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ABSTRACT: Transparent electrodes that can maintain their electrical and optical
properties stably against large mechanical deformations are essential in numerous
applications of ﬂexible and wearable electronics. In this paper, we report a comprehensive
analysis of the electrical, optical, and mechanical properties of hybrid nanostructures based
on graphene and metal nanotrough networks as stretchable and transparent electrodes.
Compared to the single material of graphene or the nanotrough, the formation of this hybrid
can improve the uniformity of sheet resistance signiﬁcantly, that is, a very low sheet
resistance (1 Ω/sq) with a standard deviation of less than ±0.1 Ω/sq, high transparency
(91% in the visible light regime), and superb stretchability (80% in tensile strain). The
successful demonstration of skin-attachable, ﬂexible, and transparent arrays of oxide semiconductor transistors fabricated using
hybrid electrodes suggests substantial promise for the next generation of electronic devices.
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in the nanotrough occurs along the 1D metal pathways, and the
ultralong geometries of the electrospun ﬁbers facilitate the
reduction of Rs by minimizing the number of junctions between
the metal lines. Also, open spaces in the meshlike structures
provide optical transparency. However, the nanotrough has
several disadvantages, such as (i) a lack of uniformity of Rs due
to the randomly distributed, nonuniform pitches of the
electrospinning-related and metal nanotrough networks; (ii)
diﬃculty in producing large-area nanotrough ﬁlms over wafer
scales; (iii) high contact resistance between the electrode and
the active materials because of the nonconductive, large open
spaces (>∼50 μm) within the networks; (iv) the signiﬁcant
increase of Rs that occurs when the size of the electrode pattern
is decreased (related to its percolating properties); and (v)
instability of the material in harsh environments. These
disadvantages can limit the potential integration of nanotroughs
into commercial devices.
Another promising alternative to ITO is two-dimensional
(2D) graphene. Monolayer graphene can be distorted up to a
strain of 4%14 and still have a T of 97.7% (Supporting

ransparent electrodes are an essential component in
numerous electronic devices, such as displays, solar cells,
touch screens, and light-emitting devices. In recent years, the
fast-emerging ﬁelds of ﬂexible and wearable electronics has
created an urgent need for radically new form factors for those
devices, including encoding mechanical ﬂexibility and stretchability into transparent electrodes. Although indium tin oxide
(ITO) is the material that is most commonly used for
transparent electrodes, its use for applications in ﬂexible and
wearable electronics has been limited due to its brittleness and
the scarcity of indium. Several alternatives to ITO, including
conducting polymers,1 carbon nanotubes,1−5 graphene,6−16
nanowires,2,17−26 metal meshes,15,27,28 and metal nanotrough
networks29 have been studied extensively for this purpose.
Among these alternative materials, percolating networks of the
one-dimensional (1D) metal nanotroughs have provided the
lowest levels of sheet resistance (Rs), that is, less than 17 Ω/sq
for transmittance (T) of >90%. Furthermore, their freestanding, mesh-like structures present good mechanical
ﬂexibility under both bending and stretching stresses (50% in
bending or stretching strain). For the fabrication of such
electrodes, electrospinning is used to produce free-standing,
continuous nanoﬁber webs of polymers as a template to form
the nanotrough by depositing metals onto the sacriﬁcial
template and then dissolving it selectively. Charge transport
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Information Figure 1) in the visible light range.7 Despite
graphene’s high mechanical ﬂexibility and good optical
transparency, the Rs of undoped, synthesized graphene (>∼
250 Ω/sq) is much bigger than the Rs of ITO (<∼80 Ω/sq with
a T of ∼90% at 550 nm).6,11−13 For example, scalable graphene
synthesis methods, such as chemical vapor deposition
(CVD)6,10−12 and epitaxial growth using silicon carbide,9
generate polycrystalline graphene structures with defects, such
as ripples, wrinkles, grain boundaries, folds, and cracks. These
defects degrade the electric performance of graphene
signiﬁcantly. Although chemical doping methods14,16 can
decrease the Rs of graphene further, the instability of the
graphene-dopant interactions shortens the lifetime of this
doping eﬀect and hence causes a time-variant increase of Rs.15
Herein, we report graphene−metal nanotrough hybrid
structures as stretchable and transparent electrodes that provide
high performance. The hybridization of metal nanowires
(rather than nanotroughs) with graphene was explored in
recent research.30−32 However, to the best of our knowledge
the hybrid formation using graphene and nanotroughs has not
been assessed to determine its potential for enhancing the
functionalities of transparent electrodes or to fabricate wearable
electronic devices. In our approach, 1D, long networks of
nanotroughs were integrated into 2D graphene without
signiﬁcant reduction of T. Both the conducting components
of the nanotrough networks and the graphene allow
simultaneous charge transport in this hybrid geometry, each
complementing the disadvantages of the other component.
This electrode can reduce Rs to as little as 1 Ω/sq for a T of
91% while preserving these electric and optical properties
reliably under long-term thermal loadings. In addition, the
formation of this hybrid improves its uniformity signiﬁcantly,
resulting in standard deviations of Rs that are only about 10% of
those in the case of a nanotrough made of a single material.
Also, the hybrid electrode has superb mechanical ﬂexibility
(folding with minimum bending radius of ∼50 μm) and
stretchability (maximum stretching strain of 50%). An example
of the application of such a hybrid electrode is its use to
fabricate ﬂexible and transparent oxide semiconductor transistor arrays with the hybrid electrode serving as source/drain
and interconnects. Furthermore, these arrays of devices can be
attached to various nonplanar substrates, including the surfaces
of eyeglasses, leaves, and human skin, suggesting promise for
their use in the future in ﬂexible and wearable electronic
devices.
This hybrid conductive ﬁlm can be formed simply by
transferring a CVD-synthesized graphene layer onto the
nanotrough, and the graphene is attached to the surface of
the metal by van der Waals forces. As described in the previous
work on the fabrication of the nanotrough,33 free-standing
nanoﬁber webs of a poly(vinyl alcohol) (PVA) polymer were
produced (ﬁber diameter: ∼1.8 μm) on a collector by
electrospinning (Figure 1a). After directional deposition of
metals (100 nm of Au) onto the upper side of the free-standing
ﬁbers, the lower surface (polymer side) of the ﬁber, where the
metal was uncoated, was placed in contact with the desired
substrate. Then, removing the polymeric sacriﬁcial template
using acetone, isopropyl alcohol (IPA), and deionized water
(acetone for 10 min, followed by IPA and DI water in the
volumetric ratio of 1:1 for 30 min) left only the nanotrough
with a thin, convex, half-shell cross-section on the substrate.
Figure 1a shows that transferring a CVD graphene layer onto
the round surface of the nanotrough completed the fabrication

