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ABSTRACT: We propose a fabrication process for extremely
robust and easily patternable silver nanowire (AgNW) electrodes
on paper. Using an auxiliary donor layer and a simple laminating
process, AgNWs can be easily transferred to copy paper as well as
various other substrates using a dry process. Intercalating a
polymeric binder between the AgNWs and the substrate through a
simple printing technique enhances adhesion, not only guaranteeing high foldability of the electrodes, but also facilitating selective
patterning of the AgNWs. Using the proposed process, extremely
crease-tolerant electronics based on copy paper can be fabricated, such as a printed circuit board for a 7-segment display, portable
heater, and capacitive touch sensor, demonstrating the applicability of the AgNWs-based electrodes to paper electronics.
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■

INTRODUCTION
Developing inexpensive, renewable, and eco-friendly substrates
for electronic devices has become increasingly important.
Paper, which meets these requirements and has also lightweight
and foldable characteristic, is being focused as a great candidate
to replace plastic substrates for portable and 3D-structured
electronics, but only if electronics can be integrated with it
seamlessly.1−4
The most important requirement for paper-based electronics
is that electrodes should be able to endure high tension,
because tensile and compressive stresses are concentrated at
folded joints, cracking electrodes subjected to repeated folding
and causing a loss of conduction. As thin metal ﬁlms cannot
endure severe repeated mechanical stress, they may not be
appropriate for foldable electronics requiring an alternative
structure.5 Nanoscale materials such as silver nanowires
(AgNWs) have been considered as an alternative for creating
robust electrodes, because they can survive high strain upon
folding and also possess excellent optoelectrical performance.6−10
Forming a robust AgNWs network on paper, however, poses
challenges. The ﬁrst issue is the poor adhesion between
AgNWs and paper, which must be improved so that they can
endure high strain without rupture or exfoliation.11 Various
techniques have been introduced to increase the adhesion
between AgNWs and substrates, such as inserting an adhesion
promoter between the AgNWs and the substrate, overcoating
the protective layer on the AgNWs, and embedding the
AgNWs into polymer.1,12−15 However, novel techniques still
need to be developed that will not damage paper that is
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vulnerable to solvent wetting. Another proposed option is
introducing a nanopaper substrate to enhance the adhesion and
foldability of AgNW electrodes.16−19 The adhesion between
AgNWs and nanopaper substrate can be enhanced by abundant
free hydroxyl groups on nanocellulose surface, which
contributes to higher adhesion force. However, preparing
such nanopaper may require complex annealing, pressing
processes, and therefore, higher cost. Therefore, a versatile
fabrication process that can broaden the selection of substrate
even to copy paper while increasing the adhesion between
AgNWs and substrates is needed.
High lateral resolution patterning of AgNW electrodes under
1 mm is another essential issue for developing various types of
electronics, such as touchscreens, printed circuit boards
(PCBs), and radio frequency identiﬁcation (RFID) devices.4
Wet etching with photolithography, laser scribing, spraying with
shadow masks, and direct writing of AgNW ink are common
choices for patterning AgNWs network.20−30 However, photolithography potentially possesses expensive process, and laser
scribing can overheat the substrate, while spraying and direct
writing cause direct solvent contact that can damage or wet a
paper substrate.
In this report, we propose a simple fabrication process for
AgNW electrodes on a copy paper substrate, permitting strong
adhesion and micrometer scale patterns without causing
substrate damage. The AgNW network is dry-transferred
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Figure 1. (a) Schematic illustration of a dry transfer process for AgNWs. (i) Spraying the AgNWs on the substrate; (ii) ﬂoating the AgNWs by
immersing the reduced AgNW/substrate sample in water; (iii) lifting the AgNWs with hydrophobic ﬁlm; (iv) AgNW/hydrophobic ﬁlm is laminated
with pattern-printed target substrate and the AgNW network is transferred onto the target substrate. (b) Dry transfer of AgNWs to paper, glass, PET,
PI, and PDMS. (c) Force−displacement curves of a 90° peel test; dry-transferred AgNWs to Teﬂon and paper. (d) Venn diagram of AgNW circles
on PDMS, showing the additive coating for the AgNW network. The numbers marked are sheet resistance levels. The inset microscope image shows
AgNWs are clearly overlapped. Scale bars for (d) and inset are 10 mm and 100 μm, respectively.

