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ABSTRACT We report a flexible high-performance conducting film using an embedded copper nanowire
transparent conducting electrode; this material can be used as a transparent electrode platform for typical

flexible optoelectronic devices. The monolithic composite structure of our transparent conducting film enables

simultaneously an outstanding oxidation stability of the copper nanowire network (14 d at 80 °(), an

= CuNW on glass i
4 CuNW-GFRHybrimer film

exceptionally smooth surface topography (R.,s < 2 nm), and an excellent opto-electrical performances .,
(Ry» = 25 Q sq " and T = 82%). A flexible organic light emitting diode device is fabricated on the transparent

conducting film to demonstrate its potential as a flexible copper nanowire electrode platform.
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etal nanowire (NW) is the most
Mpromising nanostructured trans-
parent conducting electrode (TCE)

material for the viable replacement of tin-
doped indium oxide (ITO).'* The key merits
of metal NW as a TCE include its excellent
opto-electrical property, large-scale fabrica-
tion based on solution process, and mechan-
ical flexibility.>® In particular, the outstanding
flexibility is an important attribute of metal
NW TCEs, making them well suited for use in
flexible device applications. Typical flexible
optoelectronic devices are fabricated using a
plastic film—for example, PET—onto which
a metal NW TCE is coated (hereafter, metal
NW TCE/film platform).”'* Despite the large
number of elaborations, however, it is not a
simple task to prepare an optimized metal NW
TCE/film platform that enables reproducible
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device fabrication and reliable performance.
From a technical point of view, other than
a mean opto-electrical property, a metal NW
TCE/film platform should satisfy concurrently
at least three key requirements: (1) a smooth
surface topography, (2) strong adhesion be-
tween metal NW and substrate, and (3) overall
high thermal/dimensional stability of the TCE/
film platform. The intrinsic surface roughness
that stems from the stacking or percolation of
metal NW is one of the most critical sources of
device failures such as short circuits and thus
should be minimized (in general, roughness
of a few nanometers is preferred).s'w'”’ls’16
Also, the metal NW TCE should remain tightly
anchored on the film surface to avoid dela-
mination of the NW from the underlying sub-
strate.'”'® Finally, the metal NW TCE/film plat-
form should be robust enough in terms of
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thermal and dimensional stability because fabrication
processes for typical optoelectronic devices generally
involve high-temperature annealing steps.'"'9?°

The two mostintensively studied metal NW TCEs are the
AgNW and the CuNW. To date, studies of the AGQNW TCE
have been numerous due to its excellent characteristics
such as high electrical conductivity, commercial availabil-
ity, and relatively higher oxidation resistance compared to
the CUNW TCE.">"72'=23 Recently, however, CUNW TCEs
have emerged as a potential contender for the re-
placement of both ITO and AgNW, which is mainly
attributed to the CuNW's cost-effectiveness for perfor-
mance: copper (p = 1.59 nQ2-m) has electrical conductivity
comparable to that of silver (p = 1.67 nQ-m), and yet it is
1000 times more abundant and 100 times less expensive
than silver or indium.>*~%" CuNW TCEs have been fabri-
cated with the aid of various fabrication techniques such as
vacuum filtration,”®° spin coating,®' spray deposition,*?
Meyer rod coating,?® electro-spinning,?” and electro-less
deposition.>® Although a number of state-of-the-art CUNW
TCEs exhibiting opto-electrical performances comparable
to those of ITO and AgNW TCE have been demonstrated,
the intrinsically poor oxidation stability of the CuUNW has
been posed as the most critical drawback for its viable
use.3* Several proof-of-concept strategies have been sug-
gested to address this issue. These include introducing
inorganic encapsulation layers, for example, Ni or Ag, on
the surface of individual CuNWSs,>*~32 and additional
overcoating layers, for example, graphene oxide, on an
as-deposited CuNW network**° In one other ap-
proach, for example, Gao et al. recently reported that
embedding a CuNW network on the surface of a
polyacrylate can effectively improve the oxidation
stability,*’ similar attempts have been made with
AgNW and polymeric matrices such as poly(vinyl
alcohol) and acrylate blends.”®'>"®

Herein, we report a highly oxidation-resistant,
high-performance CuNW TCE/film platform (CuUNW—
GFRHybrimer film). The CUNW—GFRHybrimer film fea-
tures a CuUNW TCE that is monolithically embedded
on the surface of a transparent glass-fabric reinforced
plastic (GFRHybrimer) film.*? The resulting composite
structure allows simultaneously an exceptional oxida-
tion stability (14 d at 80 °C), a smooth surface topo-
graphy (Rims <2 nm), and tight anchoring of the CUNW
TCE on the surface of the base film. In addition, the use
of high-performance reinforced plastic film (the base
GFRHybrimer film) can offer overall structural integrity
allowing excellent thermal/dimensional stability and flex-
ibility of the final CUNW—GFRHybrimer film. For the first
time, we demonstrate the fabrication of a flexible organic
light emitting diode (OLED) device using high-perfor-
mance CuNW—GFHybrimer film as a TCE/film platform.