Figure 1. Fabrication processes, optical and electric properties of
graphene−metal nanotrough hybrid structure. (a) Schematic images
on the processes to form the graphene−metal nanotrough hybrid
electrode. (b) Photograph of graphene−metal nanotrough hybrid ﬁlm
on a PDMS substrate. The scale bar indicates 2 cm. A magniﬁed,
optical micrograph of the hybrid is shown on the inset (scale bar; 10
μm). (c) Sheet resistance (Rs) of metal nanotrough or the hybrid as a
function of spinning time. (d) Optical transmittance (T) spectra of the
hybrid ﬁlms fabricated with diﬀerent spinning time. (e) T versus Rs of
the hybrid. (f) The Rs uniformities (standard deviations, log-scale
plots) of the nanotrough or the hybrid fabricated with diverse spinning
time. A graph on the relationship between the uniformity and Rs is
presented as an inset.

of the graphene−metal nanotrough hybrid structure with the
generation of negligible cracks at the interfaces between the two
components. (Supporting Information Figure 2) Figure 1b
presents a photograph and an optical micrograph of this hybrid
ﬁlm on poly(dimethylsiloxane) (PDMS) as the substrate.
Figure 1c shows the Rs of the hybrid electrodes as a function of
the electrospinning time. Longer electrospinning time results in
denser networks of the metal lines in the hybrid structure,
thereby reducing the Rs of the hybrid below 1 Ω/sq. T also
decreases as the electrospinning time increases due to more
extensive coverage of the metal in the hybrid (Figure 1d,
Supporting Information Figure 3). Only ∼2−3% loss of T is
introduced by the addition of graphene onto the nanotrough to
form the hybrid material (Figure 1e). The T of the hybrid is
almost consistent in the broad wavelength range from 400 to
1500 nm (Figure 1d). In contrast to the ITO, which represents
strong absorption in the near-infrared regime,22,33 the wideband
ﬂat spectra of this hybrid are highly desirable for many
optoelectronic applications because they can enhance the
eﬃciency of solar cells by using the near-infrared solar spectrum
and also enable the use of the devices as near-infrared sensors
and detectors.29 Figure 1e shows plots of the Rs of the hybrid
electrode with T at 550 nm. The hybrid demonstrated the
superb performance as the transparent electrode, that is, 1.1 Ω/
sq at T = 91% (for 15 s of electrospinning time). This
optoelectronic property is superior to those of other transparent conducting materials, such as conducting polymers,
graphene, carbon-nanotubes, metal grids, silver nanowire
networks, copper nanowire networks, and ITO.14,21,26,34−40
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Increasing the electrospinning time above ∼20 s caused further
reduction in Rs below 1 Ω/sq and relatively low T of less than
∼70%.
Figure 1f indicates the uniformity of the Rs of the hybrid
nanostructure compared to the single-material case of the
nanotrough. The mean Rs and the standard deviation (SD)
values in Figure 1c,f were measured at 30 diﬀerent points of
each sample. The mean Rs values of the singular metal
nanotrough and its hybrid with graphene were very similar, as
shown in Figure 1c, indicating that the nanotrough networks
provide the main conductive pathways of charges with
graphene acting as an additional component in the hybrid
structure. Although the role of graphene in the reduction of Rs
was insigniﬁcant, the graphene enhanced the uniformity of the
hybrid remarkably. In the case of the nanotrough alone,
randomly distributed, nonuniform pitches between the metal
lines and the local disconnections of metals caused relatively
large deviations in Rs. For example, the mean Rs and SD values
of the nanotrough had almost the same order of magnitude
(Figure 1f). However, in the hybrid structure, graphene
occupies empty spaces in the nanotrough networks, thereby
allowing charge transport across the metal networks, which can
improve the uniformity signiﬁcantly. Figure 1f indicates that
this hybrid formation reduced the deviations of Rs by about
92% compared to the SD of the nanotrough alone.
