs. 115 

In order to overcome this challenge and tap the potential of NWs 
in flexible electronics, several post-growth techniques are 

Page 3 of 29 Chemical Society Reviews



 

4  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

developed. NWs assembly is not the focus of this review and 
Javey in UC Berkeley and Fan in HKUST have already provided 
very good reviews focusing on NWs assembly, thus we only give 
some brief introduction on NWs assembly here.   
 One of the earliest approaches to assemble NWs is the fluidic 5 

alignment in microchannels. Huang et al. construct fluidic 
channels on flat substrates using poly (dimethylsiloxane) (PDMS) 
mold.103 NW arrays are then assembled by passing suspensions of 
NWs through these channels. Fig. 2a shows the SEM image of 
InP NWs assembled on flat substrate, showing that NWs are 10 

aligned along the flow direction. By controlling the flow rate, 
more than 80% of the NWs can be aligned within ±5o of the flow 
direction. Combined with surface-patterning methods to modify 
the surface chemical functionality, fluid flow can generate well-
ordered NW parallel arrays. With the use of layer-by-layer 15 

scheme, this approach can also be used to organize NWs into 
more complex crossed structures which are critical for building 
dense electronic device array. 

NWs can also be organized within blown-bubble films. The 
shear stress created by expanding the NW suspension bubble is 20 

utilized by Yu et al to align the high aspect ratio NWs along the 
principle direction of strain, as shown in Fig. 2b.104 In this 
approach, a homogeneous polymer suspension of NWs is first 
prepared and then expanded using a circular die to form a bubble 
at controlled pressure and expansion rate. The shear force formed 25 

during the expansion leads to alignment of NWs. The aligned 
NW density can also be controlled by the concentration of 
suspensions. The organized NW blown-bubble film can be 
transferred to flexible plastic sheets as well as highly curved 
surfaces, showing great potential for large area flexible electronic 30 

application. 

 
Fig. 2 (a) SEM images of parallel arrays of InP NWs aligned by channel 
flow. Reprinted with permission from ref. 103 © 2001, American 
Association for the Advancement of Science. (b) Illustration of the blown 35 

bubble film NW alignment. Inset is the dark-field optical image showing 
Si NWs in the film. Reprinted with permission from ref. 104 © 2007, 
Macmillan Publisher Ltd. (c) Optical image of a novel diode structure 
fabricated on parallel arrays of p-Si NWs assembled by contact printing 
method. The upper right is the schematic of the Pd-Al contacts and the 40 

lower right is the regular array assembly of single Si NWs. Reprinted with 
permission from ref. 107 © 2008, American Chemical Society. (d) 
Schematic of the differential roll printing setup. Reprinted with 
permission from ref. 109 © 2007 American Institute of Physics. 

Other methods to assemble NWs include the Langmuir-45 

Blodgett (LB) technique and field-assisted orientation. LB 
technique is widely used to deposit organic monolayers from a 
liquid surface to a solid substrate. In order to form NW 
monolayers, NWs are first functionalized with surfactant and 
dispersed on the water surface. When the NWs are compressed, 50 

they will organize as parallel arrays with their longitudinal axes 
perpendicular to the compression direction. Electric and magnetic 
fields are also utilized by Smith and Hangarter to assemble 
NWs.105 However, their methods are limited to metallic or 
magnetic NWs. In another way, Freer et al. use dielectrophoretic 55 

approach to achieve a 98.5% yield of single NWs assembled over 
16,000 patterned electrode sites with submicrometer alignment 
precision. By carefully controlling the hydrodynamic and 
dielectrophoretic forces, single NWs can be assembled on each 
pair of electrodes with high probability.106 60 

Recently, a new NW assembly approach called contact printing 
draws much attention with the advantages of high efficiency, 
large scale and the compatibility with printing electronics. As 
shown in lower right of Fig. 2c, the alignment of NWs is realized 
by directionally sliding the grown substrate with a dense “lawn” 65 

of NWs on top of the receiver substrate coated with patterned 
photoresist. During the process, NWs are anchored on the 
receiver substrate by contacting and aligned by the sliding step. 
Multilayer NWs are assembled by Javey et al. using this approach 
and are used as building blocks for three-dimensional, 70 

multifunctional electronic devices.107 Fan et al. improve this dry 
transfer method by introducing a lubricant during the transfer 
process, which serves as a spacing layer between two substrates 
and minimizes the friction between NWs.108 As a result, the 
uncontrolled breakage and detachment of NWs are prevented and 75 

highly ordered NW arrays are obtained. The printed NW density 
can also be modulated by appropriate surface chemical 
modification. Both dense and single NW arrays can be aligned 
through pre-patterning the receiver substrates. To further extend 
this approach for scalable and large area application, a differential 80 

roll printing (DRP) process is developed. As shown in Fig. 2d, an 
important aspect of this strategy, as compared to previous 
methods, is the use of cylindrical grown substrate.109 NWs are 
deposited using VLS process on glass or quartz tubes. The grown 
tube is then used as the roller and brought into contact with the 85 

pre-patterned receiver substrate. By rolling the tube with a 
controlled velocity, NWs are detached and transferred to the 
receiver substrate. This process provides a new approach for NW 
transfer and assembly in a cost-effective and large area manner.  

Electrospinning is an efficient technology to fabricate 90 

randomly oriented and coiled NWs on certain substrates. 
Modified electrospinning method was introduced to print large-
area organic semiconductor NW arrays uniformly with desired 
orientation and position.110-112 This kind of method has many 
outstanding advantages: 1) It fits for different types of NWs, such 95 

as organic NWs arrays with poly (3-hexylthiophene) (P3HT) and 
poly (ethylene oxide) (PEO) as the precursors, etc. 2) 
Semiconductor NW arrays can be successfully printed on almost 
any kind of substrate, such as SiO2/Si, flexible polyarylate (PAR) 
or even common paper. 3) High-speed and large-area printing is 100 

another attractive advantage of this method. 4) The diameter of 
the NWs, the distance between NWs, and the NW density can be 
precisely controlled. All this advantages guarantee highly 
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significant device fabrication work on the following steps and a 
piece of typical work based on this method will be fully discussed 
in the following transistor section. 

The successful synthesis of NWs and printing of NWs arrays 
makes it possible to fabricate flexible electronic devices. The 5 

fabrication process for flexible electronic devices is similar to 
that of rigid electronic ones, that is, photolithography process 
followed by micro/nano-electrode metallization and lift-off. First, 
traditional photolithography is used to pattern contact areas onto 
the both ends of the NW or NW arrays. Specifically, after NWs 10 

growth and assembly on the flexible substrate, the photoresist 
(positive or negative) is spin coated onto the substrate followed 
by exposure using UV lithography machine with a patterned 
photolithography mask. The photoresist over unwanted areas is 
then removed using developing solution. Then, the metal film is 15 

evaporated over the surface and the remaining photoresist is 
removed using acetone. At last, the electrodes over the contact 
areas are annealed at a proper temperature in an inert atmosphere 
to enhance the contact between the NWs and the electrodes. This 
photolithography, metallization and lift-off processes have shown 20 

themselves to be very resourceful at fabrication of various 
flexible electronic devices before. For example, by adjusting the 
electrode materials, symmetric or asymmetric contact between 
the NWs and the electrodes can be obtained. Fig. 2c shows a 
Schottky diode with asymmetric PA-Al contacts at different ends 25 

of the NWs, that is, the Pd forming a near Ohmic contact to the 
valence band and Al resulting in a Schottky interface. Besides, by 
adopting different modes of electrodes (T-shaped gate, top-gate, 
Ω-gate et al.), by changing different dielectric films, by 
improving the surface passivation quality, or even via e-beam 30 

lithography techniques, more sophisticated flexible device at 
smaller sizes can be fabricated.  

3 Inorganic NWs based flexible electronic devices 

Since organic materials can be formed into NWs with excellent 
flexibility, it is necessary to give a brief introduction on flexible 35 

electronics based on organic NWs, with a focus on their 
advantages as well as disadvantages. Recent reports demonstrated 
that organic materials in 1-D structure forms ranging from 
naonotubes to NWs can be really used for various applications in 
flexible electronics.113-117 These 1-D structures can be grown or 40 

fabricated by both bottom-up or top down strategies. For example, 
Fig. 3a gives a detailed description of the home-built printer used 
to print organic NWs.110 In this electrospinning process, organic 
precursors were injected through a metal nozzle at a predefined 
rate. An x-y stage driven by a high-speed motor served as the 45 

collector. When applying a high voltage between the nozzle tip 
and the collector and moving the target substrate at a certain 
direction at the same time, organic NWs can be well aligned on 
the receive substrates with a desired orientation, as shown in the 
inset. Fig. 3b shows the large-area organic NW based transistors 50 

array on flexible PAR substrate, potentially offering the 
performance that required for new type of electronics along with 
desired transparency and flexible characteristics. Fig. 3c shows 
the large-area uniform copper phthalocyanine (CuPc) NWs with 
proper density and a high degree of orientation on the 55 

polyurethane acrylate (PUA) grating substrate, which was an 
ideal candidate for flexible optoelectronic devices.116 

Organic NWs offers the possibility of direct NWs printing and 
NW-based flexible devices’ integration. Organic NWs have the 
following advantages. 1) Organic NWs can be synthesized from 60 

simple, cost-effective, and scalable processes, which have shown 
promise for their assembly into functional systems. 2) Physical 
parameters of organic NWs such as size, orientation, surface 
states, defects and polarization et al. can be easily controlled. 3) 
The relatively high degree of transparency has been proved to be 65 

very important for designing next-generation flexible electronic 
devices. For example, “see-through” electronic displays, as one 
kind of whole new conceptual product, has attracted a lot of 
attention in recent years. On the other hand, organic NWs still 
have some drawbacks. 1) The relatively low mobility of organic 70 

NWs often leads to poor performance of the final devices, 
thereby restricting the range of application possibilities. 2) High 
contact resistance as well as mismatched interfaces between 
organic NWs and the metal electrodes also lead to a further 
worsening of final device’s performance. 3) Organic NWs 75 

doesn’t enjoy full compatibility with existing IC manufacturing 
process for its poor heat tolerance. 4) If organic NWs are 
introduced to the large-scale commercial production, the organic 
pollution is an obvious feature, and sometimes unavoidable. 

 80 

Fig. 3. (a) Schematic diagram of organic semiconductor NW printing and 
inset is the optical image of the well aligned organic NWs. (b) Large-area 
organic NWs FET array on flexible PAR substrate. Reprinted with 
permission from ref. 110 © 2013, Macmillan Publisher Ltd. (c) SEM 
image of organic CuPc NW arrays. Reprinted with permission from ref. 85 

116 © 2012, The Royal Society of Chemistry. 

As we mentioned in the introduction part that inorganic NWs 
have several superior features compared with organic NWs, thus 
in the following parts, we will give details on flexible electronics 
based on inorganic NWs, ranging from basic electronic devices 90 

such as transistors to sensors, photodetectors and other 
complicated devices. 

3.1 Electrodes 

The development of flexible electronics requires high quality 
electrodes with a combination of high electrical conductivity and 95 

high flexibility, as well as optical transparency. Indium tin oxide 
(ITO) is the commonest choice for most current flexible 
nanodevices because of its high transmittance and conductivity. 
However, considering the scarcity of the indium and brittlement 
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of the ITO film, a new class of conducting material which can 
replace the ITO film should be designed. Recently uniform 
conducting films such as carbon nanotube films, graphene films 
and especially metal NW films have been considered as 
stretchable and foldable conductors. For example, Madaria et 5 

al.118 fabricated Ag NWs electrode using a dry transfer printing 
technique on flexible polyethylene terephthalate (PET) substrates. 
The obtained conducting films show strong adhesion to a PET 
substrate over a large area with a low sheet resistance of 10 Ω/sq 
and a transparency of 85%, comparable to the conventional ITO 10 

films. Such a process also allows the preparation of high quality 
patterned films of silver NWs with different line widths and 
shapes, allowing the possible application of flexible electronic 
circuits. Details about the preparation of Ag conducting film were 
illustrated in Fig. 4a-c. Another example is the use of a Meyer rod 15 

coating method for the fabrication of Ag NWs based transparent 
electrodes.119 Ag NWs ink in methanol solution with a 
concentration of 2.7 mg/mL was prepared as the coating agent. 
As shown in Fig. 4d-f, pre-sonicated Ag NWs ink is dropped onto 
a PET substrate. Then, a Meyer rod is either pulled or rolled over 20 

the solution, leaving a uniform, thin layer of NWs network. After 
drying the film at a proper temperature, Ag NWs based electrodes 
with specular transmittance of ~80% and with sheet resistance of 
20 Ω/sq can be achieved. Such method is also applicable for other 
transparent metal NWs electrodes, such as copper,120 a metal with 25 

the electrical resistivity almost as good as that with silver. 

 
Fig. 4. (a) Schematic illustration of the transfer process of Ag NW 
networks from growing AAO substrate to the PET or glass substrate. (b-c) 
Photograph of a NW film on PET substrate and SEM image of the 30 

network, respectively. Reprinted with permission from ref. 118 © 2010, 
© Springer. (d-f) Schematic illustration of Meyer rod assisted coating 
method for Ag electrodes. Reprinted with permission from ref. 119 © 
2010, American Chemical Society. 

