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1. Introduction

Currently, the commercially used transparent electrodes
(TEs) in classical optoelectronic devices, such as light-
emitting diodes (LEDs), solar cells (SCs), and photodetectors
(PDs), are made of indium tin oxide (ITO), which is usually
deposited by vacuum sputtering. There are serious problems
associated with the use of such electrodes in terms of
sustainable development for both technical and economic
reasons.[1] First, indium is a rare metal. It is becoming more
and more expensive owing to its ever-increasing consumption
and predictions that indium resources will be exhausted
within ten years. Therefore, the search for cheaper and more
abundant substitutes is imperative.[2] Second, the vacuum-
sputtering technique, which is conducted in a vacuum at high
operating temperatures, usually wastes more than half of the
ITO source (more than 70 % of the ITO ejected from a target

is deposited on the walls of the sput-
tering chamber), and is thus not com-
patible with the current demand for
low-cost optoelectronic devices.[3] Fur-
thermore, the emergence of smart
optoelectronics, such as flexible,
stretchable, and wearable devices are
receiving more and more attention,

and such devices require new TEs.[4] ITO is not ideal for these
highly flexible electronics owing to its brittleness. Cracks
generated as a result of mechanical bending or stretching
seriously deteriorate the electrical properties of the film. TEs
based on nanocrystal (NC) inks can be processed by low-cost
printing techniques, which are compatible with the flexible
and stretchable substrates[5] and can also reduce the con-
sumption of the raw materials. Therefore, films assembled
from NC inks have received increasing attention as next-
generation TEs for optoelectronic devices.

NC inks are typically nanomaterials that are dispersed in
various solvents and can be assembled into films through
solution processes. The expanding range of NC inks includes
transparent conducting oxides (TCOs), metal-nanowire
(NW) networks, graphene, and carbon nanotubes (CNTs;
Figure 1a). The motivation for developing these NC inks
includes several aspects. First, the assembly of NC films
deposited by solution-based processes can effectively lower
the cost of thin-film electronics by reducing raw-material
consumption. Second, TEs based on NC inks can be
assembled through facile printing techniques, such as ink-jet
printing and roll-to-roll production, as well as solution
processes, including spin-coating, spraying, and metering-
rod techniques (Figure 1b). The use of these printing
technologies during the fabrication of optoelectronics has
raised interest in both academic and industrial communities.
Printing technologies are promising for the low-cost and high-

Transparent electrodes (TEs) are crucial in a wide range of modern
electronic and optoelectronic devices. However, traditional TEs cannot
meet the requirements of smart devices under development in unique
fields, such as electronic skins, wearable electronics, robotic skins,
flexible and stretchable displays, and solar cells. Emerging TEs printed
with nanocrystal (NC) inks are inexpensive and compatible with so-
lution processes, and have huge potential in flexible, stretchable, and
wearable devices. Every development in ink-based electrodes makes
them more competitive for practical applications in various smart
devices. Herein, we provide an overview of emergent ink-based elec-
trodes, such as transparent conducting oxides, metal nanowires,
graphene, and carbon nanotubes, and their application in solution-
based flexible and stretchable devices.

[*] J. Z. Song, Prof. H. B. Zeng
State Key Laboratory of Mechanics and Control of Mechanical
Structures, College of Materials Science and Technology, Nanjing
University of Aeronautics and Astronautics
Nanjing 210016 (China)

J. Z. Song, Prof. H. B. Zeng
Institute of Optoelectronics and Nanomaterials, Herbert Gleiter
Institute of Nanoscience, School of Materials Science and Engi-
neering, Nanjing University of Science and Technology
Nanjing 210094 (China)
E-mail: zeng.haibo@njust.edu.cn

..Angewandte
Minireviews H. B. Zeng and J. Z. Song

9760 Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2015, 54, 9760 – 9774

http://dx.doi.org/10.1002/ange.201501233
http://dx.doi.org/10.1002/anie.201501233


throughput manufacture of solution-based, light-weight elec-
tronic devices, such as flexible displays, lighting, PDs, and SCs.
For some new flexible and stretchable technologies, TEs
based on NC inks offer compelling capabilities. For example,
flexible optoelectronics, such as flexible displays and flexible
SCs, ideally require the large-area manufacture of devices
based on patterned films that can be controllably processed
by ink-jet printing and roll-to-roll production. The low-cost
manufacturing of NC-ink-based TEs on soft substrates is also
beneficial for the creation of smart electronics, such as
stretchable displays and wearable electronics that are fold-
able, rollable, environmentally benign, and recyclable. Exam-
ples of some highly anticipated smart optoelectronic devices
are shown in Figure 1c. TEs based on NC inks have fueled the
development of a wide range of potential smart applications,
such as low-cost solution-processed optoelectronics, flexible
and stretchable displays, wearable electronics, and electronic
skins. Thus, a new era in integrated smart technologies
founded on NC-ink-based TEs is emerging.

Rapidly growing markets for flexible TEs, a far-reaching
technology used in a myriad of common applications, include
touch screens, flexible displays, printable electronics, solid-
state lighting (especially organic LEDs (OLEDs)), and
photovoltaics for renewable-energy applications.[6] Herein,
we review the progress, prospects, and contemporary chal-
lenges associated with NC-ink-based flexible and stretchable
TEs.

2. Transparent Electrodes Printed with Nanocrystal
Inks

Owing to the small size of NCs, the assembled films can
provide a highly conducting path with a high light trans-
mittance. The NC materials can be solubilized in various
solvents by fairly straightforward and inexpensive techniques
and then serve as inks. NC inks can be cast into films by
solution processes that do not require high temperatures,
a high vacuum, or expensive processes and that avoid low-
throughput production during the fabrication of TEs. These
methods are compatible with the existing roll-to-roll coating
equipment and infrastructure used in the ink and paint
coating industries. The combination of inexpensive starting
materials, high-volume and inexpensive printing techniques,
superior mechanical flexibility, and potential applications in

unique optoelectronic devices spurs continued research into
these NC inks in both industry and academia.