The electrical properties of the transparent electrodes based
on percolating networks can be changed by pattern structures.
For this study, we photolithographically patterned the three
types of materials (graphene, the nanotrough, and the hybrid)
with diverse widths (Figure 2a), and then measured their

sq) was quite high compared to the ITO case. In contrast to
graphene, the Rs of the nanotrough varied signiﬁcantly when
the widths of patterns were changed because the percolating
networks of the nanotrough became locally disconnected by the
patterning. Although the variation of the nanotrough’s Rs was
insigniﬁcant when the width was greater than ∼100 μm, the
nanotrough became nonconductive as the width decreased to
the threshold level (∼100 μm), similar to the open spaces of
the nanotrough networks. This dependence of Rs on the
geometries of the patterns can cause unwanted, local variations
in the resistance of circuits and, therefore, can limit the use of
this metal nanotrough for ﬁne and narrow structures of
electrodes in compactly integrated circuits. Conversely, the
graphene−metal nanotrough hybrid electrode exhibited negligible dependence of Rs on the widths of the patterns, similar to
the graphene case, but it also had signiﬁcantly lower Rs (∼1 Ω/
sq), even for narrow patterns with widths that were less than
100 μm. For these narrow patterns, the current pathways are
formed by the graphene and metal nanotrough in series. The
lengths of the metal-line disconnections are typically very short,
compared to the overall lengths of the lines, and hence the
current pathways connected through the graphene are relatively
short and wide. Thus, the high Rs value of graphene does not
increase the total resistance of the hybrid patterns signiﬁcantly.
Also, Au composes the nanotrough, and its contact resistance
with graphene is relatively low, compared to other metal
cases.41 The hybrid’s consistency in Rs and its low resistance are
signiﬁcant advantages.
Compared to the nanotrough only, the hybrid also provided
better reliability in maintaining its electric properties under
thermal loadings. Figure 2c shows optical micrographs and
scanning electron microscope (SEM) images of two diﬀerent
samples, that is, the nanotrough and its hybrid with graphene,
after they were heated in air at 250 °C for 3 h. Thin and ﬁne
metal lines in the nanotrough networks became partially
oxidized or disconnected by melting under thermal loading (left
insets in Figure 2c), which resulted in signiﬁcant increase in the
resistance by almost a factor of 800 (Figure 2d). In contrast, the
hybrid electrode preserved its resistance (Figure 2d) against
thermal loading with negligible oxidation or disconnections of
the metal lines (right insets in Figure 2c). This occurred
because the graphene that was covering the metal lines acted as
a passivation layer, thereby retarding the permeation of oxygen
gas and moisture,42 and it also functioned as a heat sink to
spread and dissipate heat.43
The hybrid electrode was mechanically ﬂexible and
stretchable. As shown in Figure 3a, the hybrid electrodes on
a 2 μm thick polyimide substrate were wrapped on various
cylindrical supports with diﬀerent curvatures, and they also
were folded in half using tweezers. The right inset shows an
SEM image of the folded area (radius of curvature of ∼50 μm),
and this folding leads to a strain (ε) of 2% in the hybrid6,14
(Supporting Information). Figure 3b presents the relative
changes in resistance as a function of the radius of curvature.
No signiﬁcant change in resistance occurred when the
electrodes were bent to radii of curvature as small as 500 μm
(ε < 0.2%). Folding the ﬁlm with 50 μm in the radius (ε = 2%)
increased the resistance by about 20%.
Shapes of the collectors used in the electrospinning step can
control the alignment of the metal lines in the nanotrough, and
their alignment can aﬀect the stretchability of the nanotrough
ﬁlm. For example, ring-type collectors in which the electric ﬁeld
is uniformly circular inside the ring can produce random