AgNWs onto various substrates in a dry way is ﬁrst
demonstrated.
The requirement for successful transfer of material A (e.g., an
AgNW network) from substrate B (e.g., Teﬂon) to target
substrate C can be expressed as EAC > EAB, where EAB and EAC
stand respectively for the interfacial binding energy (J/mm2)
between materials A and B and materials A and C.34 In order to
evaluate the adhesion energy between the layers, a 90° peel test
was conducted, as shown in Figures 1c and S2. Peel strength, or
fracture energy, was determined from the peel test as a measure
of interfacial binding energy.35 AgNWs perfectly detached from
Teﬂon with a peel strength of approximately 0 N/mm
(immeasurable), while dry-transferred AgNWs on paper
detached at 0.013 N/mm. These quantitative results verify
the easy transfer of AgNWs from Teﬂon to paper. In initial
stage, zero load is measured until tape is tightened.
Subsequently, higher load is often observed when the peeling
conﬁguration stabilizes and the delamination of a target ﬁlm is
initiated. In the case of Figure 1c (AgNWs on Teﬂon), the front
3 mm of the tape was directly attached to the substrate to
maintain a stable test setup because the AgNW-Teﬂon
adhesion was too weak. To exclude these experimental eﬀects,
the data after the initial peak is used when calculating the peel
strength as noted by international test standards. (ASTM
D6862, ASTM D1876)
Scanning electron microscope (SEM) images (Figure S3)
reveal that the AgNWs were properly transferred to various
substrates. This included hydrophobic surfaces such as PDMS,
where an AgNW network could not be uniformly deposited by
a spraying or spin-coating process because of low surface
energy that would prevents the uniform deposition of AgNWs
solution, causing aggregation of the AgNWs without proper
surface treatment. The favorable transfer (100% yield) of
AgNWs from Teﬂon to PDMS may be attributed to the higher
peel strength of AgNWs on PDMS (0.003 N/mm) than that of
AgNWs on Teﬂon. (Figure S4) Furthermore, utilizing the
proposed process, ordinary copy paper can also be a target

onto a paper substrate with the aid of an auxiliary hydrophobic
ﬁlm and a simple lamination process. A desired patterned toner
layer printed on target substrate prior to transfer using a laser
printer plays the role of smoothing and adhesion-promoting
layer as well as selective embedding layer for AgNWs,
facilitating below 200 μm resolution patterning of AgNWs
electrodes. AgNWs with improved substrate adhesion demonstrate excellent robustness when subjected to repeated folding
and twisting stresses. The proposed process enables the
fabrication of extremely crease-tolerant electronics based on
copy paper, including 7-segment display circuits, portable
heaters, and capacitive touch sensors.

