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lution-processed flexible
transparent electrodes with a junction-free
electrospun nanofiber network†

Geon Hwee Kim,‡a Hyeonsu Woo, ‡a Suhyeon Kim,a Taechang An*c

and Geunbae Lim *ab

Flexible transparent electrodes (FTEs) are widely used in a variety of applications, including flexible displays

and wearable devices. Important factors in FTE design include active control of electrical sheet resistance,

optical transparency and mechanical flexibility. Because these factors are inversely proportional to one

another, it is essential to develop a technique that maintains flexibility while actively controlling the sheet

resistance and transparency for a variety of applications. This research presents a new method for

fabricating transparent electrodes on flexible polyimide films using electrospinning and copper

electroless deposition methods. A flat metal network-based electrode without contact resistance was

fabricated by heat treatment and electroless deposition onto the electrospun seed layer. The fabricated

FTEs exhibited a transparency exceeding 80% over the entire visible light range and a sheet resistance of

less than 10.0 U sq�1. Due to the heat treatment process, the adhesion between the metal network and

the substrate was superior to other electrospinning-based transparent electrodes. Applicable to the

large-area manufacturing process, the standard deviation of the network density of the fabricated large-

area FTE was about 1%. This study does not require the polymer casting technique and has further

advantages for mass production of electrodes and application to various fields.
Introduction

As modern electronic technologies have developed, transparent
lms with high electrical conductivity have become necessary.
Transparent conductive electrodes are used in displays,1,2 light-
emitting diodes (LEDs),3 touch screens,4,5 solar cells6 and other
devices. In addition to high optical transparency and electrical
conductivity, transparent electrodes also have important
advantages in terms of manufacturing costs, chemical and
thermal stability, and mechanical strength.7 In recent years, as
exible display technology has developed, the exibility of
electrodes has come to represent an important performance
indicator. Conventional transparent electrodes are mostly made
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using a transparent conductive oxide, where indium tin oxide
(ITO) is typically used. ITO-based transparent electrodes are
limited by their high cost, low optical permeability in the
ultraviolet region, and brittleness.8

To overcome the disadvantages of ITO transparent elec-
trodes, techniques for fabricating transparent electrodes using
graphene,9 carbon nanotubes (CNTs),10,11 metal nanowire
networks12,13 and conducting polymers14 have been studied.
Electrical conductivity was characterized by depositing the
conductive materials onto a transparent lm using chemical
vapor deposition,15 sputtering16 or spin coating.17 As a result, the
lms were more exible than ITO, but there were some issues;
the conductivity of the deposition method was lowered by the
contact resistance of the network junctions18 and the conductive
material did not strongly adhere to the transparent lm.
Therefore, it is necessary to fabricate an FTE with excellent
mechanical strength and high electrical conductivity. Recently,
there have been attempts to overcome the aforementioned
disadvantages by inserting a conductive material into the
polymer.19–21 The method of inserting the electrode inside
a transparent lm by coating the dissolved polymer onto
conductive material greatly increases the mechanical strength
of the transparent electrode. However, coating the dissolved
polymer is difficult to achieve in mass production, and reduced
conductivity remains due to the junction of the network. To
remove the junction, mechanical pressing,22,23 annealing24 and
This journal is © The Royal Society of Chemistry 2020
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optical sintering25 have been studied. These methods cause
mechanical stresses in the substrate, and the metal network
may be partially melted to form a bead. Therefore, there is
a need to develop a new production technology for transparent
electrodes with excellent mechanical strength, high electrical
conductivity and exibility.

