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ABSTRACT Transparent conductive electrodes with high surface Fully stretchable PLED
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conductivity, high transmittance in the visible wavelength range,
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and mechanical compliance are one of the major challenges in the
fabrication of stretchable optoelectronic devices. We report the
preparation of a transparent conductive electrode (TCE) based on a
silver nanowire (AgNW) percolation network modified with graphene
oxide (GO). The monatomic thickness, mechanical flexibility, and strong
bonding with AgNWs enable the GO sheets to wrap around and solder
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the AgNW junctions and thus dramatically reduce the inter-nanowire

contact resistance without heat treatment or high force pressing. The GO-soldered AgQNW network has a figure-of-merit sheet resistance of 14 ohm/sq with
88% transmittance at 550 nm. Its storage stability is improved compared to a conventional high-temperature annealed AgNW network. The GO-soldered
AgNW network on polyethylene terephthalate films was processed from solutions using a drawdown machine at room temperature. When bent to 4 mm
radius, its sheet resistance was increased by only 2—3% after 12 000 bending cycles. GO solder can also improve the stretchability of the AQNW network.
Composite TCE fabricated by inlaying a GO-soldered AgNW network in the surface layer of polyurethane acrylate films is stretchable, by greater than 100%
linear strain without losing electrical conductivity. Fully stretchable white polymer light-emitting diodes (PLEDs) were fabricated for the first time,
employing the stretchable TCE as both the anode and cathode. The PLED can survive after 100 stretching cycles between 0 and 40% strain and can be
stretched up to 130% linear strain at room temperature.
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ransparent conductive electrode
T(TCE) has become a focus of consider-

able research activities in recent years
since it is an essential material in various
optoelectronic devices, such as thin film
solar cells, liquid crystal displays, organic
light-emitting diodes, and touch sensing
panels. The rapidly growing interests in
recent years for flexible and stretchable
optoelectronics have posed a major materi-
als challenge to develop a TCE with me-
chanical flexibility or even rubbery stretch-
ability.”~® Indium tin oxide (ITO) has been
the ubiquitous TCE material.” However,
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high-quality ITO coating can only be ob-
tained via high-temperature annealing. ITO
coating formed on flexible substrates such
as polyethylene terephthalate (PET) has
higher sheet resistance than ITO formed
on glass, and its flexibility is limited due to
the brittleness of the ceramic coating.® Sev-
eral alternative materials, including carbon
nanotubes (CNTs),>°~'° graphene,’*"®and
conducting polymers,>*°~?? have been in-
vestigated to replace ITO with varied suc-
cesses. It has been shown that the defor-
mation of CNT networks and buckling
can allow large-strain deformation without
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much increase of surface conductivity.>>''~'* These
carbon or polymer-based materials have relatively low
electrical conductivity, and the sheet resistances of
corresponding TCE are 1—2 orders of magnitude high-
er than that of ITO/glass.'”?* Percolation networks of
silver nanowires (AgNWSs) have shown promise to rival
ITO/glass in sheet resistance and visual transpar-
ency.?*~?” Due to the high conductivity of silver, the
sheet resistance of a AgNW percolation network is
dominated by the contact resistance of inter-nanowire
junctions.?®%° Postprocessing treatments, such as
high-temperature annealing (normally higher than
180 °C),2*3%3" high-force pressing,®*2~3* and plasmo-
nic welding,?® are effective in reducing the junction
resistance by fusing the AgQNW junctions. A number of
works have employed AgNW networks to fabricate
stretchable TCE.?*>3°739 However, the stretchability of
these AgQNW networks is limited because, under large
tensile deformation, the nanowire junctions could
detach and the nanowires slide against each other to
cause high contact resistance that cannot be fully
recovered when the stretched material is relaxed to
its original shape.

Introducing a second functional component into the
AgNW network to forge inter-nanowire connection has
been reported as a promising technique to reduce the
sheet resistance of AGQNW networks.**~** Lee et al.
used poly(3,4-ethylenedioxythiophene):poly(styrene-
sulfonate) (PEDOTE:PSS) as a soldering material to
make a AgNW/PEDOT:PSS hybrid composite elec-
trode.*’ The stretchability of this hybrid electrode is
relative low, and the PEDOT:PSS could uptake environ-
mental water and cause corrosion of the AgNWs.*?
During the preparation of this article, Lee et al. reported
integrating AQNW networks onto chemical vapor de-
posited (CVD) graphene to make a graphene—AgNW
hybrid that exhibits high optical-electrostretchable
performance.*® This approach does not appear to be
compatible with large-area, low-cost processing that
has been one of the major motivations for using the
AgNW-based TCE.