Several emerging nanoscale materials show great promise
as TEs. These materials include nanoscale forms of TCO NCs,
metal NWs, CNTs, and graphene. The utility of these
materials as TEs stems largely from their intrinsically high
conductivity, which enables the assembled optically trans-
parent films to have appropriate conductivity. The typically
high aspect ratio and the unique shape of NCs yield films with
adequately low resistance and superior mechanical flexibility.
These properties in combination with the low-cost materials
and film-processing techniques make emerging NC inks very
attractive for use as TEs in smart optoelectronic devices.

2.1. Metal-Oxide Nanocrystal Inks

TCOs are a group of well-known wide-band-gap metal-
oxide materials that are both optically transparent and
electrically conductive for use as TEs in various optoelec-
tronic devices. Typical examples include ITO, fluorine-doped
tin oxide (FTO), and aluminum-doped zinc oxide (AZO).
Mainstream scientific studies and current industrial technol-
ogies mainly rely on vacuum-sputtering processes, which
cannot be readily used to control the patterns of ITO films on
flexible substrates and have a production yield generally
lower than 30 %. Thus, there has been increasing interest in
and an urgent need for alternative deposition processes and
TE materials to replace conventional ITO electrodes. The
requirements for next-generation TEs are mainly that they
should be cheap, flexible, and compatible with large-scale
manufacturing methods for optoelectronic devices.

The deposition of TCO NCs from the solution phase is
a promising alternative to sputtering for the fabrication and
patterning of TEs.[7] Kim and co-workers demonstrated the
deposition of various doped oxides, including zinc- and tin-
codoped In2O3 (IZTO),[8] ITO,[9] and titanium-doped In2O3

(TIO),[10] through the dispersion of nanoparticle powders. The
printed films have broad application as TEs in liquid-crystal
devices (LCDs) and organic solar cells (OSCs) without the
use of any conventional photolithography processes, thus
indicating that the printing of patterned TEs is a viable
alternative to the sputtering of ITO TEs for various solution-
based optoelectronic applications. These TEs are a promising
cost-effective alternative owing to the absence of photo-
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lithography processes for patterning and efficient raw-mate-
rial usage.

However, ultrasonic dispersion of the oxide powder is not
an optimal method for the use of solution-processed inks. The
synthesis of TCO NCs from the solution phase is a promising
method for the fabrication and patterning of TCO films. The
synthesis from solution leads to the formation of well-
dispersed TCO NCs with controlled size, morphology, and
composition. The resulting high-performance TCO NC inks
are compatible with flexible and stretchable substrates and
can be used to deposit a film in a straightforward way by
solution-based techniques and to directly pattern TE layers.
Therefore, printed TEs can be of great value for application in
various smart devices, such as OSCs, LCDs, OLEDs, and
touch screens.[11]

An effective method for the fabrication of high-quality
TCO NC inks with high solution stability and dispersibility is
highly desirable, as is a well-crystallized structure. Bîhler
et al. reported a liquid-based synthesis of ITO NCs with good
electrical properties; however, these NCs were difficult to
deposit as a thin film.[12] AZO[13] and ITO[14] NCs were
synthesized with simultaneous control of their size and doping
level by the hot-injection method. These NCs were used to
assemble uniform NC films by spin casting on centimeter-
wide glass substrates. The ITO NC film with a thickness of
146 nm became conductive and transparent with a sheet
resistivity of 356 W sq¢1 and a transparency of 93% in the
visible spectral range upon thermal annealing at 300 88C for 6 h
under an atmosphere of Ar and 5% H2. The reported
synthetic and assembly processes provide a promising ap-
proach to the preparation of solution-based NC films on
flexible substrates.

Various synthetic methods have been developed for the
straightforward preparation of commercial NCs by control-
ling the reaction temperature and precursor. Murray and co-
workers reported a general synthesis of a family of n-type
TCO NCs through doping with aliovalent cations.[15] The NCs
were synthesized by a rapid nucleation process at a high
temperature (> 300 88C) through the decomposition of metal-
carboxylate precursors. These reactions bear some challenges
for producing NCs with specific structures and compositions.
They are sensitive to variations in temperature and reagent
mixing, thus making it difficult to control the reaction
conditions and reproduce the syntheses.

Ito et al.[16] developed a high-yielding synthetic method at
lower temperature that produced crystalline, monodisperse
NCs below the thermal-decomposition temperature of the
precursors. Slow injection of the metal oleate complex into
the solvent oleyl alcohol at 230 88C triggered a rapid esterifi-
cation reaction. The method can be applied to a wide range of
NCs, including ITO, iron oxide (g-Fe2O3), and ZnO.

NCs can also be synthesized by hot injection, which has
been very popular in recent years for the synthesis of colloidal
NCs. The fabrication process, which involves a chemical
reaction between the injected source and the mother solution
in a very localized environment, has two disadvantages.[17]

First, as a small injection dose is usually adopted to promote
high-quality doping, the ability to scale up the process is
limited. Second, the doping quality is very sensitive to the

Figure 1. Classes of NC inks, solution-processing techniques, and
examples of smart optoelectronics. a) Three-dimensional illustrations
of various NC materials that can serve as inks. b) Depiction of various
solution deposition methods. c) Nanocrystal-ink-based TEs used in
modern smart systems. Images of an e-tattoo (courtesy of N. Lu,
University of Texas at Austin), the Morph of Nokia, a curved LED
television screen of the company LG, a Philips earphone and smart-
phone, and a stretchable display (courtesy of Q. B. Pei, University of
California).
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injection parameters and dopant. Therefore, all parameters
need to be explored and changed again for the preparation of
other NCs. The poor applicability of the approach has greatly
hindered the production of various NC inks in high yield for
industrial applications.