■

RESULTS AND DISCUSSION
Dry Transfer Process. Dry Transfer of AgNWs on Various
Substrates. First, sprayed AgNWs network on a glass substrate
(Figure 1a,i) is chemically reduced to fuse junctions between
nanowires, yielding not only high opto-electrical performance
but also enhanced air stability.31The reduced AgNWs network
is then immersed in water, and the AgNWs network exfoliates
from the substrate and ﬂoats because the adhesion force
between the AgNWs and the substrate is lowered by
byproducts generated during reduction (Figure 1a,ii).31
Compared to other water ﬂoating methods, our novel method
does not need any additional post-treatments for fusing
junctions.32,33 After lifting the ﬂoated AgNWs with a
hydrophobic ﬁlm, such as Teﬂon, the network can be laid on
a ﬁlm with very low adhesion force (Figure 1a,iii). The ﬁlm can
then act as a versatile donor substrate to transfer the AgNW
network to various target substrates. After laminating the
AgNW/hydrophobic ﬁlm with a target substrate under mild
heating (Figure 1a,iv), the AgNWs are easily transferred to
target substrates such as glass, polyimide (PI), polyethylene
terephthalate (PET), polydimethylsiloxane (PDMS), and even
copy paper using a dry process as shown in Figure 1b and the
S1. To the best of our knowledge, transferring the water-ﬂoated
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substrate for the AgNW network, without resulting in damage
or wetting.
Verifying Perfect Transfer and Enhanced Sheet Resistance
and Stability of AgNWs. To conﬁrm the perfect transfer
process for AgNWs, the sheet resistance of AgNWs was
measured before and after transfer. Figure S5 shows that the
sheet resistance of AgNW electrodes did not change after the
dry transfer process, implying that the AgNWs network
remained intact. Even on hydrophobic surfaces, AgNWs
network can be uniformly transferred without damage. In
addition, because the junctions were fully fused by the initial
reduction process, the transferred AgNWs did not require
additional post treatments to lower contact resistance and
enhance environmental stability, as shown in Figures S5 and S6.
The proposed dry transfer process can also be easily
manipulated, allowing the selective additive coating of
AgNWs. Figure 1d shows the Venn diagram for AgNWs
transferred to PDMS. The sheet resistance of each AgNWs
circle is 2.3 Ω/□, while the parts overlapping two and three
circles are 1.1 Ω/□ and 0.6 Ω/□, respectively, showing that
the sheet resistance of AgNWs can be tuned by way of selective
transfer of the AgNW network.
Intercalating Adhesion Promoter between AgNWs
and Substrate. AgNWs Embedded in Printed Pattern on
Paper Using Dry Transfer. The tolerance of mechanical strain
in thin ﬁlms can be enhanced by reinforcing the adhesion
between the ﬁlm and the substrate, because then the thin ﬁlm
can be stretched uniformly without localized strain or
delamination.36 Likewise, the AgNW electrodes in robust
paper-based electronics should be tightly bounded onto their
substrates so they are not damaged by strain at folded joints.
Until now, AgNW networks formed by conventional methods,
led to weak adhesion to the substrate, allowing the AgNWs to
become exfoliated and cracked due to folding. Here we
introduce a simple printing method for enhancing adhesion
between AgNWs and a substrate. Toner containing a polymer
binder can be simply printed on a substrate using an oﬃce laser
jet printer. Because toner covers copy paper smoothly, the
surface morphology is ﬂattened, ﬁlling the pores between paper
ﬁbers (Figure S7). In addition, printed toner strongly adheres
to paper, showing its potential as adhesion promoter (Figure
S8). Subsequently, the AgNWs are dry-transferred to the tonerprinted substrate via roll lamination with mild heating. The
toner becomes temporarily softened at its own glass transition
temperature (typically, 50−80 °C), so the AgNWs can be
embedded into the toner; the toner and AgNWs harden again
when the sample is returned to room temperature. Top and
cross-sectional SEM images demonstrate that this process
causes the AgNWs to be well-embedded in the toner (Figure
2a,b and S7).
The AgNWs embedded in toner were strongly bonded to the
substrate, showing no detachment in the peel test; no sheet
resistance diﬀerence was measured in the AgNWs before and
after peeling. The measured peel strength of toner embedded
AgNWs on paper was 0.078 N/mm (Figure S9a), which was
much higher than that of dry-transferred AgNWs on paper
without toner (0.013 N/mm). In contrast, AgNWs sprayed on
paper were easily detached at a very low peel strength of 0.001
N/mm, showing the weak adhesion of AgNWs on paper
(Figure S9b). Furthermore, AgNWs with overcoated graphene
oxide (GO) (a useful method for enhancing adhesion between
AgNWs and a substrate) also completely detach from paper,

Figure 2. (a) Top view and (b) cross-sectional SEM images of AgNWs
embedded in toner on paper. Toner is colored red in (b). Scale bars
for (a) and (b) are 2 μm and 500 nm, respectively. (c) Peel strength of
AgNW network on paper formed by various methods. (d) Resistance
change of Ag metal ﬁlm and AgNWs with and without toner on paper
after repeated folding. Inset is a photograph of a folded electrode; scale
bar of inset is 10 mm. SEM images of dry transferred AgNWs on paper
(e) without and (f) with toner upon folding. AgNWs without toner are
torn and exfoliated at the fold joint, while AgNWs on toner tolerate
the strain. The AgNW network is blue and the paper red colored. The
scale bars for (e) and (f) are 500 μm.