Herein, we report the preparation of a highly con-
ductive AQNW and graphene oxide (GO) hybrid net-
work by all-solution processing at room temperature.
GO, a monatomic layer thick two-dimensional material,
was chosen as a soldering material for AQNW junctions
based on the following considerations: (1) GO contains
a large number of oxygen-containing groups, such
as hydroxyl, epoxide, diol, ketone, and carboxyl, that
could forge strong bonding with AgNWs; (2) it has
an extremely high Young's modulus (~0.25 TPa)
and a high flexibility, making it an extremely tough
material; and (3) GO is inexpensive and solution-
processable.**™* The charged and flexible GO sheets
in solution could adhere and wrap around the AgNWs
and solder the inter-nanowire junctions, causing
significant reduction of the inter-nanowire contact
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resistance without heat treatment or high-force press-
ing. The GO-AgNW network thus can be formed on
polyethylene terephthalate (PET) with high optical-
electrical performance and mechanical flexibility. The
strong bonding and high toughness of GO could also
knot-tie the AQNW networks to prevent inter-nanowire
sliding and thus allow reversible large-strain deforma-
tion. Stretchable TCE based on the GO-soldered AgNW
network inlaid in the surface layer of polyurethane
acrylate (PUA) shows rubbery stretchability while re-
taining its high electrical conductivity. Furthermore,
fully stretchable white polymer light-emitting diodes
(PLEDs) have also been demonstrated for the first time
using this stretchable TCE as both the anode and the
cathode.

RESULTS AND DISCUSSION

The process to fabricate a GO-AgNW network, as
illustrated in Figure 1a, started with bar-coating a layer
of AgNWSs on a glass substrate from a dispersion in
isopropyl alcohol (IPA) using a drawdown machine.
Figure 1b displays an optical photograph of an as-
prepared AgNW network with 20 x 15 cm? area on a
glass substrate. Sheet resistance and transmittance
of the AgNW coating was determined by the coating
density (mg/m?) of the AgNW percolation network
which is controlled via the concentration of the AQNW
ink, as detailed in the Methods section. The dried AgNW
coating was subsequently soaked into a T mg/mL GO
dispersion in distilled water and IPA for several minutes
without any heating or stirring. The AQNW coating was
then rinsed with distilled water repeatedly and blow-
dried. All of these procedures were solution-based and
carried out at room temperature.

The microstructure of the resulting GO-AgNW net-
work was imaged by scanning electron microscopy
(SEM), as shown in Figure 1c. The AgQNW junctions are
wrapped and soldered by GO sheets. SEM image in
Figure S1 (Supporting Information) further depicts that
almost all the AgNW junctions in the network are
soldered by GO sheets. The GO-soldered junctions
are quite different from those fused through thermal
heating (Figure 1d, 180 °C annealed for 30 min). The
soldered junctions are also different from those using
graphene or GO/AgNW hybrids, wherein the graphene
or GO sheets covered like a blanket on top of the AQNW
networks.?>%4348 |n our process, the soldering of
AgNW junctions by GO is result of (1) the unique
properties of GO, including various oxygen-containing
functional groups present on the surface and the out-
standing mechanical strength and flexibility, and (2)
the process of soaking AGQNW networks in a GO solu-
tion. When the AgNW networks are soaked in a GO
dispersion, the charged GO sheets tend to bond with
the AgNWs and AgNW junctions due to the strong
electrostatic adhesion. The flexibility of the GO sheets
allows them to conform around the AgNW junctions
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(a) 1. Bar-coat AgNW networks

2. Soak in GO solution

3. Rinse and blow-dry

GO-soldered AgNWSs

Figure 1. (a) Schematic illustration of the fabrication of a GO-AgNW network on a glass substrate at room temperature. (b)
Optical photograph of a AGNW network (20 x 15 cm?) bar-coated on a drawdown machine. SEM images of (c) GO-soldered
AgNW junctions (indicated by red arrows) and (d) typical high-temperature fused AgNW junctions.

like a plastic wrap. The rinsing process washed off the
GO sheets that do not bond strongly with AgNWs.
Blow-drying the GO-AgNW coating facilitates the GO
sheets to wrap around the AgNW junctions and knot-
tie the junctions due to electrostatic forces as well as
capillary force during the evaporation of solvent mol-
ecules between the GO and AgNWSs. The GO sheets
have high toughness and act as a soldering material
when wrapped around the AgNW junctions. Knot-
tying the AgNW junctions can not only reduce the
inter-nanowire contact resistance but also prevent
inter-nanowire sliding at the junctions. This will be
further discussed below.