Recently, Song et al.[18] reported a facile and universal
one-pot method for the synthesis of a wide range of TCO NCs
and the corresponding NC electrodes, which showed high
performance in solution-based devices (Figure 2a–d). The

proposed approach is general for various TCOs, as well as
other oxide (e.g. CoO, MnO, Fe3O4, CdO) NCs. As it is a one-
pot method, it can be readily scaled up to a 10 g synthesis. The
TCO NCs (Figure 3) are characterized by high crystallinity,
uniform morphology, monodisperse size, effective doping,
and colloidal stability over 1 year and hence can be used as
inks to print smooth, crack-free, highly transparent, and
conductive films. The formed NC electrodes had a surface
roughness as low as 1.6 nm. Typically, a 300 nm thick NC film
had a resistivity of just 112 W sq¢1 and a transparency as high
as 87 % and thus exhibited better performance than other
reported films. The NC TEs can drive solution-based PLEDs
with luminance as high as 2200 cdm¢2 at a current density of
100 mAcm¢2.

Della Gaspera et al. studied the non-injection synthesis of
ZnO-based NCs. The simple synthetic method is reproducible
for the creation of nearly monodisperse colloids and can be
performed at high concentrations with near-unity reaction
yields. High doping levels of over 15% are possible. These
advances represent a step forward towards harnessing the
potential of solution processes for the development of next-
generation TEs.[19] Niederberger and co-workers explored the
wet-chemical deposition of ATO NCs into films.[20] They
demonstrated that these films have the required high quality
for use as TEs in optoelectronic devices. To demonstrate that
these films are indeed viable as TEs, they showed that an
OLED fabricated on an ATO-NC-based TE exhibited an
electrical and optical performance comparable to that of
commercially available ITO.

Generally speaking, the electrical properties of TEs based
on TCO NC inks are not optimal for various optoelectronic
devices. At present, two strategies have been proposed to
enhance their electrical performance. Martucci and co-work-
ers proved that UV treatment could remove organic com-
pounds and reduce interparticle resistance to increase the
free-carrier concentration and enhance electrical conductiv-
ity.[21] The electrical resistance of the NC assemblies is about
30 kW sq¢1 for the as-deposited films. It drops down to
300 W sq¢1 after UV treatment. Short-ligand exchange is also
an effective approach to improve the electrical properties of
the assemblies. Sun and co-workers reported that ITO NCs
were synthesized and stabilized with organic ligands.[22] These
long-chain surfactants were readily replaced with tetrabutyl-
ammonium hydroxide (TBAOH) to form a stable methanol
dispersion. The original ITO NC assemblies showed high
transparency (> 88%) and low resistivity (2.6 × 10¢3 Wcm).

Figure 2. TCO-based NC inks for TEs in LEDs. a) Synthesis of pure
and doped NCs. b) Photograph of a series of NC inks with a stability
of more than a year. c) Cross-sectional and top-surface SEM images of
a three-layered NC electrode. d) EL spectra of PLEDs with assembled
ITO NC TEs and commercial ITO. Inset: photograph of the device
emitting blue light.

Figure 3. SEM images of various TCO NCs synthesized by a one-pot
method.
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The conductivity of the NC films was doubled by short-ligand
exchange. The surface modification of TCO NCs with
a volatile surfactant, followed by film deposition, is an
effective strategy for fabricating films in a solution process
with the desired transparency and conductivity for TE
applications.

2.2. Metal-Nanowire Inks and Assembled TEs

Recently, considerable attention has been paid to poten-
tial applications of TEs derived from metal-nanowire inks,
such as wearable electronics, robotic skins, implantable
medical devices, flexible and stretchable displays, OLEDs,
and OSCs.[23] Random NW networks with high transparency
and electrical conductivity can be used as flexible and
stretchable electrodes in these innovative devices.[24] In
particular, metal-nanowire inks exhibit huge potential owing
to their straightforward preparation by solution-processing
techniques, such as spray coating,[25] drop casting,[26] spin
coating,[27] vacuum filtration,[28] and rod coating.[29] All these
techniques are compatible with low-temperature deposition
processes without the need for any vacuum equipment.

2.2.1. Silver-Nanowire Inks

At present, their superior conductivity and intrinsic
flexibility make Ag NWs especially promising for integration
with elastomers. Impressive progress has been made with the
corresponding flexible and stretchable electrodes. A typical
method for the synthesis of Ag NWs is the reduction of silver
nitrate in the presence of poly(vinylpyrrolidone) (PVP) in
ethylene glycol as the reaction medium and reductant.[30] The
as-obtained NWs can be dispersed in various solvents, such as
water, ethanol, and isopropyl alcohol, to form an ink for the
assembly of TEs through facile solution-based processes. Xu
and Zhu reported a highly conductive and stretchable
Ag NW/poly(dimethylsiloxane) (PDMS) conductor prepared
by the infiltration of the PDMS prepolymer into a thick layer
of Ag NWs and thermal curing. The conductor exhibited high
stretchability and a conductivity of 8130 Scm¢1 (0.24 W sq¢1)
at e = 0% and 5285 Scm¢1 at 50 % strain.[4a] Akter and Kim
reported the creation of highly adhesive transparent and
stretchable coatings by the spray deposition of Ag NWs on
a polydopamine-modified stretchable elastomeric sub-
strate.[31] Similarly, Lee et al. illustrated a novel concept to
enhance the permanent and close attachment of Ag NWs to
a PDMS substrate by silane modification.[32] The Ag NW
elastomers maintained high transparency (87 %) and a high
conductivity (27 W sq¢1) and showed excellent mechanical
durability, flexibility, and stretchability.

Owing to their low sheet resistance and high transparency,
electrodes based on Ag NWs are good candidates for device
integration in existing applications. Their mechanical proper-
ties also provide opportunities for integration in emerging
flexible and stretchable devices, such as SCs,[25b, 33] LEDs,[34]

and PDs.[35]

Kim and co-workers reported the cost-efficient brush
painting of all-solution flexible OSCs (Figure 4).[36] Kang and

co-workers fabricated highly efficient and bendable OSCs
with Ag NWs as TEs by spin coating.[37] The Ag NW networks
fabricated by the solution process were highly transparent
(95 % transmittance at 550 nm), highly conductive
(10 W sq¢1), and highly flexible, thus proving that the solution
technique is a promising low-cost and fast process for the
fabrication of OSCs. Brabec and co-workers explored the all-
solution fabrication of parallel tandem SCs by using Ag NWs
as an intermediate charge-collecting electrode.[38] The result-
ing cells have a high fill factor of approximately 60% with
enhanced current densities, which are identical to the sum of
the current densities of the subcells. These results suggest that
solution-processed Ag NWs have huge application potential
in SCs.