3.2 Transistors 35 

Field-effect transistor (FET) is the most important and basic 
component in electronics. NWs are widely investigated, recently 
as the building blocks for flexible FETs, such as silicon, metal 
oxides and other compound semiconductors. To meet the demand 
for high speed devices, inorganic semiconductor NWs with high 40 

mobility are desired. Flexible InAs NW array FETs working on 

radio frequency were demonstrated by Takahashi et al (Fig. 5a-
b).121 The high-frequency performance of the InAs NW array 
FETs were analyzed by measuring two-port scattering parameters 
(S parameters) in the common-source configuration over a 45 

frequency range from 40 MHz to 10 GHz. Derived from these S 
parameters, The current gain (h21), maximum stable gain (MSG), 
and unilateral power gain (U) extracted from the measured S 
parameters as a function of frequency are shown in Fig. 5c. The 
InAs NW FETs exhibit an impressive maximum frequency of fmax 50 

= 1.8 GHz and a cutoff frequency ft = 1.08 GHz. At 1 GHz, the 
MSG reaches ~6 dB, indicating that designing an RF amplifier at 
GHz region is plausible based on InAs NW FETs. The high-
frequency response of the devices is due to the high saturation 
velocity of electrons in high-mobility InAs NWs. More 55 

importantly, the InAs NW FETs do not exhibit significant 
electrical degradation even when bent to a radius of ~ 18 mm, 
showing excellent mechanical flexibility. The unique 
characteristics in terms of large on-current (Ion), large 
transconductance (gm), high mobility and impressive maximum 60 

frequency from the InAs FETs pave an avenue to develop the 
next-generation high-performance semiconducting elementary 
unit for multifunctional optoelectronic device applications in the 
future. 

 65 

Fig. 5 Optical image of (a) the printed InAs NW array FET fabricated on 
a flexible PI substrate and (b) the InAs NW region. (c) High-frequency 
behaviour of the InAs NW array FET. Reprinted with permission from ref. 
121 © 2010, American Chemical Society. (d) Schematic illustration of the 
p-type Si NWs array based TFT and (e) is the SEM image of the aligned 70 

NWs.  (f) IDS versus VGS (VDS=1 V) for a p-type Si NWs array based TFT. 
Inset is the IDS versus VDS curves correspond to VGS=−5, −4, −3, −2, −1 
and 0 V, respectively. Reprinted with permission from ref. 122 © 2007, 
Macmillan Publisher Ltd.  

In order to build power-efficient flexible logic gates and 75 

integrated devices, both n-type and p-type semiconductor NWs 
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are required. However, most of the currently investigated NWs 
are n-type semiconductors. Flexible p-type NWs FETs are rarely 
reported. Doping is the first-thought routine to modify the 
conducting type of the NWs that used in flexible FETs, from n-
type to p-type. Mcalpine et al. present a scalable and parallel 5 

process for transferring hundreds of pre-aligned p-type silicon 
NWs onto plastic to yield highly ordered films for flexible 
FETs.122 Fig. 5d shows the schematic illustration of the flexible 
FETs with the electrodes and various labeled layers. Plastic 
served as the bendable substrate and 2-µm-thick SU-8 epoxy was 10 

used as a gate dielectric in this device. Fig. 5f shows the 
electronic performance of the top-gate FETs containing about 200 
p-type Si NWs. Inset of Fig. 5f shows Ids-Vds curves at different 
Vgs from 0 V to -5 V, with negatively increasing gate voltage, the 
conductance of the device was gradually suppressed, 15 

demonstrating the p-type nature of the B-doped Si NWs.  

Another interesting work on flexible p-type FETs are PbSe 
NWs FETs encapsulated in polymethyl methacrylate (PMMA).123 

PbSe NWs were aligned under an electric field on varying 
dielectric stacks and fabricated into flexible FETs operated on 20 

kapton films, and aluminum oxide (30 nm) was used as the back 
gate dielectric and octadecylphosphonic acid (ODPA) was used 
to passivate the aligned NWs. The obtained device exhibited 
ambipolar characteristics, as evidenced by the electron transport 
in the Ids-Vgs curves. Predominantly p-type nature under negative 25 

bias voltage was observed, and moreover, predominantly n-type 
nature for positive gating was also confirmed the ambipolar 
characteristics of this PbSe device. Contrary to the colloidal PbSe 
NW (NW) and nanocrystal (NC) FETs, this PMMA encapsulated 
PbSe NW arrays showed quite low-hysteresis (< 1V).124 30 

3.3 Sensors 

With controllable geometry and high surface areas, NWs 
exhibited excellent response to outer environments, such as 
optical radiation, temperature variation, pressure differential, 
chemical molecules, pH value, proteins and DNA et al.125 In this 35 

section, we highlight several recent significant results that have 
made impacts toward the field of flexible and stretchable sensors, 
including photodetectors, stress sensors and artificial skins. 

3.3.1 Photodetectors 

 40 

Fig. 6. SEM images of (a) Zn2GeO4 and (b) In2Ge2O7 NW networks 
prepared for flexible photodetectors. (c-d) TEM images of these two as-
synthesized NWs, respectively. (e) NW networks transfer and flexible 
device fabrication process for a representative photodetector based on 
PET substrate. Reprinted with permission from ref. 38 © 2012 Optical 45 

Society of America. 

Photodetector is one of the most important applications of 
semiconductor NWs and has attracted extensive attentions 
recently. Photoresponse of NWs to light irradiation with different 

wavelengths mainly depends on their band gap. For instance, 50 

with large band-gaps, metal oxide NWs such as ZnO,126 SnO2
127 

and In2O3
128 NWs are widely studied for the fabrication of high 

performance ultraviolet (UV) photodetectors. Metal 
chalcogenides NWs with moderate band gaps such as ZnSe,129 
Sb2Se3

130 and In2Se3
131 are chosen as the active materials for 55 

visible light photodetectors. Narrow band-gap semiconductors 
such as In2Te3

132 and InAsSb133 NWs have been demonstrated as 
sensitive materials for infrared photodetectors. In this section, the 
latest developments of flexible NW photodetectors are 
summarized, focusing on three types of photodetectors: NW 60 

networks based photodetectors, individual NW based 
photodetectors and NW arrays based photodetectors.  

NW networks, or NW thin films, are emerging as promising 
structures for photodetectors as its advantage in easy device 
fabrication process. High performance photodetectors can be 65 

fabricated on various NWs thin films such as ZnO, SnO2, In2O3, 
and multicomponent metal oxides. For example, Yan et al. 
synthesized Zn2GeO4 NW networks and fabricated efficient 
ultraviolet photodetectors on SiO2/Si substrate by using 
photolithography technique.134,135 However, expensive and 70 

tedious photolithography techniques were required in Yan’s work, 
which would certainly hurdle the practical application of NW 
networks based photodetectors. Recently, flexible photodetectors 
were fabricated on Zn2GeO4 and In2Ge2O7 NW networks as 
shown in Fig. 6. High quality single crystalline Zn2GeO4 and 75 

In2Ge2O7 NW networks were synthesized via a conventional 
CVD method. By simply transferring the NW mats to a 
transparent adhesive PET tape and printing the silver paste 
parallel lines which served as the electrodes, flexible 
photodetectors were successfully fabricated. Both Zn2GeO4 and 80 

In2Ge2O7 NW networks based flexible photodetectors exhibited 
excellent photoconductive performance in terms of high 
sensitivity, excellent stability, and fast response and recovery 
time to the UV light. 

 85 

Fig. 7 (a) Photoresponse of the flexible ZnTe NWs photodetector under 
an improved incident light level and (b) at different bias under the same 
illumination (532nm, 1.2mW/cm2). (c) The magnitude of photocurrents 
(red) and the corresponding on/off ratio (blue) under different bending 
radii. Inset is the optical micrograph of the experimental setup. (d) I-V 90 

curves measured before and after different bending cycles. The operation 
voltage of Figs. 5 (a) and 6(c) are 12.5 V and 9 V, respectively. The light 
intensity of (c, d) is 1.4 mW/cm2. Reprinted with permission from ref. 56 
© 2013 Optical Society of America. 
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Single NW based photodetectors are the most common NW 
based optoelectronic devices. It can be easily fabricated via UV 
photolithography or e-beam lithography techniques followed with 
metal film deposition techniques. Single NW photodetector is 
thought to be the most effectual one that could directly and 5 

quantitatively study the light acquisition as well as the optical-to-
electrical conversion process. As an example, single ZnTe NW 
based flexible photodetectors were recently reported.56 ZnTe 
NWs (Fig. 7a) was shown to be p-type conductivity with an effect 
mobility of 11.3 cm2/Vs and the corresponding flexible 10 

photodetectors were proved to have the features of excellent 
flexibility, stability and sensitivity to visible incident light. As 
shown in Fig. 7b, the flexible device has a very stable 
photocurrent-switching behavior under different light irradiance 
conditions, indicating its sensitivity to the very slight variations in 15 

incident light. In Fig. 7c, the device was bent to different 
curvature radius to precisely assess the optoelectronic 
performance of the device. The photocurrents maintained at about 
30 ± 1.2 nA and the on/off ratio stayed at the level of 98 ± 4 
under the certain test condition. Besides, Fig. 7d showed the I-V 20 

curves of the flexible ZnTe photodetectors after 50, 100, 150, 200 
and 258 cycles of bending, no obvious current degradation was 
recorded, indicating the mechanical robustness and electronic 
stability of the flexible device. 

 25 

Fig. 8 (a) Schematic design of an integrated UV sensor. (b) Optical image 
of ZnO NWs connected in parallel between Ag electrodes. (c-d) I-V 
curves and time-dependent photoresponse of the flexible UV sensor 
with/without UV illumination, respectively. Inset of (c) is the optical 
image of a flexible integrated NW UV sensor. Reprinted with permission 30 

from ref. 136 © 2011, WILEY-VCH.  

Ordered NW array is a simple and efficient remedy for low-
level photocurrent faced in single NW based photodetectors. 
Many technical methods have been summarized above to design 
arranged NWs, and the obtained NW arrays could be transferred 35 

to the flexible substrate directly for the fabrication of flexible 
nanodevices. In the report of Bai et al., integrated ZnO NW UV 
photodetectors were fabricated on rigid glass and flexible PET 
substrates at the macroscopic scale.136 As shown in Fig. 8a-b, 
cross-finger shaped Ag electrodes were pressed onto the aligned 40 

ZnO NWs and provided an Ohmic contact between the Ag 
electrodes and the ZnO NWs on the PET substrate, which is 
confirmed by the I-V measurements in Fig. 8c. We can find that 
the photocurrent is about five orders of magnitude larger than the 
dark current, giving a very large ON/OFF ratio. Time-resolved 45 

UV photoresponse measurements under UV irradiance of 4.5 

mW cm−2 and 3 V bias was shown in Fig. 8d, confirming the 
ultrahigh ON/OFF ratio. This ultrahigh ON/OFF ratio implies the 
ability to sense weak UV incident light even in the high noise 
level environment. Using contact printed aligned NW arrays 50 

(Zn3As2, Zn3P2, etc.) as the active materials, different types of 
high performance flexible photodetectors were also successfully 
fabricated, with typical response to light irradiation with different 
wavelengths.137  In fact, flexible NWs array based photodetectors 
are promising building blocks for next generation stretchable 55 

optoelectronic devices. Undoubtedly, more research results and 
exciting discoveries lie ahead. 

3.3.2 Stress sensors 

Stress sensing or pressure sensing is another important sensing 
property of NWs. Experiments have demonstrated the potential of 60 

NWs as stress sensors. For example, in Yang’s work, 
piezoresistance effect of silicon NWs instead of Si bulk that can 
be applied to stress sensors was systematically studied.138 To be 
specific, individual p-type Si NW with <111> or <110> growth 
directions were grown in trenches on silicon-on-insulator (SOI) 65 

wafers to form bridge structures. Then quantitative relation 
between conductivity and stress/strain was measured by the four-
point bending method and corresponding piezoresistance 
coefficient along the growth direction was calculated. It was 
found that the conductance increases under compression and 70 

decreases under tension for a p-type <111> oriented Si NWs. 
Enhanced longitudinal piezoresistance coefficients as high as -
3550×10-11Pa-1 was obtained, in comparison with a bulk value of 
-94×10-11Pa-1. This giant piezoresistance effect in Si NWs may 
lead to good application prospect of NW-based flexible stress 75 

sensors. 

 
Fig. 9 (a) Schematic (up) and optical image (bottom) of the flexible single 
ZnO based strain sensor device. (b) Typical I-V curves of the sensor at 
different strained conditions. (c-d) Current response of the flexible stress 80 

device that was repeatedly stretched at a frequency of 2 Hz under fixed 
bias of 2V. Reprinted with permission from ref. 139 © 2008, American 
Chemical Society.  