RESULTS AND DISCUSSION

As illustrated in Figure 1,a CuUNW—GFRHybrimer film
is produced by transferring a CUNW network, which is
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preformed on a donor glass, onto the surface of a
base GFRHybrimer film via a vacuum-bag molding
process, a typical fabrication setup for producing
fiber-composite sheets. The CuNW used in this study
is synthesized using a hydrazine-free method (Method
section). Transmission electron microscopy (TEM) and
X-ray diffraction (XRD) analyses of the CuNW confirm
successful synthesis of the crystalline CUNW, showing
characteristic diffraction patterns assigned to (111),
(200), and (220) planes of the crystalline CuNW
(Supporting Information, Figure S1). The average
length and diameter of the CuNW are determined
using multiple scanning electron microscopy (SEM)
images (Supporting Information, Figure S2); average
length and diameter values are found to be 35 um
and 50 nm, respectively.

The preformed CuNW network is coated on a donor
glass substrate by both spray-deposition and vacuum
filtration (Figure 1a). The spray deposition method is
used for OLED fabrication because this process allows
the formation of electrode patterns with the aid of a
shadow mask. Otherwise, the vacuum filtration meth-
od is employed because it renders a CUNW network of
higher purity. Prior to the CUNW deposition, the donor
glass is surface-treated with octadecyltrichlorosilane
to facilitate the release of the CUNW network in the
subsequent transfer process. The preformed CuNW
network is then annealed at 200 °C for 1 h under H,
atmosphere (20% of H, and 80% of N,). This annealing
process allows effective reduction of the initial high
junction resistance of the CuNW network, which is
possibly caused by organic residues and/or a thin oxide
layer (Supporting Information, Table 51).32

As schematically depicted in Figure 1c, the pre-
formed CuNW network on the first donor glass (i) is
brought into contact and compressed with the glass-
fabric cloths impregnated with the matrix resin on the
second donor glass (ii); this is followed by vacuum-
bag molding and UV-curing (iii). During this process,
the CuNW network is fully wetted and encased by
the matrix resin, which allows the neat transfer of the
CuNW network to the base film after UV-curing."'
The matrix is a transparent resin blend consisting
of cycloaliphatic epoxy oligosiloxanes (CAEO) and bis-
[1-ethyl(3-oxetanyl)Imethyl ether (DOX) as a functional
cross-linker (Figure 1b). UV-curing of this CAEO/DOX
blend renders a highly cross-linked hybrid thermoset
that confers excellent thermal stability and oxida-
tion resistance to the CuNW—GFRHybrimer film.*®
Finally, separation of the two donor glasses (iv) results
in a transparent freestanding CuNW—GFRHybrimer
film of which the thickness is ca. 60 um (Figure 1d).
The monolithic composite structure of the CuNW—
GFRHybrimer film allows a tight encapsulation of
the CuNW TCE with minimal out-of-plane exposure
for electrical conduction, resulting in an excep-
tionally smooth surface topography (Rims < 2 nm and
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Figure 1. Fabrication of CUNW—GFRHybrimer film. (a) Preparation of a preformed CuNW network for transfer via spray-
deposition or vacuum filtration. (b) A photograph of the matrix resin and chemical structures of the constituent CAEO
(cycloaliphatic epoxy oligosiloxane) and DOX (bis[1-ethyl(3-oxetanyl)]methyl ether). (c) Fabrication procedure of CUNW—
GFRHybrimer film. (d) A photograph of CUNW—GFRHybrimer film. The scale bar is 3 cm. (e) A surface SEM image of the
CuNW-—GFRHybrimer film, showing a monolithically embedded CuNW network on the base glass-fiber reinforced plastic film.
The scale bar is 10 um. (f) A topographic AFM image of CuNW—GFRHybrimer film. The right graph shows the contour profile of
embedded CuNWs along the dashed line from the AFM image. The R,,,s and peak-to-peak values are 2 and 16 nm, respectively