demonstrating weak adhesion (Figure S9c).1 The peel strength
result here is summarized in Figure 2c.
To verify the mechanical stability of adhesion-promoted
AgNWs, a repeated folding test was performed. Figure 2d
shows the test results of folding metal thin ﬁlm evaporated on
copy paper, as well as AgNWs transferred to copy paper with
and without toner. Each ﬁlm on paper is completely folded, as
shown in the inset of Figure 2d, and the resistance change of
the electrode is measured over the folding cycles. After folding
the electrode 5 times, the resistance of evaporated metal ﬁlm
sharply increased, indicating failure to survive high strain in the
folded areas. AgNWs transferred to paper without toner also
became detached and cracked at fold joints after 20 cycles, due
to rupture of the paper and weak adhesion between it and the
AgNWs.11 Figure 2e shows the cracked and exfoliated AgNW
network at a folded joint (AgNWs are blue and the paper is
brown). In contrast, the resistance of AgNWs embedded in
toner showed less than a 2-fold increase even after 1000
repetitions of concave and convex folding, without exfoliation.
The strain on the top surface of a two-layer ﬁlm surface can
be calculated by eq 137
⎛ d + ds ⎞ (1 + 2η + χη2)
⎟
εtop = ⎜ f
⎝ 2R ⎠ (1 + η)(1 + χη)

(1)

where f and s stand for ﬁlm and substrate, respectively, R is the
bending radius, and η = df/ds and χ = Yf/Ys, where d is the
thickness and Y is Young’s modulus. Because the thickness of
AgNWs is much smaller than that of paper, εtop can be
approximated by ds/2R. If the bending radius is 500 μm (see
Figures 2e,f and S10) and the thickness of copy paper is 100
μm, εtop is 10%. Because the Young’s modulus of toner and
paper is similar and the thickness of the toner (4 μm) is much
smaller than that of the paper, the strain on top of the AgNW
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Figure 3. (a) Schematic illustration and photographs of selective patterning process for AgNWs. (i) Before and (ii) after dry transfer of AgNWs to
paper printed with a ﬂower pattern; (iii) after PDMS stamping. b) Illustration of line pads printed by an oﬃce printer. Optical microscope images (c)
before and (d) after dry-transferring AgNWs to pattern-printed paper. Scale bars of (c) and (d) are 100 μm.

Figure 4. (a) Bottom and (b) top view of paper-based PCB for a 7-segment display. Operational PCB circuit (c) under extreme folding and (d)
creasing conditions. Insets of (c) and (d) are 3D-structured and spread paper-based PCBs, respectively. (e) Paper-based heater and its infrared
image, before and after voltage application. (f) Operational paper-based heater after folding and unfolding. Scale bars for (e) and (f) are 2 cm. (g)
Photograph of portable heater operated by batteries and its infrared images after turning on the heater. (h) Capacitive response to ﬁnger touch as a
function of measuring time. Insets: touching the sensor using an index ﬁnger. (i) Capacitive response distribution of a touch sensor with a small
metallic ball on (4, 3) pixel. Inset is photograph of the touch sensor with metallic ball. Scale bar of inset is 2 cm. (j) Capacitive response as a function
of measuring time before and after a folding/unfolding cycle. On and oﬀ state stands for putting and removing the metallic ball on the pixel,
respectively. Inset is photograph of folded touch sensor.

ﬁlm with toner is similar to that found without toner.38,39
(Figure S11) The reason for the higher foldability of AgNWs
embedded in toner despite the similar strain levels can be
ascribed to enhanced adhesion. An SEM image conﬁrms that
the AgNWs embedded in toner still have conducting paths
when folded because of the high adhesion between AgNWembedded toner and paper (Figures 2f and S12).