Transparent electrode manufacturing technologies using
electrospinning are actively being developed. Electrospinning is
a popular and economical technique for manufacturing ultra-
thin nanobers with features such as long nanober length,
high surface-area to volume ratio and high porosity. These
advantages are exploited in the manufacture of gas sensors,26

lters,27 and batteries28 and, recently, in the fabrication of
transparent electrodes. An et al.29 collected polymer bers by
electrospinning and metallized them using copper electro-
deposition, to transfer the electrodes to the desired substrate.
Hsu et al.30 demonstrated the electrospinning of SnCl2-
embedded nanobers directly onto a hydrophobic substrate,
which was then metallized by electroless deposition. However,
these techniques require transfer of the electrodes fabricated in
a oating state to a substrate, or that they have a polymer core.
The currently used transfer process has adhesion problems at
the interface between the substrate and the electrodes, and the
complexity of the process imposes restrictions on substrate
shape and large-area manufacturing. If the polymer core layer
remains aer the process, the conductivity of the fabricated
electrode network will be reduced.

In this study, we developed a new method for fabricating
two-dimensional (2D) transparent electrodes on exible poly-
mer lms using electrospinning and copper electroless depo-
sition.31 A random network was formed by electrospinning
a polymer solution containing palladium ions onto a trans-
parent polyimide (PI) lm. The electrospun palladium-
embedded polymer network was heat-treated to form a seed
layer for the electrode, and a subsequent copper nanober
network was fabricated by copper electroless deposition. The
metal network of the transparent electrode has a 2D junction
without contact resistance. The fabrication method of the
electrospinning and electroless deposition-based FTE proposed
in this study is a direct patterning-based technology that does
not require li-off or transfer process. Using a li-off or transfer
process basically means moving the nanostructure to another
substrate, which is one of the causes of defects and uneven
performance. The direct patterning-based method of this study
has an important advantage that it can basically reduce the
number of process steps compared to li-off or transfer process.
As a result, it was veried that the FTE having a relatively
uniform performance could be produced reproducibly. Also, the
entire process is done without a vacuum process or electrode-
position, this method can be used for large-scale production.

The fabricated electrodes were conrmed to have a trans-
parency of over 90% in the entire visible light region, the metal
network junction was perfectly formed, and the electrical sheet
resistance was small. Using repetitive bending and tape peeling
tests, the mechanical strength of the electrode was scrutinized.
This journal is © The Royal Society of Chemistry 2020
Experimental section
Materials

The PI lms were purchased from Kolon Industry. Poly-
vinylpyrrolidone (PVP, AR, molecular weight, 1 300 000) powder
was purchased from Sigma-Aldrich. Formaldehyde solution
(35.0%) and N,N-dimethylmethanamide (DMF, AR, 99.5%) were
purchased from Samchun. Ammonium tetrachloropalladate
((NH4)2PdCl4) was purchased from Dongjin PGMs Chemical
Company. Sodium hydroxide (NaOH) and potassium sodium
(+)-tartrate tetrahydrate (KNaC4H4O6$4H2O) were purchased
from Kanto Chemical Co., Inc. Copper(II) sulfate pentahydrate
(CuSO4$5H2O) was purchased from Daejung Chemicals &
Metals Co., Ltd. All reagents were used as received without
further purication.
Seed layer fabrication

A exible PI lm and polymer solution with palladium ions were
prepared for electrospinning (Fig. 1A). The polymer solution
was prepared by adding 0.15 g mL�1 PVP and 0.03 g mL�1

(NH4)2PdCl4 to DMF, with stirring at 600 rpm using a magnetic
stirrer for 2 h. Electrospinning was performed at room
temperature with low humidity (Fig. 1B). The gap between the
tip and collector was xed at 10 cm, and the applied voltage was
9 kV. The ow rate of the polymer solution was 5 mL min�1. A
motorized biaxial stage was set up to control the amount of
nanober on the exible substrate. Once the nanober was
collected on the exible substrate, the polymer was decomposed
and calcinated in air at 310 �C to form a seed layer for electro-
less deposition (Fig. 1C).
Copper electroless deposition