The sheet resistance of the GO-AgNW networks as a
function of soaking time in GO solution is depicted in
Figure 2a. The sheet resistance can be greatly lowered
from 1045 to 26 and 20 ohm/sq after just 30 sand 1 min
soaking time, respectively. In 5 min of soaking, the
GO-AgNW network reaches a low sheet resistance of
14 ohm/sq. Prolonged soaking does not considerably
lower the sheet resistance. In comparison, thermal
treatment to fuse the AgNW junctions usually takes
more than 30 min to complete 2#3%3

The sheet resistance and transparency of the
GO-AgNW networks are dependent on the coating
density of AQNWs. Figure 2b shows the results for three
representative GO-AgNW networks with three AQNW
densities: D1, 85 mg/m?% D2, 127 mg/m? and D3,
170 mg/m?. Their sheet resistance and transmittance
at550 nmare 26, 14, and 12 ohm/sq and 92.1, 88.2, and
86.0%, respectively. Figure 2c compares the optical-
electroperformance of the GO-AgNW networks
with important TCEs published in the literature and
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commercial ITO. It can be seen that the GO-AgNW
networks fabricated through solution-based process
at room temperature conditions exhibit comparable
electro-optical performance to commercial ITO coated
on glass, significantly higher performance than ITO/PET
(a commercial material widely used for flexible optoe-
lectronic devices), and higher performance than most
of the new TCE intended to replace ITO. Furthermore,
the GO-AgNW networks are also superior to most ther-
mally treated or hot-pressed AgNW networks, and the
only AgNW network that exhibits lower sheet resis-
tance with higher transmittance is that made up of
nanowires with extremely long length.?”

Supporting Information Figure S2 shows the trans-
mittance spectra of AQNW networks with three differ-
ent coating densities, D1, D2, and D2, treated by either
GO soldering (GO-AgNW) or high-temperature anneal-
ing at 180 °C for 30 min (named HT-AgNW; the an-
nealing condition was optimized in our previous
study).3%3739 At the same AgNW densities, GO-AgNW
and HT-AgNW networks show almost identical trans-
mittance. This result indicates that there are little GO
sheets located in the optical pathway unblocked by
AgNWs; that is, almost all GO sheets present in the
coating wrap around the AgNWs and AgNW junctions
and add little to total optical loss of the coating. This
analysis is consistent with the SEM observation shown
in Figure 1c. The GO-AgNW networks are different from
the reported CVD graphene/AgNW coatings where the
graphene sheets cover the AgNW network like a
blanket.*’

Figure 3a compares the sheet resistance of GO-
AgNW and HT-AgNW networks at the same AgNW
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Figure 2. (a) Measured sheet resistance of a GO-AgNW
network as a function of the soaking time in a GO solution.
(b) Transmittance spectra of GO-AgNW networks with three
different AQNW densities (D1, D2, and D3). (c) Comparison
of the electro-optical performance of the GO-AgNW net-
works with various TCE films published in the literature and
commercial ITO/glass and ITO/PET (all data are exclusive of
substrate).

densities. One interesting trend to note is that, at low
AgNW density (D1), GO-AgNW is more conductive than
HT-AgNW. At high density (D3), HT-AQNW is more
conductive. One plausible explanation is that, at low
densities, AQNWs are sparsely distributed. The binding
force of GO helps move nearby AgNWs to form low
resistance joints. At high AgNW density, AQNW junc-
tions are abundant, and the fusing between AgNWs
becomes much more effective to lower the junction
resistance than GO soldering does without thermal
treatment.