Selective Patterning of AgNWs. The AgNWs transferred to
paper without toner exhibit very weak adhesion, while those
embedded in toner are strongly bound to the substrate. Finely
selective patterning of AgNWs can thus be realized by simply
printing the pattern using a laser printer. First, the AgNWs are
dry-transferred to the desired pattern-printed paper. AgNWs
without toner can then be easily detached from the substrate
19034
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were embedded in four-lined circuit arrays printed perpendicularly on both the front and back sides of paper, forming a 4 ×
4 array conﬁguration with each pixelated sensor having an area
of 13 mm2. Figure S20 illustrates the working principle of the
paper-based capacitive touch sensor. The capacitance change in
response to the gentle touch of a human ﬁnger was clearly
observed, as seen in Figure 4h, showing the on/oﬀ touch
sensing capability of the device.
To investigate crosstalk in the sensor array, a small metallic
ball was placed on one pixel of the sensor array, and capacitance
responses were measured at each pixel (inset of Figure 4i). The
2D mapping result of the capacitance response to the metallic
ball is presented in Figure 4i, showing the capacitance change at
the touched pixel with negligible crosstalk signals at other
pixels. The paper-based capacitive touch sensor also exhibited
excellent mechanical stability against folding, as shown in
Figure 4j and inset. Even after 100 folding cycles, the capacitive
response remained intact.

through a process such as swabbing, taping, or stamping with
polymer. For example, if a sticky material like PDMS is stamped
onto AgNW-transferred paper, AgNWs on printed areas
remain, while the AgNWs on unprinted areas become detached.
Figure 3a,i-ii illustrate the pattern-printing and dry-transferring
process. Figure 3a,iii shows the detachment process, demonstrating selective patterning in that the dry-transferred AgNWs
remain only on the ﬂower pattern with the simple stamping
process. No AgNWs were observed on paper without toner
after stamping (Figure S13).
To conﬁrm the conduction of the patterned AgNWs on
toner, line pads were printed and AgNWs transferred to them
(Figure 3b-d). The patterning resolution can be investigated by
measuring the conduction from 1 to 2 and 2 to 3; if the
conduction from 1 to 2 is secured without crosstalk from 2 to 3,
the patterning resolution can be guaranteed. From the
experiment, a minimum line spacing of 91 μm and line width
of 124 μm were obtained (Figure S14). Note that the
resolution of the pattern can be determined by that of the
printer, suggesting that resolution can be enhanced by
increasing the printer’s resolution performance. As shown in
optical microscope images before (Figure 3c) and after (Figure
3d) dry transfer to a patterned line, the proposed process
results in AgNWs transferred properly and with ﬁne patterns.
The AgNW-embedded toner layer can also be transferred to
3D objects using a water-soluble layer. As shown in Figure S15,
both AgNWs and the toner layer are ﬂoated on water and
transferred to a glass vial. After a simple drying process, the
transferred patterns adhered to the vial ﬁrmly; even taping or
swabbing would not detach the AgNW/toner layer from the
substrate (Movie S1).
Device Application. Paper-Based Printed Circuit Board
Using AgNWs. To demonstrate the proposed process for
fabricating AgNW electrodes on a copy paper substrate, a 7segment circuit was designed and printed using an oﬃce laser
printer (Figure S16), and AgNWs were dry-transferred to this
printed pattern as explained above. On the AgNW-embedded
PCB, a decoder, switch, resistors, and a 7-segment display were
connected, illustrating the functionality of a paper-based AgNW
PCB (Figures 4a,b and S17). Figure 4c shows the AgNW-based
PCB operating well even while being deformed by ﬁnger
pressure, demonstrating that AgNW-embedded toner electrodes have extreme foldability. By folding the wiring part, an 3D
structure was also realized and only display part can be shown
on top (inset of Figure 4c). Even after creasing or repeated
folding, the PCB worked without any disconnections or failures
(Figure 4d and Movie S2).
Paper-Based Portable Heater. A portable paper-based
heater was also fabricated using the proposed process. The
temperature of the heater was increased up to 90 °C at 3 V
(Figure 4e) with uniform heating. Even after folding and
unfolding, the paper-based heater operated well (Figure 4f). To
demonstrate the portable heater, a water-ﬁlled bottle was placed
on the heater connected to 2 AA batteries connected (3 V).
The temperature of water in the bottle was 20 °C before
heating commenced. After the heater was turned on, the
temperature of the water in the bottle increased to 32 °C
(Figure 4g). A letter-shaped heater was also demonstrated and
operated, illustrating the potential for fabrication of patterned
heaters (Figure S18).
Paper-Based Capacitive Touch Sensor. Finally, we
illustrated the ability to fabricate a foldable paper-based
capacitive touch sensor. As shown in Figure S19, AgNWs