The electroless deposition used in this experiment is copper
reduction deposition. Copper electroless deposition solution
was prepared by adding 0.1 mL mL�1 formaldehyde (HCHO),
40 mgmL�1 NaOH, 140mgmL�1 KNaC4H4O6$4H2O, and 30mg
mL�1 CuSO4$5H2O to deionized water (Fig. 1D). The chemical
equation of copper electroless deposition is as follows:

Cu2+ + 2HCHO + 4OH� / Cu + 2HCOO� + 2H2O + 2Hads(1)

The CuSO4$5H2O was used to add copper ions, formalde-
hyde as a reducing agent, and NaOH as a pH-adjusting agent.
When the pH is elevated above 11 by the NaOH, the formalde-
hyde generates electrons through a strong reduction reaction.
The generated electrons are then combined with the Cu ions to
precipitate onto the palladium catalyst for plating. The elec-
troless deposition solution should be used immediately aer
preparation, as the formaldehyde is consumed by the Canni-
zzaro reaction (eqn (2)) and the pH is reduced, resulting in
a slower precipitation reaction.

NaOH + 2HCHO / HCOONa + CH3OH (2)
RSC Adv., 2020, 10, 9940–9948 | 9941
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Fig. 1 Schematics of the flexible transparent electrode (FTE) fabrication process. (A) Preparation of bare flexible polyimide film. (B) Elec-
trospinning of nanofibers containing palladium ions. (C) Calcination to degrade the polymer component of the nanofibers. (D) Copper
electroless deposition by palladium catalyst. (E) Copper nanofibers network-based FTE. (E0) Scanning electronmicroscopy (SEM) image of FTE
surface.
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The amount of copper electrode formed was adjusted by
controlling the reaction time of the exible substrate at the seed
layer (Fig. 1E).
Characterization

The morphology of the copper nanobers was analyzed using
scanning electron microscopy (SEM) with energy dispersive X-
ray spectroscopy (EDS; LYRA 3 XMH; TESCAN). The width and
density of the nanobers was determined using ImageJ (NIH).
The density distribution of the nanober network was deter-
mined using MATLAB (Mathworks). The morphology and
thickness of the nanobers were analyzed using atomic force
microscopy (AFM) in tapping mode (Multimode NanoScope III;
Digital Instruments). The transmittance of the electrodes was
analyzed by ultraviolet-visible (UV-Vis) spectrophotometry
(model 8453; Agilent); the reference transmittance was set to
that of the glass substrate. The sheet resistance of the electrodes
was analyzed by the four-point probe technique using a Sour-
ceMeter (models 2182 A and 6221; Keithley). The line resistance
of the electrodes was measured using a digital multimeter
(15B+; FLUKE).
Results & discussion

Fig. 2 shows the morphology of the copper nanobers synthe-
sized by copper electroless deposition of electrospun nanobers.
Fig. 2A is an SEM image of a palladium-embedded PVP nanober
electrospun onto a PI lm; overlapping of nanobers is observed,
which causes the contact resistance to lower the electrical
performance. Fig. 2B is an SEM image of the electrospun nano-
bers aer a heat treatment. The contact point of the nanobers
is partially melted by the heat treatment, to remove the overlap.
In this step, the PVP component of the nanober has degraded
and adhered to the substrate to form a seed layer. Fig. 2C is an
SEM image of a copper nanober formed by electroless deposi-
tion onto a heat-treated palladium-embedded seed layer. Unlike
previous studies of transparent electrodes using electroless
deposition, the conductive nanobers have no overlap or height
9942 | RSC Adv., 2020, 10, 9940–9948
difference at the junctions. The palladium ions contained within
the seed layers are used as a catalyst, to which the copper ions are
precipitated to form copper nanobers. Since the copper network
is formed on the seed layers where the overlap is removed
through heat treatment, there is no overlap at the junction.