(the scale bar is 2.5 um).

maximum peak-to-peak value of ~16 nm) of the 1000 5? 1?0 1?0 2"30 10
embedded CuNW TCE (Figure 1e, 1f and Supporting —=—ITOIPEN
Information, Figure S3). S wl _—

The mechanical durability of the TCE/film platform is <] / ,
of great importance in flexible optoelectronic devices. § 60 | i/;/!—i/! 1"
The bending test of the CUNW—GFRHybrimer film (R, = .g —=— CuNW-GFRHybrimer
35 Q sq ') was evaluated using a lab-made bending o 4
test tool (Figure 2). The CuNW—GFRHybrimer film -;,:
tolerates 10*-times of bending cycles (bending radius .% 2
of 5 mm) without any sign of mechanical failure while

maintaining stability of electrical conduction, confirm-
ing the robust structural integrity of the CUNW—GFRHy-
brimer film. In contrast, the sheet resistance of the
ITO deposited on the PEN (reference specimen, Ry, =
15 Q sq ") sharply increased during the bending test.
The opto-electrical property of TCE is a pivotal figure
of merit that determines the overall performance of
a TCE. The total optical transmittance at 550 nm (Ty,) of
CuNW—GFRHybrimer films with varying sheet resis-
tance (Ryp,) values are measured using a UV—vis spec-
trometer with ambient air baseline setting. This Ty
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Figure 2. Bending test results of a CuNW—GFRHybrimer
film (R, = 35 Q sq”) and a reference ITO/PEN film (R, =
15Qsq ). Top and right axes are for the ITO/PEN (the inset
represents the experimental setup for the bending test;
bending radius is 5 mm).

measurement with ambient air baseline setting gives
the actual transmittance of a TCE/film platform and
thus is of practical relevance. Figure 3 displays a plot of
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Tiot versus Ry, for CUNW—GFRHybrimer films, where
reference data sets from a number of recently reported
CuNW TCEs are included for comparison (not all of
the reference data sets are obtained with ambient
air baseline setting, which may preclude explicit com-
parison).?6287303241 oyr CUNW—GFRHybrimer films
show excellent opto-electrical performance, for exam-
ple, Ry = 25 Q sq ' and T = 82% (Supporting
Information, Table S2). It is worthwhile to note that
the opto-electrical performances of the CUNW—GFR-
Hybrimer films are comparable to or even, to some
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Figure 3. A plot of total optical transmittance at 550 nm
(Teor) as a function of sheet resistance (Ry;,) for CUNW—GFR-
Hybrimer films and several current state-of-art CuNW TCEs.
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extent, superior to those of the current state-of-the-
art CUNW TCEs of nonembedded type. The excellent
opto-electrical performance of CuNW—GFRHybrimer
film can be attributed to the improved contacts at the
CuNW junctions, provided by the highly cross-linked
rigid matrix."" For typical metal NW TCEs, the per-
colative figure of merit (IT) is often used to determine
the opto-electrical performance; the I value can be
calculated using the following equation:>®

1+1 Z 1/(n+1] 2
IT\ Ryy

where T is the optical transmittance, Z, is the impe-
dance of free space (377 ), and n is the percolation
exponent. The higher IT and the smaller n are, the
better the opto-electrical performance of a metal NW
TCE will be. From Figure 3, the ITand the n values of the
CuNW—GFRHybrimer film are 35 and 1, respectively.
Copper is prone to oxidation even at room tempera-
ture. The intrinsically poor oxidation resistance of
CuNW has been regarded as the most critical draw-
back for this material's viable use as a flexible TCE. To
highlight the superior thermal-oxidation stability of the
CuNW-—GFRHybrimer film, a series of thermal aging
tests are performed (Figure 4). A CUNW—GFRHybrimer
film Ry, = 32 Q sq ') is annealed on a hot-plate to
170 °C with a ramp rate of 5 °C min~; the Ry, of the film
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Figure 4. Thermal and oxidation stability of the CuUNW—GFRHybrimer film. (a) A plot of normalized Ry, change (R — Ro/R,) vs
temperature (the inset scheme shows the experimental setup). Note that CuNW—GFRHybrimer film shows superior oxidation
stability to the reference CUNW on glass. A surface SEM image, taken at 140 °C temperature point, of (b) the reference CUNW
on glass showing oxidized CuNW and (c) the CuNW—GFRHybrimer film showing no signature of oxidation. The scale bars are
1 um. (d, e) A plot of R, vs annealing period for the CUNW—GFRHybrimer film at 80 and 100 °C, respectively.
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Figure 5. Demonstration of a flexible OLED on CuNW—GFRHybrimer film. (a) Device structure for the OLED. A photograph of
the OLED device operating at (b) flat state (the dashed boxes show the patterned CuNW electrode directly produced by the
transfer process) and (c) flexed state. The scale bar is 1 cm. (d) A plot of current density vs voltage (J—V). (e) A plot of luminance
vs voltage (L—V). A reference OLED device on ITO/glass is tested for comparison.