■

CONCLUSION
AgNW electrodes were fabricated utilizing a simple printing
and transfer process, resulting in strong adhesion and high
patterning resolution on a copy paper substrate. The patterned
toner was simply applied to the paper by a laser printer, which
also enhanced the ﬂatness of the paper surface. With a dry
transfer technique, AgNWs were embedded in toner and
transferred to a pattern-printed copy paper substrate without
becoming wet or causing substrate damage. The AgNWs
embedded in toner showed greatly enhanced adhesion to copy
paper, allowing extreme foldability of the electrodes. Exploiting
the enhanced adhesion of AgNWs with toner on paper allowed
AgNWs to be selectively patterned with micrometer scale
resolution. With the proposed fabrication process, a robust 7segment display circuit, heater, and touch sensor were
fabricated on copy paper, which operated consistently even
after repeated extreme folding and creasing.

■

EXPERIMENTAL PROCEDURES

Sample Preparation. An AgNW electrode was fabricated by
spraying the AgNWs solution, synthesized by a modiﬁed polyol
process, using a lab-built spray system.3
Reduction of AgNWs. As-sprayed AgNWs were put into a beaker
with 1 mL of hydrazine hydrate solution (45% in DI water, SigmaAldrich) in a water bath heated at 80 °C.31 Then, the generated water
by a reduction process is formed between the AgNWs and substrate,
lowering the adhesion between AgNWs and the substrate. After 7 min,
samples were pulled out and soaked in water to ﬂoat the AgNWs.
Peeling Test. The 90° peel test was conducted using a high
precision mechanical testing machine composed of two linear stages in
Y-axis and Z-axis. A 12 mm wide tape (3 M 810D) was attached to the
top of the material, and detached at a 90° angle with a peeling speed of
1 mm/s. The sample moved along the Y-axis while the tape was
detached along the Z-axis at the same speed. The peel strength is
estimated by dividing the measured peeling force by the tape width
(12 mm).
Folding Test. Electrodes on copy paper (Double A 80G)
measuring 50 mm × 10 mm were fully folded and unfolded manually.
The resistance was measured by a multimeter in unfolded status.
Preparation of Paper-Based PCB. A circuit for operating the 7segment display was printed on copy paper using an oﬃce laser printer
(Canon LBP 6300dn). The toner (Canon Q2612A-AC-AD-AF-L)
consists of styrene acrylate copolymer (<55%), iron oxide (<50%),
and amorphous silica (<3%), and styrene acrylate copolymer may act
as a polymer binder. On the printed circuit, AgNWs were drytransferred by the lamination process at 80 °C. Each component was
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then connected to the AgNW embedded circuit using silver paste. The
7-segment display PCB was operated using a voltage of 5 V.
Transfer of AgNWs/Toner. A water-soluble layer (PEDOT:PSS)
was coated on PET and a toner pattern printed on it. AgNWs were
then dry-transferred to the pattern, and the AgNW pattern ﬂoated on
water by dipping the sample. Finally, the layer containing the AgNWs
and toner was scooped from the water with the target substrate and
annealed in an oven at 70 °C for 1 min.
Preparation of Paper-Based Heater. A rectangular pattern was
printed on copy paper, and AgNWs were dry-transferred to it. With a
biased voltage, the temperature of the heater was measured by infrared
camera (FLIR T400). To demonstrate the portable heater, two 1.5 V
batteries (Energizer LR6/2B) were connected in series.
Capacitive Touch Sensor Measurement. Circuit lines were
printed on both sides of copy paper perpendicularly, and AgNWs were
dry-transferred to both. The capacitance was measured by a precision
LCR meter (Agilent E4980A) at a frequency of 1 MHz.
Characterization. SEM images were acquired using ﬁeld-emission
scanning electron microscopy (FE-SEM, Nova230, FEI Co.) and sheet
resistance was measured with a 4-point probe sheet resistance meter.

■
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