Other studies have removed the contacts by mechanical and
thermal methods to lower the contact resistance of the metal
network. Tokuno et al.12 fabricated a transparent electrode by
mechanically pressing Ag nanowires to form a network
connection. Langley et al.32 formed a contact connection by
melting the metallic nanowire junctions using a thermal
annealing process. However, it has been reported that metal
beads can be formed by the metallic nanowires when a large
amount of thermal energy is transferred. Lee et al.33 locally
heated the junctions in a laser nano-welding process to form
a network connection. In this study, aer removing the nano-
ber overlap of the seed layer, a metal network is grown to form
a non-overlapping connection. Since there is no mechanical/
thermal stress applied directly to the metal network; this does
not affect the properties of the metal component.

The EDS analysis was performed to conrm that copper
nanobers were formed through electroless deposition. In
Fig. 2D and D0, the copper was detected along the nanober.
Fig. 2E is an AFM image of fabricated copper nanobers; the
peak height of the copper nanobers is 113 nm and there is no
difference in height at the junction point. The SEM and AFM
images show that the height of the nanobers is constant at the
junction, without defects. The 2D copper nanober network in
this research is different from the cylindrical nanobers of
previous research.34 Based on the SEM images, the morphology
of the copper nanobers was analyzed in relation to electroless
deposition time. Fig. 2F is a graph plotting the electroless
deposition time against the thickness of the nanobers. The
investigation of electroless deposition time was performed from
1 to 6 minutes, and the thickness was found to be 70 and 240
mm at 1 and 6 minutes, respectively. The thickness of the
nanobers is proportional to the synthesis time, with an
average growth rate of 33.5 nmmin�1. The collecting time of the
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Analysis of the copper nanofiber fabrication conditions and morphology. (A) SEM image of electrospun palladium-embedded poly-
vinylpyrrolidone (PVP) nanofibers. (B) SEM image of electrospun PVP nanofibers degraded by heat treatment. (C) SEM image of electroless
deposited copper nanofibers. (D) Component analysis map used to analyze the fabricated copper nanofibers via energy dispersive X-ray
spectroscopy (EDS). The red spots on the component analysis map shows the copper component. (E) Atomic force microscopy (AFM) image
showing copper nanofiber thickness and morphology. (F) Graph of electroless deposition time against the thickness of the nanofibers (n ¼ 5,
mean � standard error). (G) Graph of electroless deposition time against the width of the nanofibers (n ¼ 5, mean � standard error).
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nanobers during the electrospinning process is correlated
with the density of the nanobers and is not related to the
thickness change. Fig. 2G graphs the electroless deposition
time against the width of nanobers. The investigation of
electroless deposition time was performed from 1 to 6 minutes,
and the width was observed to be 150 and 310 mm at 1 and 6
This journal is © The Royal Society of Chemistry 2020
minutes, respectively. The width of the nanobers is propor-
tional to the synthesis time, with an average growth rate of 32.3
nm min�1. These results show that both the thickness and
width of the nanobers can be controlled through the electro-
less deposition process, and that the nanober network is a 2D
structure with no contact resistance. The density and
RSC Adv., 2020, 10, 9940–9948 | 9943
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Fig. 3 Analysis of the electrical, optical and mechanical properties of FTEs. (A) Graph of electroless deposition time against the sheet resistance
of FTEs (n ¼ 5, mean � standard error). (B) Graph of transmittance against the sheet resistance (in the visible range: 400–800 nm). (C) Graph of
the number of bending cycles against the sheet resistance. (D) Commercial 3M Scotch Tape was directly attached to the electrode and
repeatedly detached and reapplied to measure the change in sheet resistance (n ¼ 3).
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morphology of nanober networks can be actively controlled for
better application while minimizing both the electrical sheet
resistance and optical transmittance reduction.