Technically, the Si-NW bridges on SOI substrate adhered on 
the outer surface of a steel plate is not a precise flexible stress 85 

sensor, but a means of estimation in strain/stress and pressure. 
Another report on a fully packaged strain sensor device based on 
a single ZnO piezoelectric fine-wire (NWs, microwires) gives us 
a vivid description of the real flexible stress sensors.139 As shown 
in Fig. 9a, the flexible and optically transparent strain sensor 90 
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device was fabricated by bonding a ZnO piezoelectric fine-wires 
laterally on a polystyrene (PS) substrate. Silver paste was applied 
at both ends of the ZnO wires to fix its two ends tightly on the PS 
substrate while serving as the source and drain electrodes. And a 
thin layer of polydimethylsiloxane (PDMS) was introduced to 5 

package the device. I-V behaviors of the sensor device were 
measured under various strains as shown in Fig. 9b. We can see 
that the I-V curves shift upward with tension strain and 
downward with compressive strain under various strains. Besides, 
current response of the sensor over many cycles of repeatedly 10 

compressing and stretching were also tested and the results were 
recorded in Fig. 9c. Fig. 9d is the partial enlarged drawing. The 
highly regular response curves indicate the high reproducibility 
and good stability of this kind of flexible sensor device. Gauge 
factor, which is the key parameter for a practical strain sensor, 15 

defined as [∆I(ε)/I(0)]/∆ε where ∆ε and ∆I(ε) are the amount of 
variation change of strain and the corresponding current. The 
highest gauge factor demonstrated for this kind of flexible stress 
sensor device is 1250, far exceeding the conventional doped-Si 
strain sensor (∼200). The outstanding performance of this 20 

flexible strain sensor based on ZnO nano/microwires shows its 
good application future in strain and stress measurements in the 
fields of science and technology.  

3.3.3 Artificial skins 

 25 

Fig. 10. (a) Schematic of the pressure-sensitive organic field-effect 
transistors device that using the microstructured PDMS film as the 
dielectric layer. (b) Optical image of the aluminium-coated 
microstructured PDMS film, indicating the high flexibility of the 
dielectric layer film. (c-d) Pressure response of the pressure-sensing 30 

organic single-crystal transistors based on the microstructured PDMS 
dielectric layer. (e) Flexible 8×8 pixel pressure sensor arrays fabricated by 
sandwiching the microstructured PDMS film between two PET 
substrates. (f) The pressure response to an above-placed tripod. Reprinted 
with permission from ref. 140 © 2010, Macmillan Publisher Ltd. 35 

Touch is an efficient way that we interact with our surrounding 

environment and skin is the natural interfaces between man and 

other things. Emulation of the stress senses by artificial means is 

a great challenge as well as an intriguing task. By applying a 

certain pressure over a tress sensor, a corresponding current or 40 

voltage signal could be obtained. So it is easy to imagine a kind 

of primitive artificial skin that composed of neatly arranged stress 

sensor arrays, in which every single pressure sensing pixel is 

independently driven. However, the flexibility is still the most 

basic demand of the artificial skins. This requires that we 45 

fabricate fully flexible electronic stress sensor arrays or at least 

sensor arrays based on some flexible substrate. As recently 

reported by Bao, et al., flexible pixel-type pressure-sensor arrays 

with high sensitivity and very short response times have been 

designed.140 In their work, organic field-effect transistors (OFETs) 50 

including a cleverly designed thin, regularly structured rubber 

(PDMS film with 3-D microstructures) served as the active 

elements in press sensor devices. Fig. 10a-b shows the layout of 

the organic FETs employing PDMS film as the dielectric layer. 

Under different applied pressure, the organic single-crystal 55 

transistors have different output currents (Fig. 10c). The change 

in current is proportional to the measured relative change in 

capacitance, which depends directly on applied pressure (Fig. 

10d). A primitive capacitive matrix-type pressure sensor was also 

designed to prove the possibility for use in multi-touch devices of 60 

this flexible electronic stress sensor. Details of the structure and 

its performance are shown in Fig. 10e-f.  

 
Fig. 11 (a) Schematic of the passive and active layers of NWs based 
artificial skin. (b) Optical image of the individual stress sensing pixel. (c) 65 

Time dependent output signal for an applied pressure frequency of 5Hz. 
(d) As-fabricated 19×18 pixel array artificial skin with a ‘C’ shaped 
PDMS mould placed on the top for applying pressure. (e) Corresponding 
two-dimensional output signal profile. Reprinted with permission from ref. 
141 © 2010, Macmillan Publisher Ltd. 70 
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Parallel NW arrays were proven to be promising candidates for 
flexible and robust artificial skin, as reported by Takei et al.141 In 
their work, macroscale (7 ×7 cm2) integration of parallel NW 
arrays as the active-matrix backplane of a flexible pressure-sensor 
array were reported, as shown in Fig. 11a and 10b. A laminated 5 

pressure-sensitive rubber (PSR) is used as the sensing element 
and the source electrodes of printed Si/Ge NW-array based FETs 
(Inset of Fig. 11a) are connected to drive the PSR. With 
variations of external pressure, the conductance of PSR rises or 
falls, leading to the different modulation index of the NW FETs 10 

and eventually bring the specific output signal of the pixel. By 
setting a certain frequency of the applied pressure, the 
corresponding time dependent output electrical signal of a pixel 
could be obtained. Fig. 11c shows the conductance-pressure 
profile with a frequency of 5Hz, indicating the fast and stable 15 

response of this stress sensing unit. Finally, a 19×18 pixels array 
based artificial skin was successfully fabricated, as shown in Fig. 
11d. A normal pressure of ~15 kPa was applied on the surface of 
a ‘C’ shaped PDMS film which was covered onto the artificial 
skin. By measuring the conductance of each pixel and introducing 20 

normalizations, the authors gave the two-dimensional intensity 
profile (Fig. 11e). The contrast represents the normalized output 
signal, with the blue pixels representing the defective points. The 
character ‘C’, corresponding to the applied pressure area illustrate 
the stable response of this flexible artificial skin. Uniform 25 

assembly of ordered Ge/Si NW arrays ensured the outstanding 
mobility of (~20 cm2/Vs) NW-array FETs and granted a superb 
mechanical flexibility of the flexible artificial skin. NW also has 
the single-crystalline nature, which could help to a low-voltage 
operation mode for the sensor circuitry. All these attributes make 30 

the parallel NW arrays ideal choice for more sophisticated 
artificial skin. 

Although the above work demonstrated the fulfillment of 
artificial skin with NW arrays, it only involved the integration of 
pressure sensors with an NW based electronic readout circuit. It 35 

was very inconvenient to obtain an intuitive grasp on the 
performance of the flexible artificial skins, as output of each pixel 
was individually measured then statistically analyzed. A great 
progress was recently obtained by Wang, et al., who designed a 
user-interactive artificial skin which not only spatially maps the 40 

applied pressure but also provides an instantaneous visual 
response through a tricolour OLED pixels array.142 This artificial 
skin basically consists of three parts, namely pressure-sensitive 
rubber, active-matrix backplane circuitry and an OLED arrays. 
As shown in Fig. 12a, each sensing and display pixel consists of a 45 

TFT, an OLED and a PSR integrated vertically on a polyimide 
substrate. The enlarged optical micrographs of one pixel is shown 
in Fig. 12c, where we can see that the drain of the TFT is 
connected to an ITO pad that serves as the anode electrode for the 
corresponding OLED, while  the cathode of each OLED is 50 

connected to the ground through the PSR. Fig. 12b illustrates an 
entire 16×16 pixels array of pixels, in which the scan lines (5/35 
nm Ti/Au back-gate electrodes) and data lines (0.5/40 nm Ti/Pd 
source-drain contacts) are connected to 5 and 10 V voltage, 
respectively, as shown in Fig. 12d. In Fig. 12e, a letter shaped 55 

PDMS slabs was placed onto the PSR and uniform external force 
was applied on the PDMS slabs. The conductivity of the PSR 
increased accordingly and subsequently resulted in the underlying 

OLED turning on. A uniform performance of each TFT and 
single-pixel OLED allowed the pressure signal to be both 60 

spatially mapped and visually seen, as corresponding C-, A- and 
L-shaped bright light emitting area were clearly recognized on 
the OLED panel. (Fig. 12e, right) Besides, the color of the OLED 
can be effectively tuned by applying different emissive layer 
materials and the brightness of each OLED can also be 65 

sensitively controlled by the magnitude of the local pressure. 
Although the spatial resolution is far from practical application, 
this flexible artificial skin still demonstrated the practicability of 
user-interactive sensing system. By further improving the pixel 
integration level and using multiple sensor components, a 70 

superior kind of artificial skin that enables more sophisticated 
bionic operations can be successfully planned.  

 
Fig. 12 (a) Schematic illustration of the user-interactive artificial skin. 
LiF/Al is the cathode that connects the PSR to each pixel of AMOLED. 75 

(b) Photograph of a fabricated device (16 ×16 pixels) artificial skin. (c) 
Enlarged view of the active area. (d) Circuit schematic of the artificial 
skin matrix. (e) As-fabricated 16×16 pixel array artificial skin with a 
‘C/A/L’ shaped PDMS slabs placed on the top for applying pressure. 
Reprinted with permission from ref. 142 © 2013, Macmillan Publisher 80 

Ltd. 

3.4 Display devices 

As one of the important display components, the light emitting 
diode developed rapidly in recent years. NWs based on various 
semiconductors offer the added advantage of high material 85 

quality leading to improved device performance. Basically, 
research in the area of NW based display component was focused 
on two sides.  

On one hand, semiconductor NWs was used as the optical 
active component in display devices. Individual gallium nitride 90 

(GaN) NW has been configured as UV-light-emitting diodes on 
flexible plastic substrates by Lieber’s group.143 In this report, the 
authors assembled crossed n-type GaN NWs and p-type Si NWs 
onto plastic substrate to form a flexible crossed-NW LEDs, as 
shown in Fig. 13a-b. This kind of n-GaN/p-Si crossed diodes not 95 

just showed stable emission (Fig. 13c), it could also maintain 
their emissive properties upon repeated cycles of bending. In 
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another work, vertically oriented ZnO NWs also fabricated into a 
highly flexible light-emitting device.144 From the design scheme 
in Fig. 13d, we could see that the flexible LED was composed of 
four layers, namely, supporting (PET/ITO) substrate, vertically 
oriented ZnO NWs layer, insulating polystyrene (PS) film and the 5 

hole-injection anode layer respectively. In particular, the hole-
injection anode layer consisted of a thin poly (3,4-ethylene-
dioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) layer and 
an evaporated Au film. Fig. 13e-f gave the overall image of the 
active ZnO NWs layer. All NWs showed a uniform size with 10 

typically ~2µm in length and 70-120 nm in diameter. With or 
without Al doped, this diode structure both showed excellent 
optical emission performance in the range of 500-1100 nm (Fig. 
13g). These results suggest that semiconductor NWs could serve 
as the high-performance building blocks for the future 15 

lightweight display devices. 

 
Fig. 13 (a) Schematic and (b) SEM image of a crossed-NW LED array on 
a flexible plastic substrate, in which p-SiNWs are vertically aligned and 
GaN NW is horizontally aligned. (c)  Electroluminescence (EL) images of 20 

localized emission from forward-biased Si-GaN junctions. Reprinted with 
permission from ref. 143 © 2003, American Chemical Society. (d) 
Scheme for a flexible LED structure consisting of vertically oriented ZnO 
NWs grown on a polymeric ITO-coated substrate. (e-f) SEM images of 
the ZnO NWs grown on a planar transparent substrate and on a bent Au 25 

film, respectively. (g) Normalized electroluminescence spectra versus 
wavelength based on various LED structures. Reprinted with permission 
from ref. 144 © 2008, American Chemical Society. 

On the other hand, semiconductor NWs was used as the 
transistor driving circuitry. NW transistor driving circuitry is of 30 

particular interest for future display devices because of its high 
carrier mobility, its optical transparency, as well as their 
mechanical flexibility. Zhou et al. reported high-performance 
arsenic (As)-doped indium oxide (In2O3) NWs for transparent 
active-matrix organic light-emitting diode (AMOLED) displays.6 35 

Thin-film transistors (TFTs) based on As-In2O3 acted as the key 
components of the driving circuitry. The synthesized As-doped 
In2O3 NWs was shown in Fig. 14a, which have high electron 
mobility of ~1490 cm2/Vs. The as-designed TFTs can be used as 
driven circuit to control a variable-intensity OLED, as shown in 40 

the inset of Fig. 14b. Regulating the input voltage could 
efficiently control the light intensity of the OLED. Fig. 14c is the 
circuit diagram that indicates the physical layout of the 

connections for the seven-segment AMOLED display. The most 
important components of this circuitry were the switching 45 

transistors (T1), driving transistors (T2), and one storage capacitor 
(Cst). They were introduced here to select a specified pixel, 
control the current and store data during one period for time-
varying operations, respectively. This fully integrated seven-
segment AMOLED display was proved to have a good 50 

transparency of 40%. As shown in in Fig. 14d. Background 
image could be partly seen through the AMOLED display arrays. 
Optical images of the seven-segment pixels with lighted 
numerical digits (Fig. 14e-g) indicated the outstanding and stable 
performance of the NWs transistor driving circuitry. By changing 55 

the ITO glasses with the PET substrate, the authors further 
proved the successful fabrication of flexible SWNT transistors for 
LED driving circuitry.49 

 

 
60 

Fig. 14 (a) SEM image of As-In2O3 NWs. (b) output current through the 
loaded phosphorus OLED (IOLED) versus Vin with Vdd at 5.0 V in linear 
scale (red line) and log scale (blue line), respectively. (c) Circuit diagram 
of seven-segment AMOLED display unit. (d) Optical photograph of fully 
transparent AMOLED display driving circuitry. (e-g) The seven-segment 65 

AMOLED display unit displays numbers 1, 3, and 6, respectively. 
Reprinted with permission from ref. 6 © 2009, American Chemical 
Society. 