The GO-AgNW and HT-AgNW networks show differ-
ent storage stability. Figure 3b displays the resistance
change of the networks during accelerated test at
85 °C in air. The sheet resistance of the HT-AgNW
network increases by 5% in 1 day. Longer heating up
to 8 days total does not further increase the resistance.
In contrast, the sheet resistance of the GO-AgNW
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Figure 3. (a) Comparison of sheet resistance of GO-AgNW
networks with HT-AgNW networks. (b) Plots of the relative
sheet resistance change versus time for GO-AgNW networks
and HT-AgNW networks with the same AgNW densities (D2)
after exposure to hot air (85 °C) for 8 days.

network increases by a mere ~0.4% in 8 days. The
sheet resistance increase of AQNW networks has been
reported in the literature and attributed to attacks by
environmental oxygen and sulfur which can signifi-
cantly increase the junction resistance.**** Graphene
sheets have been shown to be an excellent barrier
material. We suggest that GO wrapping around the
AgNW junctions can impede the environmental oxi-
dants from oxidizing the AgNWSs and their junctions
and increase the stability for the GO-AgNW networks.
ITO coated on PET is widely used in industry for
flexible optoelectronic devices. The flexibility of
ITO/PET films are rather limited; strain of 1% or larger
can cause irreversible crack formation in the ITO.?’
AgNW network coated on a plastic substrate is a widely
investigated alternative material. However, the con-
ventional approach of fusing AgNWs at elevated tem-
peratures is only applicable to high-temperature
substrates. The solution-based room temperature pro-
cessing allows the formation of GO-AgNW networks on
much more polymer-based substrates, such as PET,
polyethylene naphthalate, and polyacrylate. Figure 4a
displays a sheet of GO-AgNW/PET with an area of
20 x 40 cm? and sheet resistance of 26 + 5 ohm/sq
(the error range indicates the variation of local sheet
resistance and is insignificant for most applications).
Mechanical flexibility of a GO-AgNW/PET film was
evaluated by repeated bending to a radius of 4 mm
using a linear stretcher built in house (Figure 4b). The
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Figure 4. (a) Optical photograph of a GO-AgNW/PET sheet (26 ohm/sq) coated on a drawdown machine (coating area: 20 x
40 cm?). (b) Optical photograph of a GO-AgNW/PET bent to 4 mm radius. (c) Relative resistance change of the GO-AgNW/PET
during repeated bending—unbending test (bending radius: 4 mm).

moving speed of the stretcher was set at 50 mm/s.
During 12000 cycles of bending—unbending, the re-
sistance of the GO-AgNW network remained relatively
stable (Figure 4c). It increased by merely 2—3%, reveal-
ing good flexibility of the GO-AgNW network. More-
over, this GO-AgNW/PET (26 ohm/sq) also shows better
electro-optical performance than the commercial
ITO/PET film (35 ohm/sq, obtained from Aldrich), as
shown in Figure S3.

The GO-AgNW networks were also employed to
fabricate a stretchable transparent composite elec-
trode by an in situ substrate polymerization and trans-
fer technique that we have previously reported for
HT-AgNW networks.>3”° A urethane acrylate mono-
mer was coated onto the GO-AgNW network on a
releasing glass substrate. The monomer was cured,
and the resulting PUA film was peeled off to transfer
the GO-AgNW network into the surface layer of the
PUA film. Figure 5a shows the transmittance spectra of
the GO-AgNW/PUA composite electrodes with three
AgNW densities (D1, D2, and D3). The transmittance at
550 nm is 86.3, 82.5, and 79.2% for composite electro-
des with sheet resistances of 26, 14, and 12 Q/sq,
respectively. It should be noted that the transmittance
data are inclusive of the PUA matrix, while the data
reported in many published papers are for AgNW
coating only. In order to test the stretchability of the
transparent composite electrodes, samples with di-
mensions of 20 mm in length and 5 mm in width were
mounted on a motorized linear stage, leaving a 5 mm
length (gauge length) free to deform. All samples were
stretched at 1 mm/s (strain rate: 20%/s), and the
resistance was monitored in sync with the stretching.
Figure 5b displays the normalized resistance (R/R,, the
ratio of the instantaneous resistance at a specific
tensile strain to the initial resistance at zero strain) for
the GO-AgNW/PUA and HT-AgNW/PUA composite
electrodes. Both electrodes have the same AgNW
densities (D2) and the same initial sheet resistance
(14 ohm/sq). More than five samples of each electrode
were tested, and the variation of resistance among
the samples in each group was within +10%. The GO-
AgNW/PUA electrode shows much smaller resistance

LIANG ET AL.