is measured every minute (Figure 4a). For comparison,
a reference sample of CUNW coated on a glass sub-
strate Ry, = 34 Q sq ") is also tested. Two separate
electrical outlets are formed on each sample with silver
paste for the in situ Ry, measurement. It should be
noted that Ry, of the reference CuNW on the glass
substrate begins to increase catastrophically at 115 °C
while the CUNW—GFRHybrimer film retains its initial
Rsn even until 145 °C. Surface SEM analyses of the two
samples taken at the 140 °C temperature point reveal a
clear signature of thermal-oxidation for the CUNW on
glass substrate and no distinct indication of thermal-
oxidation for the CUNW—GFRHybrimer film (Figure 4
panels b and ¢, respectively). In the following experiment,
the oxidation stability of the CuNW-—GFRHybrimer
film is further investigated. A CUNW—GFRHybrimer film
(Rp = 18 Q sq™") and reference samples of CuNW
on glass substrate (Ry, = 18 Q sq~ ') are oven-annealed
under ambient atmosphere at 80 and 100 °C (Figure 4
panels d and e, respectively). It should be noted that R,
of the CuNW—GFRHybrimer film shows no significant
change after a 14 d aging period at 80 °C. The electrical
performance of CUNW—GFRHybrimer film is even stable
until 8 h at 100 °C. In sharp contrast, the reference
samples show immediate degradation of electrical
performance at both 80 and 100 °C. The outstanding
oxidation stability of the CUNW—GFRHybrimer film can
be attributed to the structural morphology of the CUNW
network. That is, monolithically embedded CuNW allows
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an optimal encapsulation of the CuNW network by
the thermal-insulating matrix,** while providing minimal
surface opening of CuNW for electrical conduction
(Supporting Information, Figure S3).

The potential suitability of CUNW—GFRHybrimer film
as a flexible TCE platform is demonstrated by fabricating
an actual optoelectronic device (Figure 5). A solution-
processed OLED with a typical bottom-emissive device
structure is fabricated on a CuUNW—GFRHybrimer film
(Rsh = 21 Q sq ' and Ty = 80%) (Figure 5a). Further
details about the materials and fabrication procedures
are described in the Method section. A windmill-shaped
electrode pattern is produced on the CuNW—GFRHy-
brimer film by directly transferring a CuNW network
identically predefined on a donor glass using a mask-
assisted spray-deposition of CUNW solution (the dashed
boxes shown in Figure 5b). This approach enables direct
patterning of CUNW network into a desired geometry
for the purpose of device interconnections.** The fabri-
cated OLED device exhibits a stable operation even in
a flexed state (Figure 5c). The characteristic current
density—voltage (J—V) and luminance—voltage (L—V)
curves of the OLED device and of a reference device
fabricated on ITO/glass (sputtered ITO on glass
substrate) (Ry, = 15 Q sq ' and T = 85%) are shown
in Figure 4 panels d and e, respectively. Although
the OLED fabricated on the CuNW—GFRHybrimer film
shows a small leakage current below 5 V in the J—V
plot, both devices exhibit comparable performances.
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This current leakage might possibly be due to interfacial
defects at the CUNW/PEDOT:PSS interface which may
have been created during the spin-coating of the
hygroscopic PEDOT:PSS solution.>? To the best of our
knowledge, this is the first time that a flexible OLED
device has been demonstrated using a CUNW TCE/film
platform. On the basis of our results, we expect that
CuNW—GFRHybrimer film can be a promising high-
performance CuNW TCE/film platform for the fabrica-
tion of various flexible optoelectronics.