Flexible and stretchable displays and solid-state lighting
systems would enable the development of expandable and
foldable screens for smartphones, electronic clothing, and
rollable or collapsible wallpaper-like lamps.[39] Yu et al. first
demonstrated that a composite electrode in which the Ag
NWs were embedded in a cross-linkable polyacrylate sub-
strate could successfully replace the traditional ITO glass
substrate (Figure 5a).[40] This result opened up the possibility
of producing high-flexibility and high-performance devices.
Gaynor et al. demonstrated that solution-processed Ag NW/
PMMA composite electrodes were suitable for large-area
OLEDs.[41] The efficiency and color stability of white-light
LEDs fabricated on these electrodes are similar to those of
devices based on commercially used ITO (Figure 5b). Liang
et al. reported an elastomeric polymer-based Ag NW sub-
strate with yellow-light LEDs consisting of ethoxylated
trimethylolpropane triacrylate, poly(ethylene oxide), and
lithium trifluoromethanesulfonate. The efficiency was kept
at 2.5 cdA¢1 under 120% strain (Figure 5c,d).[42] The fabri-
cation process is quite facile and scalable and could therefore
be readily adapted to the demonstration of a simple passive-
matrix display. The display retained the rubbery elasticity of

Figure 4. Photographs and schematic illustration of the brush painting
of an Ag NW ink on a PET substrate for OSCs.
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the individual PLED pixels. This advance is an important step
towards fully stretchable electronics. Along with the future
development of elastomeric thin-film transistors, rubbery
sealing materials, and stretchable light-emitting polymers,
fully stretchable active-matrix OLEDs for the high-resolution
display of information are anticipated in the near future.

PDs are a type of electronic device for sensing light. They
have found broad application in consumer electronic devices,
such as digital cameras. Flexible and stretchable PDs could
even be implanted in human eyes. One could then take digital
images by simply blinking. Such implantable PDs could also
help blind people to regain their visual senses.[43] Lee and co-
workers reported all-solution-processed, stretchable NW PDs
prepared by a spray-coating[44] or filtration method.[43] The
stretchable Ag/ZnO/Ag NW PDs showed excellent cycling
and mechanical stability (Figure 6) with no obvious perfor-
mance degradation after 50 repeated stretching cycles and
scotch-tape tests. The fabrication method can be readily
extended to a wide range of NW PDs, which may find
application in future stretchable, wearable, and implantable
electronics.

2.2.2. Copper-Nanowire Inks

Cu NWs are a less expensive alternative to Ag NWs,
because Cu is at 100 times cheaper and 1000 times more
abundant than Ag. Furthermore, Cu NWs have nearly the
same conductivity as Ag NWs with a sheet resistance below
100 W sq¢1. Therefore, the use of Cu NW ink has become
popular in recent years in studies towards the development of
flexible and stretchable TEs.[45] Cu NW inks have been
synthesized by two general approaches: ethylenediamine
(EDA)-mediated and alkylamine-mediated synthesis. The
EDA-mediated synthesis of Cu NWs was reported for the first
time by Zeng and co-workers[46] and modified by Rathmell
et al. , who scaled up the reaction by a factor of 100.[47] The
Cu NWs were (90� 10) nm in diameter and (10� 3) mm in
length with spherical particles attached to one end (Fig-
ure 7a). The diameter and the growths on one end are not
favorable for the photoelectric properties of the NWs. High-
quality Cu NWs cannot be obtained easily by the EDA-
mediated method.

The alkylamine-mediated method can be used to synthe-
size high-quality and uniform Cu NWs.[48] The as-obtained Cu
NWs with a high aspect ratio (diameters of about 18 nm and
lengths up to 40 mm) provide a long pathway for electron
transport and a large space for light transmission (Figure 7b).
TEs fabricated with the Cu NW ink had a low sheet resistance

Figure 5. a) Photographs of shape-memory PLEDs emitting with
300 cdm¢2 efficiency. b) Photographic image of four operating Ag NW
OLEDs. c) Photographs of a PLED (original emission area,
5.0 Ö 4.5 mm2) biased at 14 V at specified strains. d) Schematic illus-
tration and photograph of an encapsulated fully stretchable PLED
display comprising 5 Ö 5 pixels.

Figure 6. Lithographic filtration method for the fabrication of stretch-
able all-nanowire PD arrays, photograph of such a PD array, and
switching behavior of a stretchable device with three PDs connected in
series.

Transparent Electrodes
Angewandte

Chemie

9765Angew. Chem. Int. Ed. 2015, 54, 9760 – 9774 Ó 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


of 51 W sq¢1 at 93% transmittance.[48a] An elastomeric com-
posite TE comprised of a percolation network of Cu NWs
embedded in the surface layer of an elastomeric polyurethane
matrix has been fabricated. The composite electrodes ex-
hibited a low sheet resistance of less than 102 W sq¢1 at tensile
strains up to 60 %. High stretchability was observed in a wide
range of strain rates over 200 cycles of stretching.[49]

However, Cu NW conductive films have a serious short-
coming for future practical use in flexible and stretchable
optoelectronics. The main obstacle is the lack of stable
conductivity, because copper is more sensitive to oxygen and
moisture than other noble metals. Many researchers have
developed strategies to enhance the stability of NW films.[50]

Wiley and co-workers proposed nickel shell-coating as an
effective way to improve the oxidation resistance of Cu
NWs.[50a] They added the synthesized Cu NWs to an aqueous
solution of Ni(NO3)2 to enable the growth of Ni shells. Won
et al. reported oxidation-resistant copper-nanowire-based
composite electrodes that are highly transparent, conductive,
and flexible.[50c] First, treatment with lactic acid effectively
removed both the organic capping molecule and the surface
oxide/hydroxide from the Cu NWs, thus allowing direct
contact between the NWs. The subsequent embedding of
the Cu NWs in AZO dramatically improved their thermal
stability and oxidation resistance (Figure 8). These Cu-
NW@AZO composite electrodes exhibited high transparency
(83.9 % at 550 nm) and a low sheet resistance (35.9 W sq¢1).
Their performance was maintained even after bending 1280
times with a bending radius of 2.5 mm. The CuNW@AZO
electrodes showed a power conversion efficiency (PCE) of
7.1%, which is comparable to that of conventional ITO TEs.