= ao-.-,mm
E 70]%&
3 704
c 604
8
'E 50 -
= 401 | _m- 26 ohmlsq (D1)
= 130- ® 14 ohm/sq (D2)
4 12 ohm/sq (D3
20 - r T
400 600 800 1000
Wavelength (nm)
(b) 40
" 351 = GO-AgNWs/PUA s
# 30 @ HT-AgNWsIPUA
o
2 & ‘
s 204 n
S = ¥ /
8 ¢« M
E 10+ - .,.!
2 5] . g B
kS o-"“"'f‘ l i
0 20 40 60 80 100
Strain (%)

Figure 5. (a) Transmittance spectra of GO-AgNW/PUA com-
posite electrodes with specified sheet resistance. (b) Nor-
malized resistance of the 14 ohm/sq GO-AgNW/PUA
composite electrodes and 14 ohm/sq HT-AgNW/PUA com-
posite electrodes as a function of tensile strain (strain rate is
1 mm/s).

increase with strain than the HT-AgNW/PUA electrode.
The resistance increase of the GO-AgNW/PUA is
3.2, 5.3-, and 10.6-fold at strains of 40, 60, and 80%,
respectively; in comparison, the increase is 5.4, 9.8, and
17.2, respectively, for the HT-AGQNW/PUA.

The difference in stretchability between the GO-
AgNW/PUA and HT-AgNW/PUA is also shown in re-
peated stretching—relaxing (Figure 6a,b). During 100
cycles of stretching—relaxing between 0 and 20%
strains, the peak of the resistance change (at 20%
strain) for GO-AgNW/PUA increases very gradually
from about 2.3 to 2.7 times its initial value; as for the
HT-AgNW/PUA, the peak resistance increases from
2.9 to 3.3 times its initial value. During the cyclic tests
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Figure 6. Normalized transient resistance of GO-AgNW/PUA and HT-AgNW/PUA composite electrodes during 100 cycles of
tensile stretching and releasing between 0 and 20% strains (a) and 0 and 40% strains (b). The initial sheet resistances of both
electrodes are 14 ohm/sq. The stretching speed is 1 mm/s. (c) Schematic illustration of the deformation of an ideal nanowire
network wherein the nanowire junctions are intact during uniaxial stretching.

between 0 and 40% strain, the peak resistance of GO-
AgNW/PUA increases from about 3.4 to 4.8 times its initial
value in 100 cycles, while that of the HT-AQNW/PUA
increases from 6.0 to 8.5 times its initial value. The
results indicate fairly high stretching reversibility for
both electrodes, but the GO-AgNW/PUA clearly shows
higher stability as indicated by the smaller width of the
ribbons (the shaded area formed between the peak
and trough resistances in Figure 6a,b).

For bulk conductive material, its resistance increases
with strain following the equation R/Rq = (1 + strain)?
due to geometrical changes (elongation in length and
shrinking in width due to Poisson's law).33*%°! For an
ideal network formed by conductive nanowires in
which the nanowire junctions are intact during stretch-
ing, like a fishnet (Figure 6¢), the geometrical changes
during a uniaxial stretching should not cause any
significant resistance increase. The macroscopic elon-
gation of the network would cause stress around the
junctions and possible buckling or twisting of the
nanowires. The corresponding change in macroscopic
resistance should be small as the conduction pathways
along the nanowires remain more or less the same. The
loss of surface conductivity of HT-AgNW networks
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under large tensile strain has been considered to be
caused in large by the loss of interconnection between
the nanowires.”® The thermal-fused AgNW junctions
may be easily broken under twisting stress. Embedding
the HT-AgNW networks in an elastomeric matrix, such
as in the composite electrodes of HT-AQNW/PUA, can
limit the degree of junction disjointing and nanowire
sliding.3>383%49 The elastomeric matrix can help distrib-
ute the stress more uniformly. In the GO-AgNW/PUA
composite electrode, wrapping of the junctions by the
flexible yet very tough GO sheets can allow the twist of
GO-soldered AgNW junctions and prevent the disjoint-
ing or sliding of AQNW nanowires against each other
during large-strain deformation. Stretchability of the
GO-AgNW networks is thus improved. However, com-
pared to the fishnet model in Figure 6¢, the silver
nanowires are not sufficiently stretchable and tough.
Large-strain deformation can still cause macroscopic
resistance increase, and some of the increase is irre-
versible, and disjointing, sliding, and even fracture
could still occur, albeit at a smaller extent compared
to what has been reported in literature.3” 394!