3.5 Memories and logic gates 

Over the past several years, semiconductor NWs have also 70 

represented attractive building blocks for memories and logic 
gates, which are essential component for the next generation 
circuits. Traditional memories and logic gates based on silicon 
has greatly promoted the development of the very large scale 
integrated circuit (VLSI). However, in terms of flexible devices 75 

for example that designed to mount on human skin or planted into 
internal organs, constraint of traditional electronic units would 
certainly limit their potential applications. So fully flexible 
memories and logic gates have been greatly welcomed by 
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scientific researchers for NW based electronic devices. 
Lieber’s group first reported the monolithic integration of 

individual and parallel arrays of germanium/silicon (Ge/Si) 
core/shell NWs as multilayer flexible circuits.145 As shown in Fig. 
15a and Fig. 15b, the final circuit consists of a lower layer of 5 

PMOS inverters and an upper layer of floating gate memory 
elements. From the input-output characteristics of the lower layer 
of PMOS inverter (Fig. 15c), it was found that this inverters 
exhibited p-type transfer characteristics with a maximum voltage 
gain of 3.5. Fig. 15d is the AC inverter characteristics of the 10 

lower layer of PMOS inverters when driven by a 50 MHz sine 
wave supply of 4 V. At a frequency of 50 kHz, the input signals 
are ideally inverted to the output signals without any loss. Fig. 
15e and Fig. 15f are the current vs voltage sweeps recorded on 
the upper layer of floating gate memory elements. A large 15 

hysteresis (i.e. memory window) and stable writing and erasing 
operation can be observed respectively, indicating the good 
memory retention of the floating gate memory elements.  

 

 20 

Fig. 15 (a) Schematics and circuit diagrams of inverter (top) and floating 
gate memory (bottom) elements. (b) Optical image of inverters (layer 1) 
and floating gate memory (layer 2) on Kapton. (c) DC inverter 
characteristics. (d) AC inverter characteristics. (e) Hysteresis in current-
voltage characteristics of a memory layer element. (f) Switching 25 

characteristics of memory at VCG= 5 V with ±15 V pulses (pulsing time, 1 
ms). Reprinted with permission from ref. 145 © 2007, American 
Chemical Society. 

Flexible logic gates were also fabricated on the base of well 
aligned NWs that generated by top-down fabrication steps.146 By 30 

using anisotropic chemical etching steps, Rogers et al. have once 
obtained GaAs nano/microwires with triangular cross sections 
from GaAs wafers. A slightly oxidized PDMS stamp was used to 
transfer the GaAs wire arrays from the original base onto a 
PET/PU (polyurethane) substrate (Fig. 16a). Simple circuits 35 

consist of various logic gates and individual MESFETs on a PET 
substrate is shown in Fig. 16b-c. Logic functions, such as NOR 
and NAND gates can be performed by this flexible logic circuits. 
For example, Fig. 16d-e shows the scheme of combining two 

GaAs wire switching transistors with another GaAs wire load 40 

transistor to yield NOR logic functions, as logic status of Vout can 
only be logic 1 (high positive output voltage) when both inputs 
are logic 0 (at high negative voltages).  Fig. 16f-g shows the 
optical image of circuit diagrams as well as the voltage transfer 
characteristics of the NAND gate, respectively. It can be seen that 45 

the flexible NAND gate also shows very stable logic operation 
performance. Furthermore, Rogers and his mates have reported a 
medium-scale integrated digital circuit composed of up to about 
100 SWNT transistors fabricated on flexible plastic substrate.147 
This flexible digital circuit could be used to decode a binary-50 

encoded input of four data bits into sixteen individual data output 
lines. This outstanding ability suggests that well-designed flexible 
integrated circuits based on NWs could be applied widely in 
many areas where conventional, rigid circuits cannot meet 
requirements, for example implantable electronics and prosthetics 55 

et al. in the near future. 

 

Fig. 16 (a) Transfer print process of GaAs wires and logic device 
fabrication process. (b) Optical images of various logic gates and 
individual MESFETs fabricated on the PET substrates. (c) Magnified 60 

optical micrograph of an  individual Ti/n-GaAs Schottky diode on the 
PET sheet. (d-e) Optical images and input–output characteristics of a 
NOR gate. (f-g) Optical images and input–output characteristics of a 
NAND gate. Reprinted with permission from ref. 146 © 2006, WILEY-
VCH. 65 
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4 NW flexible energy conversion and storage 
devices 

Accompanied with the development of flexible electronics, 
great interest has been aroused in integral flexible/bendable 
electronic equipment such as wearable devices, rollup displays 5 

and bendable mobile phones. However, the current energy 
storage devices containing lithium ion batteries and 
supercapacitors are usually too heavy, rigid and bulky to match 
particular requirements of flexible electronics. Therefore, the 
trend in the next generation of energy storage devices 10 

development is to realize light, flexible and small units with 
shape-conformability, aesthetic diversity and excellent 
mechanical properties. NWs with high aspect ratio, fast charge 
transfer pathways and stable frameworks have attracted 
increasing research interest in the area of energy conversion and 15 

storage. In this section, we review some recent advances that 
NWs have made in the field of lithium ion batteries (LIBs), 
supercapacitors (SCs), solar cells, and generators. 

4.1 Lithium ion batteries 

 Among the newly emerged energy storage devices, lithium ion 20 

batteries (LIBs) are one of the most popular candidates due to 
their relatively high energy density, long cycling life, good power 
performance and low cost.148-178 For the LIBs, the charges stored 
are mainly contributed by the intercalation of Li+ on the surface 
and in the bulk of the active materials, delivering higher energy 25 

density (120-180 Wh/kg) than the other energy storage 
devices.148 NWs with highly elastic structure are demonstrated 
appropriate for the novel flexible LIBs, which are in urgent 

demands to meet the development and promotion of flexible 
electronics. Recently, several excellent comprehensive reviews 30 

were given to introduce the fast development of flexible LIBs 
thus we will not give details, but brief introduction to this area.179-

182 
  Planar type flexible LIBs is one of the most important and 
earliest developed battery. This kind of flexible LIBs has the 35 

features of very thin thickness, light weight, good energy density 
and power density, and excellent cycling stability. One good 
example is the flexible planar LIBs with 3D hierarchical 
ZnCo2O4 NW arrays grown on carbon cloth as the flexible 
electrodes.167 As shown in Fig. 17, the 3D nanostructure exhibits 40 

a distinct plateau between 0.8 and 1.2 V in the voltage window of 
0.01−3.0 V and only 16.5% decay of initial capacity (1530 
mAh/g) after 100 cycles (Fig. 17c). The specific capacity almost 
maintains constant in the range of about 1200-1340 mAh/g with 
99% capacity retention from 3 to 160 cycles. Fig. 17d illustrates 45 

the typical voltage profiles of the flexible battery device 
composed of ZnCo2O4/carbon cloth as anode and LiCoO2/Al foil 
as cathode by bending it from different directions for hundreds 
cycles. The constant capacity even after 120 cycles of bending 
reveals that the electrical stability of the fabricated flexible full 50 

battery is hardly affected by external bending stress. The good 
adhesion and electrical contact between the NWs and carbon 
cloth, the facile diffusion of the electrolyte and accommodation 
of the strain induced by the volume change and the 3D 
hierarchical nanostructures resulted in better performance of the 55 

flexible battery. An enhanced power density was achieved once 
urchin-like ZnCo2O4 NWs was used.172 

 
Fig. 17 (a, b) Typical FESEM images of the ZnCo2O4 NW arrays growing on carbon cloth at different magnifications. (c) Typical voltage versus specific 
capacity profiles for the first, second, 50th, and 100th discharge-and charge-cycle. (d) Typical voltage versus specific capacity profiles for the first, 60 

second, 50th, and 100th discharge-and charge-cycle. (e) Schematic representation and operating principles of rechargeable lithium-ion battery based on 
ZnCo2O4 NW arrays/carbon cloth. Reprinted with permission from ref. 167 © 2012, American Chemical Society. 

Besides ZnCo2O4 NWs, other metal oxide nanowires were also 
used to fabricate flexible LIBs. Although this type of planar 
flexible LIBs shows many advantages compared with the 65 

conventional rigid LIBs, it still has several drawbacks. For 
example, the size of planar flexible LIBs is still quite large and 
the device is still too thick, which makes it unfit for integration 
with other flexible electronic or optoelectronic devices, especially 
in the case of on-chip integration for microelectronics 70 

applications. Besides, this kind of planar flexible LIBs cannot 
stand large degree of curving or bending, which also makes it 

impossible for real flexible electronics applications. 
One solution to overcome these problems is to develop ultra-

small and stretchable LIBs.183 Stretchability represents a rigorous 75 

challenging of mechanical stability. The stretchable devices must 
bear large strain deformation, and large shape deformation, 
including not only bending, but also twisting, stretching, 
compressing and others. Recently, Rogers et al. developed a very 
fancy type of highly stretchable LIBs with the active materials 80 

segmented design, and unusual ‘self-similar’ interconnect 
structures between them. The stretchable LIB was fabricated on 
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thin silicone elastomers as substrates, as illustrated in Fig. 18a. 
As a result, the as-fabricated LIB obtains a stretchability up to 
300%, and it still maintains a capacity of as high as 1.1 mA h 
cm−2 at a rate of C/2. Although the output power of the battery 
decreased slightly with strain resulted from the increased internal 5 

resistances with strains at these large levels, surprisingly, the 
stretchable battery could turn on a commercial LED even when it 
was stretched by up to 300%, as can be seen in Figure 18b and c. 
The high stretchability of the fabricated battery satisfies the 
requirements for many applications that are being contemplated 10 

for stretchable electronics. 

 
Fig. 18 (a) Schematic illustration and exploded view layout of a 
completed stretchable LIBs. (b, c) Lighting a red LED without and with 

strain. Reprinted with permission from ref. 183 © 2013, Macmillan 15 

Publisher Ltd. 

Although great progresses have been obtained in flexible LIBs, 
the following several things should be considered before their 
real applications in flexible electronics. First, both the energy 
density and power density should be further improved to make 20 

them comparable with the conventional rigid LIBs. Second, it is 
quite important and sometime essential to fabricate ultra-small 
batteries to realize chip-level integration with flexible electronic 
or optoelectronic devices. Third, more delicate device should be 
designed in case of special applications.   25 

4.2 Supercapacitors 

Supacapacitors (SCs), also known as electrochemical 
capacitors or ultracapacitors, are another kind of vital energy 
storage devices because of the long cycle life (>105 cycles), high 
power density (>10 kW/kg) and high rate capability with fast 30 

charge-discharge within seconds. Similar with the configuration 
of LIBs, a SC is also composed of an anode, cathode, separator 
and electrolyte. The working mechanism of SCs can be classified 
into electrical double layer capacitors (EDLCs) and the 
pseudocapacitors.184-185 Since both the EDLCs and the 35 

pseudocapacitors are surface electrochemical related devices, 
high surface area electrode materials are necessary in SCs, fitting 
well with the features of NWs. Similar with the construction of 
flexible LIBs, several kinds of flexible SCs are demonstrated 
based on NWs (carbon materials, transition metal oxides and 40 

conducting polymers), including the paper-like SCs, transparent 
SCs, woven SCs, micro-SCs and fiber SCs, which will be 
discussed in sequence in the following sections. 

 
Fig. 19 (a) Schematic illustration of the PANI/CNT nanocomposite electrodes well solidified in the polymer gel electrolyte and digital pictures that show 45 

the all-solid-state device (size∼0.5 cm×2.0 cm) under normal condition (top) and its highly flexible (twisting) state under electrochemical measurements 
(bottom). (b) Comparison of discharge abilities of the flexible PANI/CNT nanocomposite thin film electrodes in the H2SO4-PVA gel electrolyte and in the 
0.5 M H2SO4 aqueous solution. The inset in (b) shows one cycle of galvanostatic charge-discharge curves at 1 A/g. (c) Comparison of CV curves at 5 
mV/s for the all-solid-state device tested in the normal, twisting and even folded condition, respectively. (d) Ragone plots for the electrode materials and 
for the entire all-solid-state device. (e) Time life stability of the device. Reprinted with permission from ref. 198 © 2010, American Chemical Society. (f) 50 

Schematic of Xerox brand printer paper treatment with PVDF. (g) A photo of a Meyer rod-coated supercapacitor on Xerox paper. (h) A photo of ink-jet 
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printed supercapacitor on Xerox paper. (i) Specific capacitance at different current density. Reprinted with permission from ref. 201 © 2010, AIP 
Publishing LLC. 