These two-step methods are difficult to scale up for
industrial production. More seriously, the completely hetero-
geneous protection induced ambiguous interfaces, thus limit-
ing the improvement of stability and conductivity. In contrast
to the previously suggested two-step method, a one-pot
method was developed to synthesize Cu NWs with Cu4Ni
alloying shells.[51] Such consecutive growth and in situ surface
alloying enabled the preparation of Cu NWs that were more
than 50 mm long with smooth surfaces and highly crystalline

alloying shells with clear and abrupt interfaces (Figure 9). By
embedding Cu@Cu–Ni NWs into PDMS, new elastomers
were formed that exhibited high performance with a trans-
parency of 80% and a resistance of 62.4 W sq¢1: properties
that are superior to those of typical ITO/PET.

Significantly, the stable lifetime of these elastomers is
estimated to exceed 1200 days in the natural environment. In

Figure 7. Cu NW inks for TEs. a) Photograph of the reaction flask after
the growth of Cu NWs (1.20 g), and SEM and optical images of the
Cu NW product. b) Commercial electric pressure cooker used for the
synthesis of Cu NWs, and SEM image of as-prepared Cu NWs.

Figure 8. a) Changes in the sheet resistance during bending tests of
NW electrodes. b) SEM images showing the morphological change in
the NWs upon thermal oxidation. c) Structure and d) surface SEM
image of a solar cell with a Cu NW@AZO composite TE.
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addition to an outstanding ability to resist oxidation, these
elastomers exhibit highly stable conductivity under extreme
bending and stretching conditions. Thus, OLEDs with Cu@-
Cu–Ni NWs as conductors were stable for 600 cycles (Fig-
ure 10a).[51] Won et al. described the fabrication without

annealing of stretchable TEs based on Cu NWs through
a simple and scalable process at a low temperature without
a vacuum. The reversible and extremely stretchable (up to
700 % strain) helical NWs have potential for application as
stretchable TEs (Figure 10 b).[52] Flexible and stretchable TEs
based on a copper-nanowire percolation network could be
used in various smart devices.[53]

The reports on Cu NW inks as TEs for optoelectronics are
few as compared to those on Ag NWs. Im et al. reported the
first high-performance TE with embedded Cu NWs for
typical flexible OLEDs. The as-obtained NW TEs showed
outstanding oxidation stability, an exceptionally smooth
surface topography, and excellent optoelectrical performance
(Figure 11).[54]

2.3. Graphene Inks

Graphene, an atomically thin, planar membrane of
carbon, is a zero-bandgap semiconductor possessing room-
temperature mobility on the order of 104 cm2 V¢1 s¢1 with
a carrier concentration of up to 1013 cm¢3. These electronic
properties endow it with exceptional in-plane conductivity, so
that graphene has a rather low sheet resistance even though it
has a thickness of only a single atomic layer (0.34 nm). Light
transmission through a thin graphene stack can be estimated
to be (100¢2.3N) % and the sheet resistance of a doped layer
of graphene scales as 62.4 WN¢1, in which N is the number of
graphene layers[1b] .

The two-dimensional sheets of sp2-hybridized carbon
atoms have very high conductivity and are nearly transparent.
Recent advances in the synthesis and characterization of
graphene indicate that it may be the most promising material
for the fabrication of TEs by solution processes.[55] Liquid-
based suspensions of graphene could be ideal for coatings
because low-cost methods, including spin coating, roll-to-roll
processing, and printing, could be used. Recent reports

Figure 9. a) Photograph of a high-quality Cu@Cu–Ni NW ink redis-
persed in hexane. b) SEM image of as-obtained NWs with lengths of
more than 50 mm. c) Elemental mapping of a single alloy NW.
d) Schematic illustration (gray layer: PDMS; green layer: glass) and
photograph of a nanowire–elastomer composite.

Figure 10. Cu NW stretchable TEs. a) Photographic images of working
OLEDs with Cu@Cu–Ni NW conductors under various strains. b) Pho-
tograph of the helical Cu NW electrodes.

Figure 11. a) Fabrication of a Cu NW film. b) Photograph of the Cu NW
film. c) Demonstration of the flexible OLED device structure (layers
from the top: Al, ZnO, Super Yellow, PEDOT:PSS, Cu NW–GFRHybrim-
er). d, e) Photographs of the device operating in the flat state (d) and
the flexed state (e).
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suggest that the solution processing of graphene films has
great potential for transparent conducting technologies.

Bulk graphite can be separated into single atomic planes
by a known exfoliation process. The chemical exfoliation of
graphite in solution[56] is one potential approach to the large-
scale production of graphene and has the advantage from
a manufacturing standpoint that it leads to the solution-phase
processing of a graphene “ink”. This method enables the
fabrication of TE films by high-speed printing. Dai and co-
workers first produced high-quality, single-layer graphene
sheets stably suspended in organic solvents by chemical
exfoliation.[57]