We have reported the fabrication of fully stretchable
polymer light-emitting electrochemical cells (PLEC) by
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Figure 7. (a) Schematic drawing of a fully stretchable PLED using GO-AgNW/PUA composite electrode as both anode and
cathode. (b) Optical photographs of a semitransparent unlit stretchable PLED (top) and a stretchable PLED operated at 13 V
emitting white light from two sides and illuminating two white papers with printed ULCA logo in black (bottom). (c) Current
density—luminance—driving voltage characteristics and (d) current efficiency—brightness characteristics of the PLED device.
(e) Optical photographs of a PLED (original lighting area: 3 mm x 4 mm) being driven at 14 V and stretched to specified strains.

sandwiching a thin film of a blend of luminescent
conjugated polymer, an ionic conductor, and lithium
salt between a pair of composite electrodes.>*® The
composite electrodes comprise a thin percolation net-
work of HT-AgNWs or SWCNTs in the surface layer of
the polymer substrate. With the use of shape memory
polymer or elastomeric polymer as the substrate, the
PLECs are fully stretchable, wherein all components are
elongated as the thin film devices are stretched.>%*°
These stretchable PLECs suffer from such problems as
slow turn-on and short lifetime at high brightness that
are quite characteristic for PLECs.>>** To evaluate the
application potential of the GO-AgNW/PUA composite
electrode for fully stretchable white PLED, the electro-
luminescence of which does not require the in situ
formation of a p-i-n junction as in the PLECs, light-
emitting diodes were fabricated by solution-based
coating and lamination process. Atom force micro-
scope measurement showed that the height variation
of the GO-AgNW/PUA composite electrode surface
is around 10 nm (Figure S4), which is suitable for
the fabrication of a PLED. The devices have a thin
film sandwich structure of GO-AgNW/PUA/poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate)

(PEDOT:PSS)/emissive polymer layer/polyethylenimine
(PEN)/GO-AgNW/PUA, as illustrated in Figure 7a. In a
nutshell, the solution-based fabrication process started
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spin-coating a PEDOT:PSS layer on GO-AgNW/PUA as
the hole transporting layer (HTL); the emissive layer
(EL), consisting of a white-light-emitting polymer and
1,3-bis[(4-tert-butylphenyl)-1,3,4-oxidiazolyl]pheny-
lene (OXD-7) mixed at weight ratio of 100:10, was then
spin-coated on top of the HTL. On a second GO-AgNW/
PUA, polyethylenimine (PEI), 5 nm thick, was coated as
the electron transporting layer (ETL) to enhance elec-
tron injection.>* The two GO-AgNW/PUA films were
laminated with the conductive layers facing each
other. The sheet resistance of the GO-AgNW/PUA com-
posite electrodes used was 14 ohm/sq. These materials
were selected for stretchability of the resulting PLEDs.
The composition and layer thickness were preliminarily
optimized for overall performance in electrolumines-
cent and stretchability.

The characteristic current density—brightness—
driving voltage responses (J—B—V) and current effi-
ciency—brightness curves (y—L) of the PLED are mea-
sured as shown in Figure 7c,d. Leakage current can be
seen from 1 to 6 V in the J—B—V curve, which could be
caused by the surface roughness of composite electro-
des or defects introduced during the lamination pro-
cess. The electroluminescence turns on at around 7 V
and reaches a brightness of 1100 cd/m? at 21 V. The
maximum current efficiency is 2.0 cd/A obtained at the
brightness of 571 cd/m? Figure 7b shows an undriven
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Figure 8. (a) Current density—driving voltage, (b) brightness—driving voltage, and (c) current efficiency—brightness
characteristics of a stretchable PLED after specified stretching—relaxing cycles between 0 and 20% strains. (d) Current
density—driving voltage, (e) brightness—driving voltage, and (f) current efficiency—brightness characteristics of a stretchable
PLED after specified stretching—relaxing cycles between 0 and 40% strains.

semitransparent PLED and a driven PLED emitting
white light from both sides. The light emitted from
either side of the transparent PLED has almost identical
J—B—V and 5—L responses, as shown in Figure S5.
Therefore, the actual emission intensity and efficiency
of the PLEDs are twice as much as shown in Figure 7,
and the maximum current efficiency is 4.0 cd/A.**>°