Figure 2. Electrical and thermal properties of the hybrid patterns. (a)
Optical micrographs of graphene−metal nanotrough hybrid electrodes
with various widths of patterns. White scale bar, 100 μm. (b)
Dependence of Rs on the pattern widths of the hybrid (pattern length:
500 μm). (c) Optical micrographs and SEM images of the metal
nanotrough or the hybrid under thermal loading (250 °C for 3 h).
Black scale bars, 20 μm. White scale bars, 10 μm (left) or 2 μm (right).
(d) Relative resistance changes of the nanotrough or the hybrid
depending on spinning times.

resistances after depositing two contact pads of metals (5 nm
thick Cr and 300 nm thick Au). The Rs of each pattern was
calculated from the measured resistance (Supporting Information), and Figure 2b indicates the dependence of Rs on the
widths of the patterns. Although Rs of the 2D graphene layer
showed negligible dependence on the width, its Rs (>1000 Ω/
6324
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Figure 3. Mechanically ﬂexible and stretchable properties of the hybrid nanostructures. (a) Photographs of the hybrid electrodes wrapped on various
cylindrical supports with diﬀerent curvatures. In the right part of (a) is an SEM image of the hybrid electrode folded in half (radius of curvature: ∼50
μm). Black scale bars, 2 mm. White scale bar, 50 μm. (b) Relative resistance changes as a function of the bending radius. (c) Schematic images of the
random networks or aligned arrays of free-standing ﬁbers electrospun using ring-type or square-type collectors. (d) Optical micrographs of the
aligned metal lines before or after stretching (tensile strain: 15%). Scale bars, 10 μm. (e) Relative resistance changes of the nanotrough or the hybrid
as a function of strain.

networks of polymer ﬁbers; square-type collectors in which the
ﬁeld distribution is not uniform inside the square can induce
alignment of the ﬁbers (Figure 3c). For the stretchability
measurement, these two diﬀerent metal nanotrough samples
(the random networks or aligned arrays of the metal lines) were
fabricated on PDMS elastomeric substrates. After clamping
these samples by two ﬁxtures connected to the current−voltage
measurement system, they were stretched in speciﬁc elongation
directions and lengths using a mechanical apparatus. When the
aligned metal lines (formed using the square-type collector)
were stretched parallel to their alignment direction, these metal
lines were broken due to the applied tensile force. Figure 3d
shows the locally broken parts of the aligned lines that resulted
from stretching them into their alignment direction with a 10%
strain. After stretching further, the nanotrough with the cracked
lines became nonconductive (Figure 3e). However, random
networks of the nanotrough can avoid this parallel alignment
between the metal lines and stretching direction in most local
areas, and this misalignment can dissipate the applied tensile
force. For example, the sample of random networks could be
stretched up to 50% in strain with an increase in resistance of
60%. Formation of the hybrid graphene−metal nanotrough
nanostructures can enhance the stretchability further, because
the graphene layer can maintain conductive paths by covering
the local disconnections of the metal lines. As presented in
Figure 3e, covering the graphene resulted in increases in the
maximum tensile strains of the aligned arrays and the randomnetwork samples to of 20 and 80%, respectively. This
mechanical stretchability of the hybrid material was superior
to that of ITO, which can be cracked by applying a tensile strain
of ∼1%.
The hybrid graphene−metal nanotrough electrode can be
used as source/drain and to interconnect the ﬂexible,
transparent, oxide semiconductor thin ﬁlm transistor (TFT)