CONCLUSION

We have fabricated a flexible high-performance
CuNW TCE/film platform (CuNW—GFRHybrimer film)
that is suitable for flexible optoelectronic applications.
The CuNW—GFRHybrimer film features a monolithically

METHODS

Synthesis of CuNW. Copper chloride (Sigma-Aldrich, 0.17 g)
and glucose (Sigma-Aldrich, 0.1 g) were dissolved in 80 mL
of distilled water. Hexadecylamine (Sigma-Aldrich, 1.44 g) was
added to the solution slowly and mixed for 12 h with a magnetic
stirrer. A light blue solution was then obtained, and the solution
was placed in a Teflon-lined stainless steel autoclave. Without
further stirring, the heating process was performed for 24 h at
120 °C. As a result, a reddish brown solution was obtained after
the mixture was cooled to room temperature. The solution was
then centrifuged (2000 rpm) for washing with distilled water,
ethanol, and n-hexane, which was repeated for several times to
remove the excess surfactant. The final product was then keptin
n-hexane to avoid oxidation of the CUNW.

Deposition of CuNW on a Donor Glass and Postannealing Process.
CuNW is deposited on a target substrate by two methods;
vacuum filtration and spray deposition. For the vacuum filtra-
tion method, CuNWs dispersed in ethanol are filtered using
a nylon membrane filter (0.2 um pore, 47 mm-diameter). The
filter was directly faced with a target substrate, and the CUNWs
were transferred by using a compressor (only a few second of
compressing is enough for the completion of transfer). For a
large-scale deposition (10 x 10 cm?) and electrode patterning,
a CuNW solution (in ethanol) was sprayed using an automated
spray-coater. The back pressure (N,) was 0.1 MPa, and the flow
rate of the CUNW solution was 3 mL min~". The nozzle-to-
substrate distance was fixed to 13 cm, and the nozzle scan
speed was 4000 in. min~". Temperature of the donor glass
substrate was kept at 100 °C for an immediate solvent evapora-
tion, and humidity in the spraying booth was maintained
at 30%. Under the above specific conditions, for example, a
CuNW network of 10 x 10 cm?in size and of 21 Q sq~ ' in sheet
resistance could be prepared within a time frame of 1 min.
(about five spraying cycles). Finally, the preformed CuNW on
the donor glass was annealed using a tube furnace under H,
atmosphere for 1 h at 200 °C.

Characterization. The sheet resistance (Rs,) was measured
using a 4-point probe sheet resistance meter, and the measured
Rsh values were also cross-checked using a multimeter. The SEM
and TEM images were obtained using a scanning electron
microscope (s4800, HITACHI) and a transmission electron
microscope (Tecnai TF30 ST, FEl), respectively. XRD analysis
was conducted using a multipurpose high power X-ray diffract-
ometer (Rigaju, D/Max-2500). An atomic force microscopy
(AFM) image was obtained using a scanning probe microscope
(XE-100, Park systems).

OLED Fabrication. A 50 nm-thick PEDOT:PSS (Heraeus, PH-1000)
was formed on the CUNW—GFRHybrimer by spin-coating and
then preannealed at 120 °C on a hot-plate for 20 s. Subsequently,

embedded CuNW TCE on a high-performance fiber-
reinforced transparent plastic film. The CUNW—GFRHy-
brimer film exhibited excellent opto-electrical perfor-
mance (Rs, = 25 Q sq ' and T = 82%) comparable to
those of recent state-of-the-art CUNW TCEs, with super-
ior mechanical flexibility. In particular, the monolithic
hybrid structure enabled simultaneously an outstand-
ing oxidation stability of the CUNW TCE and an excep-
tionally smooth surface topography. The potential
suitability of CUNW—GFRHybrimer film as a TCE/film
platform for flexible optoelectronics was here for
the first time demonstrated in the fabrication of a
typical OLED device. We believe that CUNW—GFRHy-
brimer film can be a promising candidate for the
replacement of ITO and AgNW TCEs in optoelectronic
applications.

the film was postannealed at 120 °C inert atmosphere for 5 min to
prevent oxidation of the CUNW TCE that may be caused by the
acidic and hygroscopic PEDOT:PSS solution. A 60 nm-thick yellow
light-emitting polymer (Merck, phenyl-substituted polypara-
phenylenevinylene “Super Yellow,” PDY-132) was spin-coated
with spin-rate of 2500 rpm for 30 s. The ZnO nanoparticle layer
(20 nm) was then spin-coated onto the emissive layer with a spin-
rate of 3000 rpm for 30 s. The ZnO nanoparticle solution was
synthesized by the method described by Beek et al.*® Finally, Al
electrodes (100 nm) were deposited using e-beam evaporation.
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