The CIE coordinates of the emission color are de-
picted in Figure S6 on the Commission Internationale
de L'Eclairage (CIE) 1931 chromaticity coordinates
diagram. At the emission brightness of 100, 500, and
1000 cd/m?, measured from one side of the devices,
the color coordinates are (0.35, 0.35), (0.33, 0.34), and
(0.31, 0.34), respectively, all being fairly close to pure
white (0.33, 0.33). More importantly, the PLEDs are soft
and stretchable at room temperature. As shown in
Figure 7e, the PLED with a lighting area of 3 x 4 cm?
can be stretched by as large as 130% linear strain while
driven at 14 V. The emission intensity is fairly uniform
across the entire lit area.

The supplementary video clip (Supporting Information)
demonstrates stretching operation of a PLED and
shows a fairly uniform and bright light emission during
stretching—releasing cycles. Figure 8 demonstrates
the current density—driving voltage (/—V), bright-
ness—driving voltage (B—V), and current efficiency—
brightness (7—B) characteristic curves of PLED after
10, 50, and 100 cycles of stretching—relaxing between
0 and 20% strains (Figure 8a—c) and between 0 and
40% strains (Figure 8d—f). The leakage current, which
is clearly seen from the /—V curves for the original
PLEDs, is largely suppressed after the stretching—
releasing cycles. The brightness—voltage and current
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efficiency—brightness curves both exhibit a declining
trend with increasing stretching—releasing cycles.
However, the turn-on voltage of the stretched PLEDs
does not change much with stretching—releasing
cycles. The current efficiency gradually increases with
each additional stretching—releasing cycle. For in-
stance, for a fresh PLED with a current efficiency of
1.5 cd/A at 280 cd/m?, its current efficiency is increased
to 2.1 cd/A at the same brightness after 100 cycles of
stretching—releasing between 0 and 40%. This increas-
ing efficiency may be consistent with the decreasing
leakage current. There could be other factors that
could affect the efficiency of the stretchable PLEDs
after stretching. Charging injection interfaces, thick-
ness of the emissive layer, molecular orientation, and
morphological changes could all play an important
role in the electroluminescence. Substantial efforts are
required to fully optimize the mechanical and electro-
luminescent properties of the PLEDs.

CONCLUSIONS

In summary, the GO sheet is a useful material to
solder AQNW junctions. Immersing the AgNW coating
in GO solutions leads to deposition of GO sheets to
wrap around the nanowires and their junctions. There
is little deposition of GO sheets in the substrate surface
areas uncovered by the nanowires, which allow for the
decrease in sheet resistance of the network without
significant lost of optical transmittance. The highly
conductive and transparent GO-AgNW networks could
be formed on flexible substrates such as PET via an all-
solution-based process at room temperature. The ob-
tained GO-AgNW networks exhibit high mechanical
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flexibility. When embedded in the surface layer of the
elastomeric PUA, the transparent composite elec-
trode behaves like a rubbery substance at room
temperature. The films could be stretched repeatedly
to 40% strains due to the strong bonding of the GO
sheets on the junctions to prevent disjointing or
sliding of the nanowires against each other during
large-strain deformation. The rubbery composite
electrode was used successfully to demonstrate, for
the first time, fully stretchable polymer light-emitting
diodes that could be stretched by as much as 130%

METHODS

Raw Materials. AQNWs were synthesized according to a
reported procedure.>*® GO was prepared from graphite by
the modified Hummers method.***¢ Siliconized urethane
acrylate oligomer (UA) and an ethoxylated bisphenol A
dimethacrylate (EBA) were supplied by Sartomer. 2,2-Di-
methoxy-2-phenylacetophenone (photoinitiator), anhydrous
chlorobenzene, and polyethylenimine (PEl), 80% ethoxylated
solution (35—40 wt % in H,O, average M,, ~70000), were all
obtained from Sigma-Aldrich. Low conductivity poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)
(Clevios VP Al4083) was purchased from H.C. Starck Inc. The
white-light-emitting polymer was provided by Cambridge Dis-
play Technology. 2-Methoxyethanol (99+%) was bought from
Acros, and 1,3-bis[(4-tert-butylphenyl)-1,3,4-oxidiazolyl]pheny-
lene (OXD-7) was obtained from Lumtech.