Blake et al. demonstrated that large-scale TEs can be
obtained by spray coating the suspended graphite fabricated
by sonicating bulk graphite in N,N-dimethylformamide
(DMF).[58] This method yields a suspension of thin graphitic
platelets with a large proportion of monolayer graphene
flakes. However, these 90 % transparent films have a resistiv-
ity of up to 5 kW sq¢1, which makes the method unrealistic for
the commercial fabrication of TEs. Dai and co-workers
obtained graphene suspended in DMF by using the surfactant
DSPE–mPEG. They demonstrated successful film growth
through Langmuir–Blodgett (LB) assembly.[57a] The film had
a resistance of approximately 8 kW sq¢1 with a corresponding
transparency of approximately 83 %. Similarly, De et al.
demonstrated a simple approach of sonicating graphite
powder in a solution containing a surfactant and sodium
cholate to form a dark-colored dispersion in water.[59] Overall,
there is a clear trade-off between the transparency and
conductivity of graphene films. The transmittance reported
ranged from 35 to 90% with sheet resistances of 103–
106 W sq¢1. The thicker the film is, the lower the resistance
is, but the poorer the transparency, and vice versa. Gee et al.
demonstrated a simple method to synthesize high-quality,
low-cost graphene in a large quantity by an electrochemical

exfoliation process with artificial graphite as the starting
material (Figure 12a,b). The TEs made of electrochemically
exfoliated graphene can be simply prepared by an airbrush
spraying method, which is easy to scale up for large-area
deposition and compatible with flexible substrates.[60]

Another potential solution to the impasse of producing
graphene on a large scale is to synthesize graphite oxide (GO)
sheets. The GO can be reduced to graphene afterwards.[61] GO
is usually made by oxidizing graphite with strong acids,
followed by intercalation and exfoliation in water. The
formation of GO has enabled chemists to safely manipulate
GO sheets in water through a wide range of processes. The
downside of this approach is postreduction. In some areas on
the GO sheets, the sp2 carbon networks seem to be
irreversibly destroyed to give pockets of sp3 carbon centers
that act as electron traps. Soluble single-layered GO inks were
assembled into high-quality patterns by printing on diverse
flexible substrates, including paper, poly(ethylene terephtha-
late) (PET), and polyimide by a simple, low-cost ink-jet
printing technique (Figure 12c). This method has great
potential for the fabrication of flexible, low-cost TEs.[62]

Zhi and co-workers reported a novel strategy to produce
uniformly reduced GO films on a large scale directly on PET
substrates by using a rod-coating technique.[63] Meyer rod
coating is a well-known technique that is widely used for
making films in a continuous and controlled manner. This
technique can be used in a scalable way for roll-to-roll
production in industry (Figure 12d,e). Wang et al. used a dip-
coating method to obtain uniform layers of GO on quartz
surfaces.[64] The GO films were then thermally reduced in an
oxygen-free environment to give a resistivity of 1.8 kW sq¢1 at
a transparency of over 70 %. Additionally, they fabricated
dye-sensitized SCs to demonstrate the utility of the printed
films. The resulting PCE showed that the graphene-based cell
was 30 % less efficient than its ITO counterpart.

Figure 12. Photographs showing a) an exfoliated-graphene ink and b) its deposition by the airbrush spraying method. c) Photographs of a GO film
on a filtration membrane and a plastic substrate. d) Rod-coating setup for the fabrication of a GO film. e) Photograph of a large-scale GO film
deposited on PET.
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Wu et al. demonstrated the solution processing of GO by
the Hummers method and its further reduction to gra-
phene.[65] The graphene films (ca. 7 nm), with a sheet
resistance of about 800 W sq¢1 and 82% transmission at
550 nm, were used as TEs for OLEDs. These values are lower
than the theoretical values owing to the existence of multiple
grain boundaries, lattice defects, and oxidative traps formed
during the fabrication process. OLEDs with a solution-
processed graphene electrode showed a turn-on voltage of
4.5 V and a luminance of 300 cdm¢2 at 11.7 V; these proper-
ties are comparable to those of ITO-based OLEDs, which
have a turn-on voltage of 3.8 V and a luminance of 300 cdm¢2

at 9.9 V.

2.4. Carbon-Nanotube Inks

Recent advances in solution-processed materials have
enabled the development of several alternatives to sputtered
ITO. The ability to apply nanomaterials from the liquid phase
opens the possibility of printing these electronic materials and
thus greatly increasing yield and throughput at a low cost,
whereas the nanomaterial topology enables the creation of
truly flexible devices. Carbon nanotubes (CNTs), tubular
carbon-based nanostructures that can be envisaged as gra-
phene rolled up into seamless cylinders, are ideal candidates
for use in flexible electronics owing to their unique properties,
such as their high intrinsic carrier mobility, conductivity, and
mechanical flexibility. Therefore, random CNT networks are
widely applied in optoelectronics. Furthermore, the high
stability, flexibility, and mobility make CNT networks poten-
tial candidates for the replacement of rigid ITO.[66] CNTs are
ideal for the construction of TEs owing to their high intrinsic
conductivity, suitability for solution processing, flexibility, and
potential for production at a low cost.[67]

Despite their intrinsic tendency to aggregate, CNTs can be
dispersed well in solution in a similar way to “inks” upon
chemical modification or the use of solubilizing additives,
such as surfactants, cellulose derivatives, or conducting
polymers, and can then be used to print electrodes through
existing solution-based printing processes. The printing of
CNTs has several advantages, such as enabling lower capital-
equipment costs, higher throughput, and additive pattern-
ing.[68] Figure 13 shows photographs of several vials of CNT
ink and films printed with CNTs that were fabricated by
a slot-die and roll-to-roll process.[68a]

The excellent mechanical properties of CNTs enable
potential applications in future flexible and stretchable

optoelectronic devices.[68c,69] The CNT TEs synthesized by
Hu et al. sustained up to 700 % strain when uniaxially
stretched.[70] No other reported film has maintained good
conductivity when stretched to this extent. Fukushima and co-
workers developed transparent, conducting CNT films on
a PDMS substrate that can be rendered stretchable by
applying strain along an axis and then releasing this strain.
This process produced films that accommodated strains of up
to 150 % and demonstrated a conductivity as high as
2200 Scm¢1 in the stretched state: the most conductive
stretchable CNT films reported to date.[68b, 71] Transferred
CNT films with a thickness of 20 nm exhibited excellent
performance with a sheet resistance of 223 W sq¢1 and a trans-
parency of 90 % at 550 nm. Most importantly, the as-prepared
free-standing CNT films with a thickness of 20 nm showed
extremely high tensile strength up to 850 MPa, which has
great significance for practical applications of TEs.[69d]

Stretchable OLEDs based on CNT networks as the TEs
were also built. The electroluminescence (EL) efficiency of
the devices could be sustained under 45 % strain, which is not
possible for traditional ITO.[72] The device with the CNT
electrode had a comparable lifetime to that of ITO. The acid
resistance of the CNT electrode to poly(3,4-ethylenedioxy-
thiophene) polystyrene sulfonate (PEDOT:PSS) was better
than that of ITO after long-term operation. The application of
transparent, conductive CNT networks as TEs in flexible
OLEDs was investigated.[73] In comprehensive studies in
which these networks were compared with commonly used
ITO, CNT networks demonstrated excellent optical and
superior mechanical properties. CNT networks exhibited
more durable electrical properties under bending when used
in OLEDs. The devices showed outstanding light output as
well as a comparable lifetime performance to that of ITO-
based devices, and could meet display requirements.