Fig. 3 shows the electrical, optical, and mechanical proper-
ties of the FTE based on a copper nanober network. Fig. 3A
graphs the sheet resistance change of the FTE by the electroless
deposition time; the sheet resistance decreases as the synthesis
time increases. As the electroless deposition time increases, the
cross-sectional area of the conductor increases due to the
increase in width and thickness of the copper nanober,
causing the sheet resistance to decrease. The sheet resistance
decreased fastest between 1 and 2minutes of synthesis, and was
less than 10 U sq�1 aer 2 minutes. The sheet resistance was
approximately 1 U sq�1 when the synthesis time exceeded 6
minutes. Fig. 3B graphs the transmittance (wavelength range:
400–800 nm) of the FTE by the sheet resistance. Fig. 3A and B
show that the longer the synthesis time, the lower the sheet
resistance and transmittance. The FTEs have a transmittance of
approximately 90% at 1 minute (sheet resistance of approxi-
mately 40 U sq�1) and a transmittance of approximately 60% at
6 minutes (sheet resistance of approximately 1 U sq�1). By
varying the electroless deposition time of a sample with the
same nanober density, the sheet resistance value
9944 | RSC Adv., 2020, 10, 9940–9948
corresponding to each transmittance can be adjusted. In addi-
tion, by changing the electrospinning performance time, the
transparency can be adjusted according to various nanober
densities.

Fig. 3C shows the change in sheet resistance by the number
of bends of the FTE. The change in sheet resistance was
measured by bending the FTE 1000 times (bending radius ¼ 5
mm) with the copper nanober network located on the inside
(compressive loading) and outside (tensile loading) face. When
the conductive surface was on the inside surface of the bend,
the sheet resistance increased by 0.2 U sq�1 and the nal value
was 1.2 U sq�1. When the conductive surface was on the outside
surface of the bend, the sheet resistance increased by 0.8 U

sq�1, with a nal value of 1.8 U sq�1. These results indicate that
the sheet resistance values do not change signicantly by
bending direction. With outward bending, the sheet resistance
is increased by 80% of the initial value, but the absolute value is
1.8 U sq�1, which is acceptable for electrode applications. The
results show that the FTEs have bending durability in both
directions and are applicable to exible electronics. In previous
studies, electrodes fabricated using electrospinning exhibited
limited mechanical strength, because the cylindrical nanobers
were formed on the target substrate. However, in this study,
excellent adhesion between the substrate and the nanober was
This journal is © The Royal Society of Chemistry 2020
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observed because the electrode network was formed by elec-
troless deposition onto a heat-treated nanober seed layer. To
demonstrate this, commercially available 3M Scotch Tape was
attached to the electrode surface and repeatedly detached
(Standard test methods for measuring adhesion by tape test,
ASTM D3359-02) to measure changes in the sheet resistance
(Fig. 3D); aer 10 repetitions, the sheet resistance of the elec-
trode was largely unchanged (approximately 2% change). This
result shows that the FTE can maintain its performance in
a multilayer bonding structure, so could be applied to a wear-
able device.

In order to verify the stability of the fabricated FTE, autoclave,
sonication, and long-term stability experiments were additionally
performed and analyzed. First, the FTE performance was evalu-
ated through autoclave (121 �C, 20 min) treatment in order to
verify the stability of the FTE in a high temperature/high
pressure/humid environment. The transparency (visible light,
400–800 nm) and sheet resistance before and aer the autoclave
treatment were compared (Fig. S1A†). The transparency and
sheet resistance values before autoclave treatment were 81.3%
and 4.57 U sq�1, respectively, and aer treatment, they were
80.0% and 4.66 U sq�1, respectively. Comparing the two results,
the change in transparency and sheet resistance due to the
autoclave treatment is very small. Although there is a slight
difference, both transparency and sheet resistance change are
within the standard deviation. This experiment conrmed the
stability of the FTE at high temperature/high pressure/high
humidity environment. Next, the characteristics were evaluated
by sonication treatment (350 Watt, 40 kHz) to verify the stability
under ultrasonic vibration of the FTE (Fig. S1B†). The trans-
parency and sheet resistance values before the sonication treat-
ment were 82.13% and 4.03 U sq�1, respectively, and aer the
treatment, they were 80.40% and 4.04 U sq�1, respectively.
Comparing the two results, it shows that the transparency and
the sheet resistance change according to the sonication treat-
ment are very small. This experiment conrmed the stability
under ultrasonic vibration of the FTE. Finally, an experiment for
verifying the long-term stability of the FTE was analyzed. The
resistance value was measured immediately aer fabrication of
the FTE (7 cm � 1 cm) and aer 4 months of storage (room
temperature, open space, temperature: 8.6–21 �C, humidity: 49–
65%) (Fig. S2A–C†). The resistance value immediately aer
fabrication was 14.8 U, and the value aer 4 months was 17.7 U,
resulting in an increase of about 14%. Although the value
increased slightly, the fact that copper nanober networks
exposed to open spaces at room temperature maintained trans-
parency and conductivity without damage for more than four
months shows excellent long-term stability results. These three
additional tests validate the stability of the FTE, which will ensure
the durability of the electrode in various applications.