arrays. Figure 4a shows a photograph and the SEM images of
the transistors as well as schematic diagrams of the layouts of
the devices. For this demonstration, all components of the
device had to be transparent. The fabrication process began by
spin-coating of a 2 μm thick, transparent polyimide substrate
(Supporting Information Figure 4) on a handling Si wafer on
which a 300 nm thick poly(methyl methacrylate) (PMMA)
sacriﬁcial layer was precoated. After spinning a suspension of
Ag nanowires (AgNWs) on the polyimide, a CVD-synthesized
graphene layer was transferred to form the graphene−AgNW
hybrid ﬁlm30 and then this hybrid ﬁlm was patterned as gate
electrodes using oxygen plasma. A Zr-doped aluminum oxide
(ZAO) dielectric layer covered one of the gate electrodes as a
high-k material.44,45 Next, an In2O3 semiconducting layer was
spun and thermally annealed at 200 °C in air.46 After patterning
the channel dimensions photolithographically, formations of
source/drain and interconnects using the graphene−metal
nanotrough hybrid completed the fabrication of the TFT
arrays. These ﬁnal devices on the polyimide ﬁlm could be
peeled oﬀ of the Si wafer easily by dissolving the PMMA with
acetone. All of these transparent components of the devices
provided high transmittance (∼90%) in the visible light range,
as shown in Figure 4b. Figure 4c presents the transfer (left
inset) and output (right) characteristics of the TFTs. The
graphs indicate typical n-channel behavior. The performances
of the 80 TFTs were measured, and their statistical
distributions of mobility (μdev) and threshold voltage (Vth)
are provided in Figure 4d,e. These data ﬁt Gaussian proﬁles,
and the average values of μdev and Vth in the saturation regime
were 125 ± 14 cm2/V·s and 1.0 ± 0.6 V, respectively; in the
linear regime, the values were 105 ± 15 cm2/V·s and 1.7 ± 0.9
V, respectively. Also, these TFTs showed a high on/oﬀ ratio
that exceeded ∼105. The mobility of these TFTs with the
hybrid electrodes was signiﬁcantly greater than mobility of the
6325

dx.doi.org/10.1021/nl502755y | Nano Lett. 2014, 14, 6322−6328

Nano Letters

Letter

Figure 4. Fabrications of oxide semiconductor TFT arrays using the hybrid electrode as source/drain and interconnects electrodes. (a) A schematic
image (left) of the ﬂexible and transparent TFT array. A photo (middle) of the TFT array sample on a transparent polyimide substrate (scale bar; 1
cm). A schematic diagram (middle) of the TFT layout. SEM images (right) of the TFTs (black scale bar, 500 μm; white scale bar, 100 μm). (b)
Optical transmittance spectrum of the transparent TFT array. Here transmittance of the polyimide substrate was excluded. (c) Transfer (Id−Vg, left)
and output (Id−Vd, right) characteristics of the transistor in linear (Vd, 1 V) or saturation (Vd, 7 V) regimes. (d,e) Statistical distributions of mobility
and threshold voltage in saturation (left) or linear (right) regimes. (f) Photographs of the TFT arrays transferred on leaf, eyeglasses, a drinking glass,
and the skin of human hand. All scale bars are 1 cm.

amorphous Si TFTs (∼1 cm2/V·s), which are used mainly for
commercial liquid crystal displays (LCDs) or organic lightemitting displays (OLEDs). The hybrid graphene−metal
nanotrough structure could withstand electrical load and
enabled stable TFT operations without the electrical breakdown of source/drain and interconnects. Also, the high
transparency and ﬂexibility of the hybrid electrodes were
advantageous for transparent and ﬂexible TFT arrays. For
example, Figure 4f and Supporting Information movie S1
demonstrate the TFT backplane sample attached on various
nonplanar surfaces, such as a leaf (D. sanderiana cv. Virens, also
as known as “lucky bamboo”), eyeglasses, a drinking glass, and
the skin of a human hand, suggesting substantial potential for
applications in transparent and ﬂexible displays or wearable
electronics.

In conclusion, in this paper, we described the advantages of
graphene−metal nanotrough hybrid nanostructures as ﬂexible,
stretchable, transparent electrodes. The hybridization of twodimensional graphene and one-dimensional metal nanotrough
networks improved the electrical properties of the devices
signiﬁcantly, such as highly uniform Rs, negligible dependence
of Rs on pattern geometries, and the ability to maintain very
low Rs and high transparency. The hybrid electrodes reliably
preserved these properties under thermal loading, and it also
had superb mechanical ﬂexibility and stretchability. Compared
to previous results on ﬂexible, transparent electrodes, the
hybrid structure shows the superb levels of ﬂexibility,
transparency, and Rs (Supporting Information Table S1).
Thus, these hybrid electrodes can be used to fabricate ﬂexible
and transparent oxide semiconductor TFT arrays on various
nonplanar surfaces, including leaves, eyeglasses, and human
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skin. We believe this approach presents a promising strategy for
developing ﬂexible and wearable electronic devices, indicating
substantial promise of next-generation electronics.
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