To enhance the performance of OLEDs, a method
involving PEDOT passivation for better surface smoothness
and SOCl2 doping for lower sheet resistance was proposed.
The optimized films showed a typical sheet resistance of
approximately 160 W sq¢1 at 87 % transparency and were used
successfully to make OLEDs with high stability and long
lifetimes.[74] Pei and co-workers reported the fabrication of
fully solution processed PLEDs by spin coating, rod coating,
and/or blade coating. The all-solution-based device, which can
be fabricated with high throughput, exhibited good flexibility
and uniform light emission. The device showed better
performance than conventional devices fabricated on a ITO
anode with evaporated Al as the cathode.[75]

Rowell et al. studied the use of CNT films as anodes in
flexible bulk-heterojunction (BHT) OSCs. The CNT inks
were vacuum filtered and transferred onto a PET substrate.
The films were then spin coated with PEDOT:PSS to reduce
their roughness. The devices were shown to be much more
flexible than the traditionally used ITO devices and had
a PCE of 2.5 %.[76] The aligned and uniform dispersion of
CNTs in the PEDOT:PSS matrix favors electron conduction
and can promote the rearrangement of PEDOT chains into
a more extended conformation through p–p interactions. The
CNT electrodes exhibited high conductivity of 3264.27 Scm¢1

with a high transmittance of over 85 %, and the corresponding

Figure 13. Photographs showing a) vials of CNT inks, b) a CNT con-
ductive film being coated by a slot die, and c) a roll of printed
transparent conducting film of CNTs on PET.
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ITO-free OSCs showed a PCE of 7.47 % with high stability.
Furthermore, a large-scale flexible electrode with excellent
properties was obtained by a roll-to-roll technique (Fig-
ure 14). A combination of the flexible and conductive CNT
film with the scalable roll-to-roll process is expected to enable
the commercial production of large-scale TEs that can replace
ITO in the near future.[77]

Transparent and flexible ZnO-nanowire UV PDs, in
which CNT thin films were used as TEs, were prepared by
a solution-based method.[78] The CNT films were obtained by
a filtration method and then transferred onto flexible
substrates for ZnO NW growth. The photoresponse current
of the PDs was found to be in proportion to the ZnO NW
density. The density could be tuned to increase the photo-
current by a factor of 300. The decay time for the fabricated
PDs was found to be as low as 16 s. This study suggested the
possibility of fabricating inexpensive, visible-blind UV PDs
by solution-based methods. Faclo et al. demonstrated fully
sprayed organic photodiodes on PET substrates.[79] CNT TEs
with a sheet resistance of 160 W sq¢1 at 84% transmittance
were spray deposited from ink solutions. Subsequently,
a PEDOT:PSS layer and a blend of poly(3-hexylthiophen-
2,5-diyl) (P3HT) and phenyl-C61-butyric acid methyl ester
(PCBM) were deposited by spray printing. The optimized
device achieved a yield above 90% with a dark current as low
as 10¢4 mAcm¢2 and an external quantum efficiency of 65%
with high reproducibility.

2.5. Hybrid Inks and Assembled TEs

The performance of simple NC-ink-based TEs has not
reached the standard required for commercial applications.
For example, the electrical properties of the TCO NC films is
not optimal for optoelectronics. The surface roughness of the
metal NW films has restricted their practical application. In
the case of the CNT films, although the smaller CNT bundles
lead to higher conductivity, the inner tubes within the bundle
may be partially shielded from electrical contact with the
overall network, thus prohibiting their participation in the
current-carrying capacity of the network. The largest source
of resistance in a macroscopic film arises from the intersec-
tions between CNT bundles. Recent reports suggest that the
solution processing of hybrid films[80] is a promising concept
for the development of transparent conducting technologies.

Hybrid CNT/Ag nanocomposites combine the enhanced
mechanical compliance, electrical performance, and optical
transparency of small CNTs with the enhanced electrical
conductivity of a Ag NW backbone. The composites have
efficient electron-transport paths with NWs as a backbone
current collector and a local CNT percolation network.[81]

Films composed of graphene and random networks of
metal NWs[82] also exhibited impressive stability under
mechanical bending. The development of such high-perfor-
mance hybrid structures provides a route towards robust,
scalable, and low-cost approaches to practical TEs. Hybrid
TEs composed of graphene and a network of 1D metal NWs
exhibited a low sheet resistance (33 W sq¢1) at a high trans-
mittance (94%), robust stability against electrical breakdown
and oxidation, and superb flexibility (27% bending strain)
and stretchability (100% tensile strain). These multiple
functionalities of hybrid structures suggest the future poten-
tial of next-generation TEs.[83]

A two-dimensional GO nanosheet is transparent, highly
dispersible in water, and hydrophilic, and is thus ideal for use
as a coating and protective layer for metal-nanowire-based
TEs. As such ultrathin 2D adhesive GO nanosheets were
expected to tightly hold Ag NWs to reduce the sheet
resistance and produce a uniform film surface, large-area,
flexible, and highly transparent Ag NW/GO TEs were
prepared.[84] The hybrid film was fabricated by a two-step
procedure: bar or spray coating of an Ag NW ink onto a PET
substrate, followed by spray coating of the GO ink (Fig-
ure 15). The novel TEs exhibited superior properties, includ-
ing a low sheet resistance of 24.8 W sq¢1 and high durability
(over 10000 cycles at a bending radius of 2 mm), good
chemical and adhesive stability, and a high transparency of
92% at 550 nm.