Preparation of GO-Soldered AgNW Networks. To fabricate the GO
solution, GO powder was first dispersed in distilled water at the
concentration of 2 mg/mL in an ultrasonic bath for 30 min. The
GO/H,0 solution was diluted with isopropyl alcohol (IPA) to
1 mg/mL and sonicated for an additional 30 min at room
temperature. A glass or PET substrate was placed flat on a draw-
down machine. A dispersion of AQNW in IPA was drop-casted
into a thin line at one end of the substrate and drawn down with
a Meyer rod to spread the solution to form a uniform coating.
Different AQNW densities of the AQNW network on substrate
was controlled by the concentration of the AGQNW dispersion
being 0.3, 0.5, and 0.7 wt % to obtain AGQNW network densities of
85 mg/m2 (D1), 127 mg/m2 (D2), and 170 mg/m2 (D3), respec-
tively. The as-prepared AgNW network on substrate was then
soaked in a GO dispersion (optimized to 1 mg/mL concentration
in water and IPA prepared®®) for 5 min, rinsed with distilled
water, and dried. The HT-annealed AgNW network was pre-
pared by heating at 180 °C for 30 min after the Meyer rod
coating on a drawdown machine.

Fabrication of Stretchable Composite Electrodes. The above GO-
AgNW network and HT-AgNW network coated on release
substrate were subsequently overcoated with a precursor solu-
tion containing 100 weight parts of UA, 20 parts of EBA, and
1 part of the photoinitiator.* The coatings were cured under UV
at 2.5 W/cm? intensity and peeled off of the release substrate.
The AgNW network was transferred as the conductive surface of
the resulting transparent composite electrodes.

Fabrication of Stretchable White PLED. In a typical procedure, GO-
AgNW/PUA composite electrodes were cleaned in an ultrasonic
bath with detergent and distilled water for 30 min each. PEDOT:
PSS was first spin-coated on a composite electrode at 4000 rpm
for 60 s, baked at 70 °C for 20 min, and vacuum-dried. The dried
PEDOT:PSS coating was approximately 120 nm thick, as mea-
sured on a Dektak profilometer. An emissive polymer layer was
spin-coated on the PEDOT:PSS-coated electrode from a solution
containing a white-light-emitting polymer and OXD-7 mixed at
the weight ratio of 100:10 codissolved in chlorobenzene. The
emissive layer was 100 nm thick. A solution of PEl in methoxy-
ethanol (diluted by adding 2-methoxyethanol to 0.4 wt %) was
spin-coated on another composite electrode at 5000 rpm for
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and repeatedly by 40%. Large-strain deformation can
cause a lot of interesting changes in materials, includ-
ing interfacial bonding, charge injection barriers,
molecular orientation, and morphological changes
in neat materials and blends. These changes can
affect the stretchability and electroluminescent prop-
erties of PLEDs. Therefore, there are plenty of para-
meters to adjust to optimize the performance of the
stretchable PLEDs. Meanwhile, these devices should
also provide unique opportunities to investigate the
materials properties in situ.

60 s and dried in vacuum. The thickness of the PEI layer was
around 5 nm. Finally, the PEl/composite electrode and the
emissive polymer/PEDOT:PSS/composite electrode were lami-
nated with the active materials facing each other and heated to
100 °C for 3 min. The lamination process was done in a glovebox
protected with nitrogen, with oxygen, and moisture levels
below 0.5 ppm.

Characterization Methods. Cyclic strain tests and cyclic bending—
unbending tests were performed on a motorized linear stage with
built-in controller (Zaber Technologies Inc.). A Keithley 2000 digital
multimeter was used to monitor the resistance change. Strain and
resistance data were recorded with a custom-made LabView code.
All the electrical measurements for stretchable PLED were carried
out in the glovebox. The current—voltage—light intensity curves
for the stretchable PLEDs in original state were measured with a
Keithley 2400 source meter and a calibrated silicon photodetector
by sweeping the applied voltage from 0 to 21 V at 500 mV
increments per step. The current density and brightness for the
stretchable PLED under stretched state were measured utilizing a
Keithley 2400 source meter and a photoresearch PR-655. All tests
were carried out at room temperature. The transmittance spectra
were recorded utilizing a Shimadzu UV-1700 spectrophotometer.
Scanning electron microscopy was performed on a JEOL JSM-
6701F scanning electron microscope.
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