In order to verify the reproducibility of the FTE fabrication
method, ve samples were produced under the same conditions
and analyzed (Fig. S3†). The electroless deposition time of the
samples were set to 3 minutes (see Fig. 3A and B). Transparency
measurements of the ve samples showed an overall average of
83.25% (max: 85.18%, min: 81.09%) and a standard deviation of
1.60. The sheet resistance values showed an overall average of
This journal is © The Royal Society of Chemistry 2020
4.29 U sq�1 (max: 4.78 U sq�1, min 4.03 U sq�1) and a standard
deviation of 1.23. This result is almost the same as the data for
3 min of electroless deposition in Fig. 3A and B, and it is shown
that all ve samples have very similar characteristics. This
experiment shows the reproducibility of the electrospinning
and electroless deposition based FTE fabrication method
proposed in this study.

Fig. 4 shows an application of the FTE based on the optical
and electrical properties. Fig. 4A is an optical image of the
change in transparency during the FTE fabrication process. The
FTE fabrication is shown in Fig. 4A (1)–(4). Sample (1) is the bare
PI lm and sample (2) is the electrospun palladium-embedded
PVP nanobers formed on the PI substrate. In sample (3), the
electrospun PVP nanobers are degraded by the heat treatment
to form a seed layer. In sample (4), the copper nanober
network produced by electroless deposition is formed onto the
seed layer to complete an FTE. Comparing the images of
samples (1) to (4), the transparency does not change during the
fabrication process. A copper nanober network with a width of
1 mm is formed on the PI lm surface and does not affect the
optical properties of the PI lm. Since the heat treatment
temperature is lower than the glass transition temperature of
the PI lm, the mechanical and optical properties of the PI lm
are not affected. This result indicates that the characteristics of
the substrate are maintained during the manufacturing process
from (1) to (4), and the transparency does not change.