The key issues associated with the fabrication of high-
quality NW electrodes are the maintenance of their electrical
properties under harsh chemical and mechanical conditions,
and their preparation with a smoother surface morphology.
The introduction of a metal-oxide buffer layer to enhance the
stability and surface smoothness of the NW electrodes is
a promising concept.[50b,85] The wrapping of Ag NWs with
conductive ITO NCs reduces wire-to-wire junction resistance
and leads to a smooth surface morphology and excellent
mechanical adhesion and flexibility while maintaining high

Figure 14. a) Schematic illustration of and b) machine used for the
roll-to-roll process. c–f) Photographs of gravure-printed TEs with
superior flexibility and transparency, and a sheet resistance of
17 Wsq¢1.
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transmittance and low sheet resistance. The transmittance of
hybrid TEs at 550 nm reached 90.5% when the sheet
resistance was 44 W sq¢1. Various metal-nanowire meshes
embedded in various conductive NCs matrices can serve
effectively as hybrid TEs for a wide variety of optoelectronic
devices owing to their superior performance and simple, cost-
effective, and gentle processing.[86]

TEs based on Ag NW percolation networks modified with
GO were also prepared. The monatomic thickness, mechan-
ical flexibility, and strong bonding with Ag NWs enable the
GO sheets to wrap around and solder the NW junctions to
dramatically reduce the inter-nanowire contact resistance
without heat treatment or high-force pressing. The GO-
soldered Ag NW network processed from inks had a figure-
of-merit sheet resistance of 14 W sq¢1 with 88 % transmittance
at 550 nm. Its storage stability was improved as compared to
that of a conventional Ag NW network annealed at high
temperature. When bent at a 4 mm bending radius, its sheet
resistance was increased by only 2–3 % after 12 000 bending
cycles. Composite TEs fabricated by inlaying a GO-soldered
Ag NW network in the surface layer of polymer films were
stretchable under a 100% linear strain without a decrease in
the electrical conductivity. Fully stretchable white PLEDs
were fabricated with the stretchable TEs. The PLEDs
survived 100 stretching cycles between 0 and 40 % strain
and could be stretched up to a 130% linear strain.[87]

Large-area graphene films were prepared by the spray
coating of a hybrid ink of electrochemically exfoliated
graphene and a commercially available PEDOT:PSS formu-
lation (Clevios PH1000) in DMF. The thickness of the
conductive graphene films, with a conductivity of approx-
imately 1000 S cm¢1 and a transmittance of 80 % at 500 nm,
can be tailored from 10 to 20 nm by the spray-coating method.
An ultrathin PD device based on a P3HT:PCBM blend as the
photoactive layer was fabricated by employing the as-
obtained hybrid TEs. The device had a thickness of about
3 mm, including the substrate, and exhibited excellent perfor-
mance with a detectivity of 1.33 × 1012 jones at 500 nm, which
compares well with that of state-of-the-art silicon-based
PDs.[88]

3. Outlook

ITO has been the most widely used material for TEs for
decades, and is likely to continue to play that role well into the
future. However, the expense and low utilization rate of the
targets, the harsh vacuum-deposition conditions, and the
intrinsic brittleness of ITO hinder its application in many
smart optoelectronic devices. The replacement of traditional
doped metal oxides (mainly ITO) used for TEs with novel
NCs could make a revolutionary impact on modern opto-
electronics. The development of low-cost, flexible, stretchable
TEs is imperative for novel applications. TEs assembled from
NC inks exhibit huge potential for practical applications in
various smart optoelectronic devices. The NC inks are
inexpensive, and facile solution-based printing techniques
can be used to generate large-area and patterned films. Films
assembled from NC inks are receiving increasing attention as
next-generation TEs for optoelectronic devices.

NCs developed for use as inks mainly include TCOs,
metal NWs, CNTs, and graphene. In spite of the remarkable
scientific progress in the synthesis and application of NCs,
these inks will require considerable further development
before they can be used in real applications in industry. It is
imperative to explore appropriate ways to further improve
the electrical conductivity of TCO NCs for their use in high-
performance devices. A broad range of applications can be
envisaged for metal NWs with high conductivity and mechan-
ical flexibility. Several investigations have shown that metal-
nanowire networks enable new technologies, such as flexible
SCs, heaters, touch screens, and stretchable electronics. Issues
that need to be addressed for certain applications are the
environmental stability, high surface roughness, and success
ratio of metal NWs in the resulting devices. CNT and
graphene inks have become popular components of opto-
electronic devices as TEs. As CNT doping, separation, and
synthesis continue to improve, device-integration issues are
still waiting to be solved. Graphene films are currently in a far
earlier stage of development, and questions remain regarding
the ultimate conductivity that can be achieved with straight-
forward manufacturing techniques. However, graphene
should be superior to CNTs in terms of surface roughness.

Figure 15. a) Schematic illustration of the fabrication of a GO/Ag NW/PET film. b) Photographs of the flexible TE produced by spray coating.
c) Schematic structure of the flexible GO/Ag NW/PET film.
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Furthermore, the combination of several types of NC inks
could lead to highly efficient hybrid TEs with superior
properties.

Given the progress made to date, TEs assembled from NC
inks show promise for next-generation printable, flexible
devices and could make a revolutionary impact on modern
optoelectronics. As the existing synthetic methods are be-
coming mature, future research should also focus on the
development of novel process technologies that were pre-
viously inconceivable. The advantages of NC inks include the
potential of scaling up the fabrication process to enable mass
production and the relatively low materials and manufactur-
ing costs, which are especially appealing for next-generation
flexible electrodes and printable substrates. One of the
biggest problems is the device-integration issue, which must
be solved. This field is at a very early stage of research and
development, but it offers extremely promising prospects and
application opportunities in smart optoelectronics.
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