4.2.1 Paper-like Supercapacitors 

 Besides high flexibility, paper-like SCs also exhibit ultrathin 
and lightweight properties. Free-standing CNT papers possess 5 

high conductivity and excellent flexibility, which can serve as 
both electrode materials and current collectors. However, the 
free-standing CNT paper with connecting bundles usually suffer a 
low specific surface area and thus a poor capacitive performance 
(less than 100 F/g), which limits the energy density of the SCs.187-

10 

189 There are two ways to improve the performance of free-
standing CNT papers. The first one is to incorporate active 
carbons and etched carbon materials.186,190-192 For example, 
Zheng et al. increased the specific surface area of a hierarchical 
CNT film from 670 to 871 m2/g by using CO2 etching method, 15 

reaching a maximum value of 267.6 F/g after loading 5 wt% of 
etched CNT into the ultralong CNT networks. The second way is 
to form hybrid transition metal oxides/CNTs or conducting 
polymers/CNTs to obtain higher energy densities.193-200 Liu et al. 
designed flexible and ultrathin all-solid-state supercapacitors with 20 

two slightly separated PANI/CNT nanocomposite electrodes well 
solidified in the H2SO4-polyvinyl alcohol (PVA) gel 

electrolyte.198 Fig. 19a displays the configuration of the as-
fabricated SC. The free-standing CNT networks, whose electrical 
conductivity is as high as to 15000 S/m, served as the scaffold for 25 

incorporation of polyaniline and current collectors. The volume 
density of the CNTs was only 30%, leaving 70% of the total 
networks in the form of porous structure. Even though the 
thickness of the device was estimated to be only 113 µm, the 
entire device shows superior mechanical flexibility. At 1.0 A/g, 30 

the discharge specific capacitance of the flexible device is 332 
F/g based on the total mass of the device, which is only 7.8% 
smaller than the one in 0.5 M H2SO4 solution (360 F/g) (Fig. 19b). 
A high energy density of 7.1 wh/kg and a high power density of 
2189 w/kg were achieved, which is far superior to those of 35 

current conventional supercapacitors (Fig. 19d). After 1000 
charge-discharge cycles, the device shows a good cycling 
stability with only 8.1% decay and a stable Coulombic efficiency 
ranging from 95.2% to 102.8%. During the time stability test 
displayed in Fig. 19e, the capacitance shape and redox peaks 40 

were well retained after 1 week and even 2 months, leading to a 
much stable device. 

 
Fig. 20 (a) Photograph of a flexible and transparent supercapacitor fabricated using CNT films. (b) AFM image of entangled CNT net-works sitting on a 
transparent PET substrate. (c) Schematic of a flexible and transparent supercapacitor. The gray color represents a Nafion film as separator between two 45 

In2O3 NWs/CNT heterogeneous film electrodes. (d) Cycle-life data of In2O3 NWs/CNT heterogeneous film electrochemical capacitor measured at 0.5 A/g. 
Reprinted with permission from ref. 206 © 2009, AIP Publishing LLC. (e) SEM images of branched nanocup film, where short carbon nanotubes (25 nm 
in diameter and 330610 nm in length) are branched from the bottom of a nanocup. (f, g) Transparent and flexible natures of the supercapacitor devices. (h) 
CNC devices are compared with various energy storing devices by the Ragone plot that is the values of energy density for power density. (SG: single layer 
graphene, RMGO: reduced multilayer graphene oxide, HGO: hydrated graphitic oxide, LSG-EC: laser-scribed graphene electrochemical capacitor). 50 

Reprinted with permission from ref. 208 © 2012, Macmillan Publisher Ltd. 

 Another kind of paper-like supercapacitors are fabricated by 
coating the conductive and electroactive CNTs or semiconductor 
NWs onto paper substrates.161,163,201-204 Among the reported 
achievements, Cui’s group has dedicated a lot of efforts on the 55 

paper-like supercapacitors by using the low-cost Xerox paper as 
the substrates. For instance, Cui et al. report carbon nanotube thin 
film-based supercapacitors fabricated with printing methods, 
where electrodes and separators are integrated into single sheets 
of commercial paper.201 Before coating the SWCNT ink on to the 60 

paper, the paper substrates were first treated with polyvinylidene 
fluoride (PVDF) to prevent the penetrate of ink into the paper. 
The schematic illustration is presented in Fig. 19f. Fig. 19g shows 
a printed supercapacitor using the Meyer rod coating method. For 
the large scale fabrication, an ink-jet printer can be utilized to 65 

print any patterns (Fig. 19h). Based on the voltage profile and the 
mass density of SWCNT, the specific capacitance is calculated to 

be 33 F/g (Fig. 19i) at a specific power of 250 000 W/kg. Due to 
the lightweight SWNT films and the absence of heavy metals, the 
capacitance of assembled device could be greatly improved when 70 

compared with traditional supercapacitors. 

4.2.2 Transparent Supercapacitors 

Flexible and transparent supercapacitors have recently attained 
great research interest to drive the flexible and transparent 
electronics such as transparent and flexible active matrix organic 75 

light-emitting diode display which may find applications in 
heads-up display, automobile wind-shield display, and 
conformable products.205 NW based flexible and transparent 
electrodes were demonstrated by depositing the NWs (CNTs, 
carbon nanocup arrays, polyaniline NWs and In2O3 NWs et al.) 80 

onto the flexible and transparent substrates.206-210 Chen et al. 
demonstrated a supercapacitor with the features of optical 
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transparency and mechanical flexibility using In2O3 NWs/CNT 
heterogeneous film, as shown in Fig. 20a-d.206 The device 
delivered a high specific capacitance of 64 F/g and good stability.  
 More recently, Jung et al. constructed mechanically flexible 
and optically transparent thin film solid state supercapacitors by 5 

assembling nano-engineered carbon electrodes,208 Through the 
control of nanopore dimension in anodic aluminum oxide (AAO) 
templates and CVD conditions, precisely tailored carbon 
nanocups can be fabricated, seeing from Fig. 20e. The as-
fabricated electrode is highly conductively (117 S/m) and 10 

transparency. After being sandwiched by polyvinyl alcohol-
phosphoric acid gel electrolyte, the transparent and highly 
flexible supercapacitors are demonstrated (Fig. 20f and g). With 
the increasing measured temperature, a high areal capacitance of 
1220 µF/cm2 was obtained at 80 oC, which is almost three times 15 

than that (409 µF/cm2) at room temperature. The Ragone plot is 
shown in Fig. 20h. The volumetric peak power and energy 
densities of the branched carbon nanocap based supercapacitors 
are 19 mW/cm3 and 47 mWh/cm3 respectively, which is similar 
to some high performance graphene-based supercapacitors.211 20 

4.2.3 Wearable Supercapacitors 

Smart textiles have unique functions such as thermal energy 
conversion, energy storage, sensors and communication etc.212 

Among them, wearable supercapacitors are considered as an 
important element to drive the other textile electronics. So far, 25 

much progress has been achieved on the design of wearable 
supercapacitors and NWs have contributed a lot to function as the 

conductive and electroactive materials. The substrates used in the 
wearable supercapacitors include the carbon cloth,213-216 cotton 
fabrics,217-219 non-woven cloth and so on.220,221  30 

 Carbon cloth, as flexible, conductive and stable substrates, has 
attracted much interest to be used as the current collectors in 
flexible supercapacitors. Our group has devoted some efforts on 
the development of flexible SCs by using carbon cloth current 
collectors to support NWs.213,216 For example, we developed an 35 

asymmetric supercapacitors (ASCs) based on acicular Co9S8 
nanorod arrays as positive materials and Co3O4@RuO2 nanosheet 
arrays as negative materials.213 Acicular Co3O4 nanorod arrays 
were first grown on carbon cloth, acting as templating for further 
Co9S8 nanorod arrays growth or RuO2 nanosheets deposition (Fig. 40 

21a,b). The schematic illustration of the as-fabricated ASC is 
shown in Fig. 21c. Remarkably, the as-fabricated ASCs could be 
cycled reversibly in the range of 0-1.6 V in aqueous electrolyte 
(LASC) and solid-state (SASC) electrolyte. The performance of 
SASC was preserved after being bended and twisted, 45 

demonstrating the desirability of carbon cloth-based current 
collectors (Fig. 21d). Both capacitors reveal excellent rate 
performance through five steps of charge/discharge rates changed 
successively from 2.5 to 50 mA/cm2. Moreover, high volumetric 
capacitance of 4.28 F/cm3 for SASC remained 90.2% after 2000 50 

charge/discharge cycles. Electrochemical performance with an 
energy density of 1.44 mWh/cm3 at the power density of 0.89 
W/cm3 for SASC was demonstrated.  

 
Fig. 21 (a, b) SEM images of Co3O4 and Co9S8 acicular nanorod arrays grown on carbon cloth. (c) Schematic illustration of the asymmetric 55 

supercapacitors utilizing Co9S8-carbon cloth as positive electrode and RuO2-carbon cloth as negative electrode. (d) CV curves of the ASC tested under 
normal, bent and twisted conditions. Reprinted with permission from ref. 213 © 2013, American Chemical Society. (e-g) Photograph and SEM images of 
CNT coated cotton cloth. (h) Ragone plot of commercial SCs and SWNT SC on porous conductors including all the weight. (i) The specific capacity for a 
stretchable SC before and after stretching to 120% strain for 100 cycles. The current density is 1 mA/cm2. Reprinted with permission from ref. 217 © 
2010, American Chemical Society. (j) Schematic illustration of the laminated structure of fabric SC. (k) Ragone plot of the laminated capacitors. (l) 60 

Schematic illustration of the tandem structure of fabric SC. (m) Galvanostatic charge/discharge curves measured at 0.566 mAcm/2 for tandem MnO2/CNT 
fabric SC with the number of units of 1, 2, 3, 4, 10 respectively. Reprinted with permission from ref. 220 © 2013, Wiley-VCH. 

   Low-cost, flexible, strechable and lightweight cotton cloth and 
non-woven cloth were also proved to be ideal substrates for 
wearable supercapacitors. Cui’s group conformally coat single-65 

walled carbon nanotubes (SWNTs) on cotton cloth to make 
porous conductors.217 As shown in Fig. 21e-g, the uniformly 
coated SWNTs make these textiles highly conductive with sheet 

resistance less than 4 Ω/sq. Supercapacitors made from these 
conductive textiles with large CNT loading mass (up to 8 mg/cm2) 70 

showed high areal capacitance, up to 0.48 F/cm2 and good 
cycling stability (<2% decrease after 130000 cycles). In the 
Ragone plot (Fig. 21h), the mass of electrode materials (∼16 
mg/cm2), the cotton (∼24 mg/cm2), electrolyte (∼6 mg/cm2), and 
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separator (∼2 mg/cm2) were all included in the complete SC 
device, which reaches a high energy density of 20 Wh/kg at a 
specific power of 10 kW/kg. When substituting the cotton cloth 
with strechable fabrics, a flexible and strechable SC is also 
feasible, showing excellent stability even after thousands of 5 

cycles (Fig. 21i).  
The current generation of energy storage systems often occupy 

more space than the electronic devices that they power. Therefore, 
the areal capacity and output voltage are key factors and can be 
tuned by textile electrodes. Recently, building on non-woven 10 

cloth electrodes, we presented two novel configurations (i.e., 
laminated and tandem) for SCs, which were expected to increase 
the energy density and out-put voltage respectively.220 The fabric 
electrodes were prepared by dipping the non-woven cloth into a 
dispersion of carbon nanotubes and subsequent MnO2 15 

electrodeposition. In the lamination configuration (Fig. 21j), 
several pieces of MnO2/CNT cloth were laminated in KOH 
aqueous electrolyte to construct individual electrodes that enable 
fold-increased areal capacitances and excellent cycling stability. 
Expectedly, the areal energy density increased with the 20 

laminations while the power density decreased, accounted for the 
increased resistance, as shown in Fig. 21k. In the tandem 
configuration, each unit supercapacitor was made of two pieces 
of MnO2/CNT electrodes sandwiched with H3PO4/PVA solid-
state electrolyte. A high-output-voltage device could then be 25 

readily obtained by using a layer-by-layer assembly as displayed 
in Fig. 21l. The charge/discharge curves of the MnO2/CNT-based 
SCs with different numbers of unit cells (Fig. 21m) suggested 
that this tandem stack structures precisely follow the principle of 
tandem capacitors. 30 