Fig. 4B is an optical image of a large-area FTE in which
a copper nanober network is formed on a 6 inch rounded
rectangular PI substrate. The copper nanober network was
formed on the PI lm with electrospinning, using a motorized
stage over a large area. Fig. 4B0 is an SEM image of a large-area
FTE fabricated. This direct electrospinning method can easily
achieve fabrication of large area electrodes when compared to
conventional transfer processes that require complex fabrica-
tion conditions. When fabricating large-area FTEs, it is impor-
tant to maintain an uniform density of the copper nanober
networks across the entire electrode area. In Fig. 4C, the
uniformity of the large-area FTE nanober network density was
measured and analyzed. Sample (a) corresponds to the red
graph (1 m electroless deposition) of Fig. 3B, and sample (b)
corresponds to the green graph (3 m electroless deposition). For
each large-area FTE, 20 images were taken at intervals of 0.5 cm
over an area of 10 cm � 10 cm, vertically and horizontally,
resulting in a total of 400 images (20 � 20). The density of the
nanober network was analyzed using an ImageJ algorithm and
the three-dimensional graph was displayed using MATLAB. For
each sample, it was conrmed that the nanober network
density was relatively uniform over the entire area, and for the
different types of samples, the density distribution greatly
varied from sample to sample according to the fabrication
condition. Fig. 4D is a graph showing the measured density
values of samples (a) and (b) of Fig. 4C. Sample (a) has an
average density of 4.9% (maximum: 6.3%, minimum: 3.3%,
standard deviation: 0.6%), and sample (b) has an average
density of 18.2% (maximum: 21.0%, minimum: 15.8%, stan-
dard deviation: 1.1%). Since each sample has a standard devi-
ation of approximately 1%, it can be said that the nanober
RSC Adv., 2020, 10, 9940–9948 | 9945
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Fig. 4 The optical and electrical properties of FTEs. (A) Optical image of transparency change during the FTE fabrication process. (B) The FTEs
formed evenly over the 6 inch rounded rectangular substrate (width: 12 cm; height: 10 cm). (B0) SEM image of large-area FTE. (C) 3-D graph of
copper nanofiber density distribution of large-area FTE. (D) Numerical analysis graph about (C). (E) Use of the FTE as a flat LED interconnector. (F)
Use of the FTE as a bendable light-emitting diode (LED) interconnector.
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network density of the large-area FTE is relatively uniform over
the entire region. This means that the seed layer fabricated by
electrospinning is formed uniformly, and that the copper
nanobers grow evenly in the solution process such as elec-
troless deposition. The electrode fabrication method proposed
in this study shows its applicability to large area processes and
shows a uniform distribution over the entire area of the fabri-
cated FTE.
9946 | RSC Adv., 2020, 10, 9940–9948
Fig. 4E and F shows an LED driven by a congured circuit of
FTEs. In Fig. 4E, a at, rectangular FTE (width: 10 cm; height: 2
cm) with a copper network on the top surface was used for circuit
conguration.When a wire was connected to both ends of the at
electrode and 3 V was applied, a red LED was turned on. When
the resistance (R1) was measured using a multimeter at both
ends of a at electrode, it recorded a value of 15 U. In the next
step, a 360 degree bent electrode with the copper network on the
This journal is © The Royal Society of Chemistry 2020
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inside surface was connected to the circuit. Wires were connected
to both ends of the bent FTE, and when 3 V was applied, the red
LED turned on as in the previous experiment (Fig. 4F). When the
resistance (R2) at both ends of the bent FTE was measured, it
recorded a value of 16 U. The results show that the electrode
performance is maintained despite bending the electrode, and
the low resistances are suitable for exible circuit conguration.
Conclusion

In conclusion, we developed an FTE fabrication technology
based on electrospinning that can overcome the limitations of
conventional transparent electrode fabrication and provide
mechanical exibility. A random nanober network is formed
on a exible substrate using electrospinning and heat-treated to
form a thin seed layer. The optimization of electrospinning is
difficult for polyimide lms with relatively hydrophobic envi-
ronments, but the results of this study show that the optimi-
zation of conditions for forming nanober networks stably on
the polymer lm is achieved. Copper nanobers were fabricated
by electroless deposition onto the seed layer, to form electrodes.
These processes do not affect the mechanical or optical prop-
erties of the PI lm; the transparency of the PI lm is main-
tained. The sheet resistance and transmittance of the electrodes
were tuned by controlling the electroless deposition time. This
technology has improved the mechanical and electrical perfor-
mance of FTEs compared to conventional technologies, because
the polymer component is removed by the heat treatment and
there is no contact resistance at the nanober junctions. Since
the seed layer is formed by electrospinning, electrodes can be
formed on complicated surfaces and substrates of various
materials. The electrode performance is maintained in both
bending directions, and the adhesive force at the interface
between the substrate and the copper nanobers is strong.
These attributes are suited to wearable devices having a multi-
layer structure. A direct electrospinning process was used to
conrm that large-area processing is possible, and the density
of nanobers is constant for large-area electrodes. Most
importantly, FTEs were fabricated by forming the conductive
network on a polymer substrate called polyimide. Forming the
conductive network on the polymer opens up a lot of possibil-
ities in the applications. Representatively, the conductive
network is formed on the stretchable substrate in the future,
thereby opening up the possibility of manufacturing the
stretchable transparent electrode. The FTE fabrication tech-
nology proposed in this study can be applied to various elds, as
it is capable of large-area and mass production and shows
mechanical, electrical and optical characteristics suitable for
practical industrial application. In particular, it will be extended
to core technologies for developing next-generation wearable
devices such as stretchable electronics.
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K. S. Kim, B. Özyilmaz, J.-H. Ahn, B. H. Hong and S. Iijima,
Nat. Nanotechnol., 2009, 5, 574–578.

5 G. Tang and B. Tang, SN Appl. Sci., 2020, 2, 1–9.
6 Z. Yu, L. Li, Q. Zhang, W. Hu and Q. Pei, Adv. Mater., 2011,
23, 4453–4457.

7 D. Langley, G. Giusti, C. Mayousse, C. Celle, D. Bellet and
J. P. Simonato, Nanotechnology, 2013, 24, 452001.

8 D. Angmo and F. C. Krebs, J. Appl. Polym. Sci., 2013, 129, 1–
14.

9 K. S. Kim, Y. Zhao, H. Jang, S. Y. Lee, J. M. Kim, K. S. Kim,
J.-H. Ahn, P. Kim, J.-Y. Choi and B. H. Hong, Nature, 2009,
457, 706–710.

10 A. Du Pasquier, H. E. Unalan, A. Kanwal, S. Miller and
M. Chhowalla, Appl. Phys. Lett., 2005, 87, 1–3.

11 J. Chen,W. Xiao, T. Hu, P. Chen, T. Lan, P. Li, Y. Li, B. Mi and
Y. Ma, ACS Appl. Mater. Interfaces, 2020, 12, 5885–5891.

12 T. Tokuno, M. Nogi, M. Karakawa, J. Jiu, T. T. Nge, Y. Aso and
K. Suganuma, Nano Res., 2011, 4, 1215–1222.

13 R. Zhang, Y. Liao, Y. Zhou and J. Qian, J. Nanopart. Res.,
2020, 22, 39.

14 Y. Xia, K. Sun and J. Ouyang, Adv. Mater., 2012, 24, 2436–
2440.

15 J. Sun, M. T. Cole, N. Lindvall, K. B. K. Teo and A. Yurgens,
Appl. Phys. Lett., 2012, 100, 022102.

16 D. Ebner, M. Bauch and T. Dimopoulos, Opt. Express, 2017,
25, A240.

17 S. Yadav and I. Kaur, RSC Adv., 2016, 6, 78702–78713.
18 R. Song, X. Li, F. Gu, L. Fei, Q. Ma and Y. Chai, RSC Adv.,

2016, 6, 91641–91648.
19 H. J. Yun, S. J. Kim, J. H. Hwang, Y. S. Shim, S. G. Jung,

Y. W. Park and B. K. Ju, Sci. Rep., 2016, 6, 34150.
20 D. S. Ghosh, T. L. Chen, V. Mkhitaryan and V. Pruneri, ACS

Appl. Mater. Interfaces, 2014, 6, 20943–20948.
21 S. B. Singh, T. Kshetri, T. I. Singh, N. H. Kim and J. H. Lee,

Chem. Eng. J., 2019, 359, 197–207.
RSC Adv., 2020, 10, 9940–9948 | 9947

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra10278g


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
/2

4/
20

26
 1

2:
43

:3
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
22 W. Gaynor, G. F. Burkhard, M. D. McGehee and P. Peumans,
Adv. Mater., 2011, 23, 2905–2910.

23 T. Xu, C. Gong, S. Wang, H. Lian, W. Lan, G. Lévêque,
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