Another kind of wearable supercapacitor is planar-shaped 
supercapacitor built on woven individual supercapacitor fibers or 
parallel arranged supercapacitor fibers. By using CNT coating on 
the common fibers (cellulose, metals and plastics etc.) or CNT 
yarns, robust and flexible electrodes were obtained. To enhance 35 

the capacity, pseudocapacitive materials such as the ZnO-MnO2 
nanorods arrays, ZnCo2O4 NWs and polyaniline NWs have 
elaborated on the fibers.222-226 Fiber-shaped supercapacitor can 
work independently or be woven into any shape desired. For 
example, Wang and co-workers present a simple design and 40 

fabrication method for a high-performance, thread-like 
supercapacitor, taking the form of a two-ply composite yarn 
consisting of two carbon nanotube (CNT) singles yarns that are 
infiltrated with polyaniline NW arrays.223 The CNT yarn 
possesses good mechanical properties, with tensile strength 45 

normally in the range 500–800 MPa. The optical 
microphotograph of the fiber supercapacitor by twisting two 
CNT@PANI single yarn with the PVA gel electrolyte is shown in 
Fig. 22a. Fig. 22b is an optical microphotograph of a model fabric 
composed of four conventional two-ply cotton yarns and four 50 

two-ply CNT@PANI@PVA yarn supercapacitors, giving a 
prototype of woven electronics. In Fig. 22c, the areal capacitance 
of CNT@PANI yarn-based supercapacitor and CNT yarn-based 
supercapacitor were compared, and a capacitance of 38 mF/cm2 
at the current density of 0.01 mA cm−2 was achieved by the 55 

former one. When evaluated under different bending conditions, 
the capacitance of the yarn supercapacitor changed very little (Fig. 
22d). In the other hand, our group recently designed a flexible all-

solid-state planar integrated fiber supercapacitor based on 
hierarchical ZnCo2O4 nanowire arrays/carbon fiber electrodes 60 

(Fig. 22e).226 Fig. 22f depicts the measured specific capacitances 
of the flexible devices made of 2, 6, 10, 14, 20, and 30 composite 
fiber electrodes, presenting a significant rising trend with 
increasing fiber number. As shown by the equivalent circuit of 
the planar-integrated fiber supercapacitors (inset of Fig. 22f), this 65 

new structure exhibited an enhanced distributed-capacitance 
effect caused by the interaction among the non-adjacent opposite 
fiber electrodes, which can largely reduce the size of the device 
and achieve superior utilization efficiency and maximum 
functionality.  70 

 
Fig. 22 (a) Two CNT@PANI@PVA single yarns twisted together to form 
a thread-like, two-ply yarn supercapacitor. Inset is the SEM images of 
CNT@PANI composite yarn. Ordered PANI NW arrays are on the 
surface of CNT yarn. (b) Yarn supercapacitors are co-woven with 75 

conventional cotton yarns to form a flexible electronic fabric with self-
sufficient power source. (c) Areal capacitance plots of two-yarn 
capacitors. (d) Capacitance retention under different bending states. 
Reprinted with permission from ref. 223 © 2013, Wiley-VCH. (e) 
Schematic illustration of the configuration of the device. (f) The analysis 80 

of the equivalent circuit and enhanced distributed-capacitance effect for 
the flexible planar-integrated fiber supercapacitors. Reprinted with 
permission from ref. 226 © 2013, Wiley-VCH. 

4.3 Dye-sensitized Solar cells 

In 1991, the concept of using dye-sensitized colloidal TiO2 85 

nanoparticle films for photo-generated electrons was first 
proposed by Grätzel’s group.227 It is a highly successful 
nanostructured solar cell that delivers energy conversion 
efficiency up to 15% till now.228-231 Focusing on dye-sensitized 
solar cells (DSSC), we will review the most recent progress on 90 

NWs-based DSSCs. Compared with the traditional mesoporous 
TiO2 nanoparticle networks, nanowires offer much shorter and 
faster electron transport path. Besides, NWs also scatter light and 
enhance light harvesting.232 Moreover, In the flexible DSSCs, due 
to the robust structure for bendable stress release and unique 95 

functions through space adjustment, NWs have drawn enormous 
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attentions in the investigation of traditional flat flexible solar cells 
and fibrous ones wearable electronics.233 

4.3.1 Flat flexible DSSCs 

4.3.1.1 Photoanodes in flat flexible DSSCs 

 TiO2 has been widely used as the photoanodes of DSSCs due 5 

to its suitable physical and chemical properties. Recently, some 
other semiconductor materials with the similar bandgap and 
properties to TiO2 such as ZnO, SnO2, Zn2SnO4, are also reported 
as the photoanodes.233-235 Transparent polymer substrates are 
efficient substrates for flexible DSSCs. However, the 10 

photovoltaic performance is hampered by the slow electron 
transport and large interface resistance caused by the low 
temperature sintering that ITO polymer substrates undergo. 
Recently, Jiang et al. demonstrated that NW based bendable 
electrode can release the bending stress effectively through space 15 

adjustment while the mesoporous network suffers the cracking or 
peeling, as shown in the schematic in Fig. 23a and b.233 ZnO-NW 
arrays grown on PET/ITO substrates showed no visible cracks or 

signs of peeling off after bending (Fig. 23c and d). To overcome 
the low efficiency of NW-based DSSC caused by the lower 20 

surface area and lower dye-loading, ZnO nanoparticles were 
filled in the gaps between the nanowires. As expected, the 
modified DSSC combining both advantages exhibits higher 
efficiency and good flexibility (Fig. 23e). Later, Li et al. also 
developed a PVDF-nanofiber-reinforced TiO2 electrode with high 25 

bendability.236 PVDF nanofibers could release the stress 
concentration in the electrode and minimize the occurrence of 
mechanical failure. After 500 or even 1000 cycles of bending 
tests for composite film based cells fabricated on ITO/PET, only 
a few cracks were visible, which is much robust than the PVDF-30 

free TiO2 cells. Moreover, PVDF polymers containing fluorine 
atoms, which have the smallest ionic radius and largest 
electronegativity, are expected to facilitate the ionic transport of 
electrolytes and reduce the recombination rate at the 
semiconductor/electrolyte interface. A remarkable efficiency of 35 

4.78% was achieved. Therefore, NWs open a new way for the 
fabrication of flexible DSSCs. 

 
Fig. 23 Schematic shows of the bending stress release in nanocrystalline films of mesoporous network (a) and NW array (b). SEM images of the as 
prepared ZnO NWs grown on flexible PET/ITO substrates by hydrothermal synthesis (c)and those after bending 2000 cycles with bending radius of 5 mm 40 

(d). (e) Current-voltage I-V characteristics of DSSCs constructed using ZnO NWs (triangle) and NP-modified ZnO NWs (circle), and the I-V curve 
(dashed) of the NP-modified ZnO-NW DSSC after bending to 5 mm radius for 5 cycles under illumination: 100 mW/cm2, AM 1.5G. Inset: absorptions of 
dye solutions containing dyes from ZnO-NW film solid and NP-modified ZnO-NW film (dashed), respectively. Reprinted with permission from ref. 233 
© 2008, AIP Publishing LLC. (f) Photograph of a CNT/TiO2 film attached to a PET film. (g) High-resolution SEM image of the CNT/TiO2 film, showing 
uniform oxide coatings around CNTs. (h) IPCE spectra of the CNT/TiO2 film and the P25/CNT electrode. (i) Resistance change of a CNT/TiO2 film on a 45 

PET film after the film was bent to a radius of 0.4 cm for different cycles. Reprinted with permission from ref. 239 © 2013, Wiley-VCH. 

 A transferred NW film on flexible polymer substrates provides 
another way to fabricate flexible DSSCs.237-239 The inverted 
process enables the thermal treatment of materials and prevents 
the thermal decomposition of the polymer substrates. An all-50 

flexible DSSC was fabricated by assembling free-standing TiO2 
NW membrane with a Pt/Ti counter electrode and delivered an 
efficiency of 2.5%, which is comparable with the efficiency 
(3.8%) of rigid device constructed using similar materials.237 In 
another effort, Di et al reported a CNT/TiO2 hybrid architecture 55 

for flexible photoelectrodes.239 As shown in Fig. 23f, the 
CNT/TiO2 film can be transferred onto the PET film and exhibits 
good flexibility. In the photoanode, CNTs not only act as a 
scaffold, but also provide fast transport paths for photogenerated 
charges in the oxide. Without using additional transparent 60 

conducting oxide (TCO) substrates, this unique feature of the film 
boosts the incident photon-to-electron conversion efficiency to 

32% in the UV light region without dye, outperforming TiO2 
nanoparticle electrodes fabricated on TCO substrates (Fig. 23h). 
Structure durability of the film was also tested by bending the 65 

film to a radius of 0.4 cm for hundreds of times. Only 2–3% 
increase in the resistance is observed after 600 bending cycles 
(Fig. 23i). Inverting transfer method allows for the high 
temperature annealing to enhancing the crystallinity.  
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Fig. 24 (a) The schematic illustration of the flexible DSSC assembled 
with the TiO2 nanotube arrays on Ti foil and Pt-coated PEN. (b) Current-
voltage characteristic of solar cells based on different TiO2 nanotube 
length using rigid (Pt/FTO-glass) and flexible (Pt/ITO-PEN) substrates. 5 

Solid lines were measured under AM 1.5 full sunlight (100mW/cm2) 
illumination. Dot lines were measured in the dark. Reprinted with 
permission from ref. 240 © 2008, American Chemical Society. (c) 
Schematic of fabrication of DSCs over flexible Kapton substrates. (d) 
UV–vis spectrum of N719 dye extracted from a series of TiO2-nanotube 10 

arrays with different thicknesses. (e) J-V curves of a DSC under different 
simulated sunlight intensities. Back-irradiation geometry has been 
applied, as illustrated in the inset. Reprinted with permission from ref. 
244 © 2011, Wiley-VCH. 

Ti foil has been developed as both the precursor for TiO2 NW 15 

arrays growth and substrates for subsequently DSSC fabrication. 
By facile anodization or hydrothermal process, highly ordered 
meso-structured TiO2 nanotubes or NWs can be fabricated, in 
which superior photovoltaic performances can be achieved 
through the realization of photoanode materials with ordered 20 

structure.232,240-245 An excellent photoelectric conversion 
efficiency up to 8% has been achieved by the TiO2 nanotube 
arrays coupled with the Pt-FTO glass counter electrode.231 
Recently, Kuang and co-workers reported a flexible DSSC using 
TiO2 nanotube arrays on a Ti foil as the working electrode and Pt 25 

coated polyethylene naphthalate (ITO/PEN) as counterelectrode 
in combination with solvent-free ionic liquid electrolyte.240 TiO2 
nanotubes with the pore size of ~70 nm was fabricated (Fig. 24a). 
By varying the anodization time, the length of the 
NWs/nanotubes could be controlled to fit for best photoelectric 30 

conversion efficiency. The photocurrent-voltage curves are 
shown in Fig. 24b. Under AM 1.5 light irradiation from the back 
side, the flexible DSSC achieved an efficiency of 3.19%, which is 
comparable with that of the rigid DSSC assembled with Pt-FTO 
glass (3.3%). In order to obtain a flexible DSSC on the polymer 35 

substrates, Galstyan et al. sputtered Ti on Kapton HN tape for 
electrochemical anodization, which enabled the post-treatment at 
350 oC.244 The whole process of nanotube formation and cell 
fabrication is sketched in Fig. 24c. An almost-linear dependence 
of dye loading on the thickness of the nanotubes was 40 

experimentally found (Fig. 24d). A test cell based on a DSSC 
fabricated using the longest nanotube array (6 µm) was 
investigated under simulated sunlight irradiation in back-
irradiation at AM 1.5G (100 mW cm−2) and mechanical filter to 
obtain light attenuation (Fig. 24e). Expectedly, a high efficiency 45 

of 3.5% was obtained at the light intensity of 63 mW/cm2. 
Mesoporous TiO2 nanotubes are promising for the prospective for 
the development of innovative technologies in the field of low-
cost flexible photovoltaics. 
 4.3.1.2 Counter electrodes of flat flexible DSSCs 50 

 Pt is usually used as the catalytic materials for tri-iodide 
reduction and high conductivity. However, as a noble metal, Pt is 
expensive and exhibits instability in the methoxy propionitrile 
electrolyte solvents.250 Recently, several kinds of non-Pt 
materials have been exploited as the catalytic materials, such as 55 

carbon materials (activated carbon, graphene, carbon nanotubes 
etc.),251,252 conductive polymers (poly(3,4-
ethylenedioxythiophene), PANI etc. ),253, 254 inorganic materials 
(CoS, Co9S8 etc.255) and their compounds.256 1D nanostructure 
based counter electrodes are one of the vital choices to prevent 60 

the fragmentation and detachment of the materials under tough 
bending conditions. For example, DSSC with CNT-based 
coatings on conductive glass exhibited photoelectric conversion 
efficiency of 10%, thanks to the high electrochemical catalytic 
activity, excellent conductivity and chemical stability.257 As a 65 

promising conductive material for transparent electrode, CNT can 
be used as the conductive cover to replace ITO or FTO 
underlying coating and Pt catalyst at the same time.258-260 The 
fabrication methods of CNT based flexible counter electrodes 
include the ink-coating process, growth-detachment-transfer 70 

process and directly usage of free-standing CNT films.259-262 For 
instance, Chang et al. established a Pt nanoparticle (NP)/CNT 
hybrid counter electrode on Ti foil by using a stable dispersant 
consisting of poly(oxyethylene)diamine (POEM) segment and 
imide linkage functionalities.261 The solution was coated on the 75 

foil by doctor blade technique, followed by annealing at 390oC to 
obtain the flexible electrode (Fig. 25a). Conversion efficiency of 
about 9.04% was obtained (Fig. 25b). The CNTs not only 
enhanced the surface area and Pt loading, but also served as the 
electrocatalyst. Recently, Malara et al. proposed a free-standing 80 

and ultrathin plate by compositing CNTs with polypropylene for 
the counter electrode,259 as shown in Fig. 25c. The extended 
etching treatment conditions dramatically benefit the 
electrochemical properties of the NC/electrolyte as well as the 
value of the series resistance of the plate (Fig. 25d). Flexible 85 

DSSC based on this plate gave a highest efficiency of 6.67%. In 
their later work, a much enhanced efficiency of 7.26% was 
obtained by transferring a vertically aligned carbon nanotube 
forest onto the CNT-polymer plates, demonstrating a promising 
implementation of the CNTs as an engineered flexible counter 90 

electrode.260 
Metal oxides and sulphides were also used as counter 

electrodes of DSSCs.263-265 A maximum power conversion 
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efficiency of 7.67% was usually achieved for a cell with CoS 
nanorod arrays grown on the FTO-glass, which is nearly the same 
as that of a cell with a sputtered Pt counter electrode (7.70%).263 
Lately, the authors fabricated the Co9S8 acicular nanorod arrays 
on a conducting plastic substrate by a two-step approach 5 

successfully.264 By chemical bath deposition, layered cobalt 
carbonate hydroxide acicular nanorod arrays (ANRAs) were 
fabricated on a conducting plastic substrate, followed by a simple 
ionic-exchange process in Na2S solution to convert the precursor 
into Co9S8 nanorod arrays under facile conditions (Fig. 25e). In 10 

Fig. 25f, all the CV curves for the Co9S8 ANTAs-60 min, Co9S8 
ANTAs-90 min, Co9S8 ANTAs-120 min, Co9S8 ANTAs-150 min 
and Co9S8 ANTAs-180 min CEs show two pairs of redox peaks, 
which reveal similar electrochemical behavior to that of the 
sputtered Pt CE. Finally, a power conversion efficiency of 5.47% 15 

was achieved, which was comparable to that of the DSSC using 
sputtered Pt (5.62%) on the same plastic substrates (Fig. 25g). 
4.3.2 Fibrous DSSCs 

 Recently, there is a growing interest in making fiber-shaped 
photovoltaics owing to their promising applications in flexible 20 

electronics and wearable power supply.266 Compared with the flat 
DSSCs, thin fiber-shaped solar cells have the advantages of 
lightweight and wearability. Generally, optical fibers, carbon 
fibers or metal treads (Ti, stainless steel) are used as the fiber 
substrates. The basic structure of fiber-DSSCs consists of three 25 

kinds of assembly, including the twisted, parallel arrangement by 
two wires or a single cable-like fiber wrapped by the functional 
layers, as shown in Fig. 26a.267-278 
 The twisted architecture is the mostly employed one among all 
fiber-DSSCs, in which one fiber is coated with the photoactive 30 

materials and the other one is counter electrode. The counter 
electrode (Pt wires, carbon fibers etc.) is twined on the working 
electrode with intervals to allow light absorption by dye 
molecules. Zou’s group has devoted a lot of efforts on this kind 
of fiber DSSCs and achieved a high photo-electric conversion 35 

efficiency of 7% by using Pt wire as the counter electrode.132, 138 
Peng’s group reported a further enhanced result by utilizing 
anodized TiO2 nanotube arrays on Ti thread as photoanode and Pt 
and Ni particle decorated CNT yarns as counter electrode.277 Fig. 
26b display the schematic illustration and SEM image of the 40 

photovoltaic wire respectively. This fiber is quite strong, showing 
a tensile stress of hundreds MPa. Decorated by 18.64 wt% and 
9.33 wt% of Pt and Ni nanoparticles respectively, a highest 
efficiency of 8.03% was obtained. Given the excellent 
performance, the twisted structure of fiber DSSCs is a promising 45 

candidate for practical application. Chen et al. constructed a 
series module by five twisted fiber DSSC, which can successfully 
drive three commercial light emitting diodes (LED) in parallel 
connection under illumination.269 

 50 

Fig. 25 (a) A picture of the flexible CE with Pt NP/MWCNT. (b) Photocurrent density–voltage curves of the DSSCs using Pt NP/MWCNT CEs with 
various ratios, measured at 100 mW/cm2 light intensity. s-Pt was also used for comparison. Reprinted with permission from ref. 261 © 2012, The Royal 
Society of Chemistry. (c) A picture of a CNT-based monolithic counter electrodes and (d) a schematic representation of etching treatment effect. 
Reprinted with permission from ref. 259 © 2011, American Chemical Society. (e) Co9S8 acicular nanotube arrays (ANTAs) are prepared from LCCH 
acicular nanorod arrays (ANRAs) by soaking in Na2S solution (0.01 M) for 3 h with the help of the Kirkendall effect. (f) CV curves for the sputtered Pt 55 

and the Co9S8 ANTAs CEs prepared with different periods of chemical bath deposition. (g) J–V curves of the DSSCs using sputtered Pt and Co9S8 
ANTAs CEs prepared with different periods of CBD. Reprinted with permission from ref. 264 © 2013, The Royal Society of Chemistry. 

 Since the twisted structures usually lead to a large part of the 
working electrode being not covered by the Pt counter electrode 
and light wastage of the covered area, parallel arrangement was 60 

thus proposed.267 Wang et al. developed a novel methodology for 
the fabrication of an extended-area, flexible, transparent, double-
sided, planar DSSC, formed with metal wire/ZnO-NW arrays as 
the working electrode and a Pt wire as the counter electrode. 
Highly ordered, single-crystalline, and high-density ZnO-NW 65 

arrays were uniformly deposited onto Fe microwires. The two 
metal wires were placed parallel to each other and encapsulated 
in a poly(ethylene terephthalate) (PET) or polydimethylsiloxane 
(PDMS) chamber containing the electrolyte (Fig. 26c). The 
double-wire DSSCs remain stable for a long period of time and 70 

can be bent at large angles, up to 107°, reversibly, without any 
loss of performance.  

Cable-like solar cells are also proposed by assembling the 
active materials on a single substrate wire layer by layer. Zhang 
et al. developed a cable-like DSSC based on a single Ti wire, by 75 

wrapping a carbon nanotube film around Ti wire-supported TiO2 
tube arrays as the transparent electrode (Fig. 26d).273 The CNT 
film ensures full contact with the underlying active layer, as well 
as uniform illumination along circumference through the entire 
DSSC. The single-wire DSSC shows a power conversion 80 

efficiency of 1.6% under standard illumination (AM 1.5, 100 
mW/cm2). As the cable-like DSSC fiber is worked on back 
illumination with the bottom side unilluminated, Wang’s group 
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integrated optical fibers and NW arrays as 3D cable-like DSSCs, 
shown in Fig. 26e.279 On the lower region of the fiber surface, 
dye-coated ZnO nanorod arrays are grown on the outer side of 
optical fibers, and then assembled with a Pt tube. The key 
principle is that the light entering from the axial direction inside 5 

the fiber experiences multiple internal reflections along the fiber 
and finally reaches to the dye molecules. When the DSSC is 
illuminated along the fiber axis, an efficiency of 0.44% is 
achieved, much better than the value (0.071%) obtained by a 
vertically illumination. 10 

  
Fig. 26 (a) Schematic illustration of twisted, parallel and cable-like solar 
cells respectively. (b) Photovoltaic wire by twisting a TiO2 nanotube-
modified titanium wire which serves as a working electrode and an 
Fe3O4/CNT composite fiber which functions as the counter electrode 15 

together. Reprinted with permission from ref. 277 © 2013, Wiley-VCH. 
(c) Double-metal-wire/PET, double-sided, transparent DSSC device 
based on Pt-Fe microwires and ZnO NW-Fe microwires. Reprinted with 
permission from ref. 267 © 2012, Wiley-VCH. (d) Illustration of a 
coaxial single-wire structure DSSC, consisting of a core Ti wire, dye-20 

grafted TiO2 nanotube arrays, and a flexible, transparent CNT film 
wrapping around the wire. Reprinted with permission from ref. 273 © 
2011, American Chemical Society. (e) Design and principle of a three-
dimensional DSSC based on optic fiber. Reprinted with permission from 
ref. 279 © 2009, Wiley-VCH. (f) Procedure of all-solid, flexible solar 25 

textiles fabricated using DSSC with ZnO NR arrays on SS wires. (g) 
Photograph of a fabricated flexible woven solar cell. Reprinted with 
permission from ref. 272 © 2013, Elsevier B.V. (h) A fiber cell being 
woven with the other CNT fibers into a textile. (i) A fiber cell being 
woven into a textile composed of aN aramid fibers. Reprinted with 30 

permission from ref. 280 © 2012, American Chemical Society. 

 Based on the successful fabrication of fiber DSSCs, wearable 
DSSCs can be elaborated via a convenient weaving 

technology.272, 280 For instance, Chae et al. reported a woven 
DSSC by using ZnO nanorod vertically grown from fiber-type 35 

conductive stainless steel (SS) wires as photoanode and the Pt-
coated SS wires as a counter electrode.272 As shown in Fig. 26f, 
all solid, flexible solar textiles were fabricated by coating dyes 
and solid-state electrolyte, following with PET film package. The 
satin weaving structure was particularly employed due to larger 40 

illumination area compared to plain and twill weaving structures. 
The all-solid, flexible properties of solar textiles fabricated with 
ZnO NR-based DSSCs are shown in Fig. 26g. The solar textile 
with 10 × 10 wires exhibited an energy conversion efficiency of 
2.57% with a short circuit current density of 20.2 mA/cm2 at 100 45 

mW/cm2 illumination. Chen et al. also reported a woven DSSC 
by CNT fiber based solar cells.280 A twisted fiber DSSC consists 
of a CNT fiber and TiO2 coated CNT fiber can be woven into 
CNT textiles and aramid textiles successfully (Fig. 26h and i), 
achieving an efficiency of 2.94%.  50 

4.4 Generators 

Since it was first proposed by Wang et al. in 2005, the self-
powering nanotechnology has attracted much attention in energy 
harvesting area. This conception came into existence to serve the 
interests for driving portable electronics. With the rapid 55 

development and wide use of nanotechnology, it is the batteries 
rather than the devices that finally determine the total size and 
weight of the system. What’s more, there is a pressing need to 
design a kind of rather small generator that could provide power 
for some micro/nano devices or medicine related devices, for 60 

example, implantable health monitors and artificial organs etc. So, 
to meet these technological challenges, it is highly necessary to 
develop the science and technology closely related to 
nanogenerator.  

Wang and his co-workers demonstrated an approach to 65 

converting mechanical energy into electric power by using a 
vertical aligned piezoelectric (PZ) NWs281 and accordingly, 
designed a series of nanogenerators with sufficient electric output. 
We provide here only one example, as it illustrates the basic 
principle and technology of nanogenerators.282 In their 70 

experiments, vertically aligned ZnO NWs were transferred to a 
receiving substrate to form horizontally aligned arrays and then 
parallel-strips-like electrodes were deposited on the horizontal 
ZnO NW arrays. By connecting a bridge rectifier and a capacitor, 
a simple self-powered device which could harvest energy from 75 

the mechanical bending of the flexible substrate were 
successfully fabricated. Fig. 27a is the SEM image of ZnO NW 
arrays with deposited Au electrodes and the inset is the 
photograph of the as-fabricated nanogenerator. Orderly aligned 
ZnO NWs with diameter of ∼200 nm served as the active 80 

material of the nanogenerators. By externally applied physical 
force, the flexible substrate was bended gradually, and 
correspondingly NWs happened to deform. The piezoelectric 
property of the ZnO NW brought a piezoelectric field along the 
length, which naturally caused a transient charge flow in the 85 

external circuit, as shown in Fig. 27b. Repeated bending and 
releasing of the substrate gives rise to an alternating flow of the 
charges in the external circuit. Time dependent open circuit 
voltages and short circuit currents are shown in Fig. 27c-d, 
respectively. From the figures we could see that an open-circuit 90 

voltage as high as 2.03 V and a peak output power density of∼11 
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mW/cm3 could be achieved from a single layer NW 
nanogenerator structure. As shown in inset of Fig. 27e, an 
integrated full wave rectifying bridge was connected with a red 
commercial LED to prove the successful fabrication of the high-
output flexible nanogenerators. A total voltage source of 3.7 V 5 

and a maximum discharging current of 4.5 mA lead the lighting 
lasted 0.1-0.2 s of the LED, as shown in Fig. 27f-g. Through 
calculation, the effective energy generation efficiency is 
estimated to be ∼4.6%. And by optimizing the density of the 
NWs on the substrate as well as the use multilayer integration, 10 

much more practical nanogenerators with high open-circuit 
voltages, high short circuit currents as well as much higher 
energy generation efficiency are bound to be created out.  

 
Fig. 27 (a) SEM image of active area of the nanogenerator. Inset is the 15 

photograph of an as-fabricated nanogenerator. (b) Demonstration of the 
operating principle of the nanogenerator when mechanical deformation is 
induced, where the “±” signs indicate the polarity of the local 
piezoelectric potential created in the NWs. (c-d) Open circuit voltage and 
short circuit current measurement of the nanogenerator. The measurement 20 

is performed at a strain of 0.1% and strain rate of 5% s-1 under the 
frequency of 0.33 Hz. Insets are the enlarged view of the single cycle of 
signal. (e) Output voltage measured when connected with a full wave 
rectifying bridge. Where arrowhead points out that the signals of negative 
signs are reversed. Inset is the schematic of the charging-discharging 25 

circuit. (f-g) Image of the red LED before it was lit up and at the moment 
when it was lit up by the energy generated from the nanogenerator, 
respectively. Reprinted with permission from ref. 282 © 2010, American 
Chemical Society. 

5 Integrated devices and systems 30 

The successful fabrication of both NW-based flexible devices 
and energy conversion/storage sources offer numerous 
opportunities for the area of energy system, electronics, 
automobile, mechanical equipment et al. The integration of these 
semiconductor nanodevices, especially the passive devices with 35 

the power source devices would be of great interest in micro/nano 
systems’ application. The design and fabrication of high-
performance integrated nanopower-nanodevice system especially 
flexible system present several challenges, for example, 
impedance matching, electrical/mechanical stability and the 40 

improvement of operation efficiency etc. The challenges and 
limitations of these factors make corresponding improvement 

hard. However, there are still a few works which focus on 
assembly of basic nanodevices into an integrated simple system 
that can work independently. In this section, methods and the 45 

ultimate performances of several integrated system will be briefly 
described.  

   
Fig. 28 (a) Schematic of the fabrication process of multiple lateral-NW-
array integrated nanogenerator. (b) SEM images of a single row of the 50 

NWs bonded by metal electrodes. (c) Voltage drop across a single ZnO 
NW-based pH sensor powered by a VING with an output voltage of ~40 
mV. (d) Voltage drop across a ZnO NW-based UV sensor powered by a 
VING with an output voltage of ~25mV. Insets are the schematics of the 
NW-based integrated systems. Reprinted with permission from ref. 283 © 55 

2010, Macmillan Publisher Ltd. 

Recently, Wang et al. proposed a flexible self-powered 
nanosystem, consisting of a multiple lateral-NW-array integrated 
nanogenerator (VING) and a NW based detector.283 The eventual 
aim of this design is self-driven, that is, realization the stable and 60 

persist operation of the passive devices without battery or 
external power source used. The key to provide high output 
voltage and power of the VING is the rational growth of the NWs 
during the VING fabrication procedure, as the voltage and power 
produced by a single NW are insufficient for a real device. Fig. 65 

28a is the experimental procedures designed to fabricate the 
flexible VING. Briefly, rows of stripe-shaped ZnO pattern with a 
top and side layer of chromium was first achieved, then a wet 
chemical method was used to obtain horizontally grown ZnO NW 
arrays. Next, gold electrodes were deposited only on the above 70 

mentioned chromium layer side and at last a layer of soft polymer 
was spin-coated onto the device to improve the stability and 
mechanical robustness of the entire structure. Fig. 28b is the SEM 
image of a single-row VING structure, indicating the ordered 
alignment of the NWs and the good contacts between the NWs 75 

and the electrodes. The final flexible VING was made of 700 
rows of NWs on a 125 µm Kapton film. In response to a low-
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frequency mechanical strain of 0.19% at a straining rate of 2.13% 
s-1, the average output voltage and the current pulse from the 
VING were measured to be ~1.2 V and ~26 nA respectively. To 
demonstrate the ‘self-powered’ performance, the VING was 
integrated with a single NW-based nanosensor. First a ZnO NW-5 

based pH sensor was connected with the VING and the voltage 
across the nanosensor was monitored while changing the degree 
of acidity versus alkalinity in the target solution (Fig. 28c). An 
obvious and stable voltage variation corresponding to local pH 
change was observed, indicating the high sensitivity of the ‘self-10 

powered’ pH meter. Then a ZnO NW-based UV sensor was also 
integrated with the VING. (Fig. 28d) When the UV light is turned 
off, the resistance of the ZnO NW is measured to be ~10 MΩ, 
which is comparable to the inner resistance of the VING. And 
voltage drop across the ZnO NW-based UV sensor was ~25 mV. 15 

Upon UV light illumination, the resistance of the ZnO NW 
dropped dramatically and the voltage drop across the ZnO NW-
based UV sensor was very small. This clearly indicates that a 
VING with an output voltage of 20–40 mV can successfully 
power up various kinds of single-NW-based nanosensors. 20 

 
Fig. 29 (a-b) Photograph and schematic of the self-powered nanosystem 
powered by the Co3O4-graphene based fiber-shaped supercapacitor. 1-3 
illustrate the different bending states of our flexible asymmetric 
supercapacitor. (c) SEM images of the as-synthesized Co3O4 NWs grown 25 

on nickel fiber used for supercapacitor. (d) CV curves, and (e) 
galvanostatic charge-discharge curves of the fiber-shaped supercapacitor. 
(f) Current response of the photodetector powered by the supercapacitor. 
Reprinted with permission from ref. 284 © 2014, WILEY-VCH. 

Very recently, our group reported a self-powered photodetector, 30 

which was driven by a flexible fiber shaped supercapacitor (Fig. 
29a-b).284 In this work, uniform Co3O4 NWs (Fig. 29c) was 
successfully synthesized on different type of metal fibers, namely 
nickel and titanium respectively, and then fabricated into two 
kinds of flexible all-solid-state supercapacitors. The as-35 

synthesized Co3O4 NWs were proved to exhibit a high 
capacitance of 2.1 F cm-3 at current density of 20 mA cm-3 and 
the final wire shaped all-solid-state supercapacitor was 

demonstrated to have an impressive capacitive behaviour as well 
as high long cycling performances (showing in Fig. 29d-e). As 40 

discussed above, piezoelectric (PZ) ZnO NWs based 
nanogenerators could serve as the excellent energy-scavenging 
unit and could be integrated into a nanosystem to power electrical 
devices without the need of external batteries. By the same token, 
Co3O4 NWs based all-solid-state supercapacitors here could also 45 

act as the power sources. The as-prepared visible light 
photodetector made from carbon fibers/graphene, which also 
served as the negative electrode of the flexible all-solid-state 
asymmetric supercapacitor, was proved to have substantial 
response to white light irradiation (Fig. 29f). Our primary 50 

research work here indicate that the wire shaped flexible 
supercapacitors can efficiently be used to power electronic and 
optoelectronic devices, and if the material quality and the device 
structure could be continually improved, more complicated self-
powered devices and systems with minimised sizes and promoted 55 

performances will come out. The harvesting of energy from 
ambient sources, energy storage/conversion and energy 
utilization will be more efficient.  

6 Conclusions and outlooks 

In this paper, the recent advances in design and fabrication of 60 

NW based flexible devices and their integration has been 
reviewed. We first present a brief description of different 
approaches to realize the synthesis of a versatile group of 
semiconductor NWs and a few methods for assembly of NWs 
array. Among the various semiconductors across an expansive 65 

area covering from metal oxides to III-V compound, II-VI 
compound and even multi metal compounds, many NWs and 
their combinations such as network, film as well as ordered 
arrays have significant promise for electronic, optoelectronic, 
photovoltaic, electrochemical and piezoelectric applications. 70 

Combining the unique geometry structure of NWs and the 
superior physical/chemical properties of semiconductors, many 
kind of typical nano/micro devices have been designed and 
fabricated out. We show that both individual NW and NW 
assembled structures offer high possible in the flexible device 75 

applications, for example flexible electrodes and transistors, 
flexible sensors, flexible display devices, flexible memories and 
logic gates, as well as flexible energy conversion and storage 
devices et al. However, for the NW synthesis and assembly, 
devices fabrication and system integration process that for 80 

economically viable applications, more significant research 
works will be required. 

First, even the research in various NWs has been witnessed 
with fast development and substantial achievements, some issues 
such as the followings are still existed:  85 

1. Lack good control over size of the NWs: The difference in 
properties caused by the size heterogeneity is very obvious. A 
more efficient synthesis method for more precise control of 
the NW’s size is needed. Owning to the small dimensions and 
tendency to aggregate, manipulating NWs grown by bottom-90 

up approaches is still challenging. There are two conceptually 
different types of approaches that can be used to address this 
problem. The first, a novel 3D printer can be invented to print 
quality NWs or uniform NW arrays directly. This scheme 
overcomes the inherent non-uniformity of NWs produced by 95 
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traditional bottom-up growth process while retaining the 
advantages of NWs itself. The second, improved top-down 
approaches are still attractive when integration and 
addressability are concerned. As for the manipulating of high 
density NW arrays, especially for addressability at the single 5 

NW level, a new kind of top-down approach has the 
advantage of being more amenable for large scale integration. 

2. Difficulties in controlling the chemical or physical properties 
of the NWs. NWs with uniform size do not guarantee their 
uniformity in their properties such as electronic transport 10 

characteristics. To minimize the NW-to-NW variability is 
very important but still remains a challenge.  

3. Combinations of different modifying methods over 
semiconductor NWs need to be systematically studied. 
Doping, surface modification, organic-inorganic hybrid, the 15 

formation of multiple compounds or heterojunctions et al. 
have been extensively studied for more than ten years. Still, a 
successful modification method would consider a numerous 
factors such as surface states, defects, traps, catalysts-induced 
contamination, orientation and polarization of the NWs. It 20 

seems a bit difficult to select an efficient way to modify the 
as-prepared NWs based on their ultimate use. So establishing 
an effective method for determining the modification process 
is quite critical.  

4. The yield of NWs with high quality for scalable device 25 

fabrication and integration is far from enough.  
5. Especially, each current NW assembly technique has its 

advantages and weakness and it appears some difficulties in 
printing NWs precisely on flexible substrates. The existing 
NW assembly techniques are also inefficient and have high 30 

cost of time. More appropriate NW assembly techniques need 
to be improved, and different types of assembly methods 
should be combined to give rise to high quality NW arrays. 

Second, there is an obvious challenge in optimizing the 
configuration and fabrication process of the flexible devices. By 35 

taking the advantages of 1-D geometric features and excellent 
physical/chemical properties of NWs, a group of nanodevices 
have been created. However, most of them are just the basic unit 
which could only be used as the NWs’ properties measurement. 
In other words, most existed nanodevices are far functional 40 

enough to meet the need of practical work. For example, the NW 
based photodetectors are still at an early stage. Most current NW 
photodetectors have much lower performance in efficiency and 
bandwidth when compared with their classical counterparts,285 
and the device-to-device variability of the performance has 45 

largely limited its development and application. Besides, 
measurement theory and methods about device properties should 
be found to the needs of specific and novel devices, for example, 
some sensors work in a harsh environment286 or under changing 
conditions. New measurement and evaluation methods then 50 

should be brought up. Although optimization of the 
electronic/optoelectronic performance of many flexible devices is 
still under way, we view offering a few new, entry-level products 
as a new impetus for exploring this largely uncharted territory. 
Roll-up portable displays, sensory skins and electronically 55 

steerable antenna arrays for wireless communication et al., in our 
opinion, will be the satisfactory killer applications in the coming 
years. Furthermore, commercializing some of the important 

applications will undoubtedly scare up more interest in this area. 
Third, flexibility is one of the highlights of the devices and 60 

much more importance should be continuously attached to it. 
Flexible display device has been the fulfilment of an ever 
romantic dream. If an efficient way can be found to ensure both 
high performance and outstanding flexibility of the nanodevices, 
much more functional industrial products based on 1-D 65 

nanostructures will be designed. 
At last, appropriate combinations of two or more as-fabricated 

NW devices will lead to some particularly exciting achievements. 
Combining appropriate electronic devices with energy units into a 
fully flexible system, in particular, is of special significance. 70 

Owning to the urgent demand of next-generation consumer 
electronics and with the rapid development of nanotechnology, 
integrated 1-D NW devices and systems are the most promising 
field to be realized in the near future. Besides, miniaturization, 
high integration and portability are the necessary requests of the 75 

future electronics. For example, nanoscale sensors can be 
equipped with tiny self-powered element and microwave 
communication components to serve as body-implantable sensing 
networks. Considering these, many startups want scientists to 
engage in applied research of fully flexible systems, rather than 80 

fundamental research of individual components. Fundamental 
breakthroughs, though important, should not dominate our 
research results list. The future of flexible inorganic NW 
electronics, in our opinion, will be largely dependent on how well 
we can balance the functionality, the stability as well as the cost 85 

issue of the NW-based flexible systems. We believe cooperation 
between entrepreneurs and scientists will certainly accelerate our 
research in this area. Assembling existing components into 
functional and smart systems, increasing their availability and 
reliability and then introducing them to the market, basically 90 

speaking, is the only way realizing commercial and industrial 
application of flexible electronics.  
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