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ie production of 300 mm large
area silver nanowire mesh films for flexible
transparent electrodes†

Byung-Yong Wang,a Eung-Seok Lee,b Dae-Soon Lim,b Hyun Wook Kang*c

and Young-Jei Oh*de

To develop flexible transparent electrodes, an ink fabricated with silver nanowires (AgNWs) was coated on

a polyethylene terephthalate substrate using a roll-to-roll slot die machine. The AgNW used in the

manufacturing of the transparent electrode is a highly transparent conductive material that is very close

to commercialization due to its low sheet resistance, low heat treatment temperature, and high

transmittance. An AgNW ink was optimized for the slot die process, which was prepared using the

optimized formulation with AgNWs, solvent, and dispersant. As a result, high-quality transparent

conductive films were successfully manufactured with 32–94 U sq�1 of sheet resistance, 1.3–3.2 of haze

and 86.2–92% transmittance with a width of 300 mm. To verify the possibilities in optoelectronic

applications, organic solar cells were fabricated with the AgNW mesh transparent electrode and showed

a good performance of 7.65% efficiency, which was better than the result obtained using an indium tin

oxide-based electrode.
1. Introduction

Transparent sheet conducting electrodes are applied to various
devices such as displays, solar cells, and touch panels. Indium
tin oxide (ITO) has been most frequently used as a transparent
electrode due to its excellent electrical and optical properties,
such as high electrical conductivity, superior chemical stability,
and high light transmittance. However, because ITO is formed
by a physical vapor deposition (PVD) method, such as sputter-
ing and e-beam evaporation, it has drawbacks such as the high
cost of electrode lm formation, difficulties of achieving exi-
bility, and fabrication on a plastic substrate or lm.1–9

For this reason, several studies have been conducted on
using a printed electronics technique with metal paste or silver
nanowires for the formation of transparent electrodes. The
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technique of printed electronics allows large area fabrication
through a relatively simple process with the advantages of low
process temperatures, low cost, and eco-friendliness.10,11

Moreover, the printed electronics technique can be easily used
to make devices on a exible substrate, which is difficult to
implement in conventional manufacturing processes. With
these points of view, printed electronics can be used to fabricate
exible electronic devices and parts, including solar cells,
displays, RFID (radio frequency identication), thin lm tran-
sistors, and printed circuit boards (PCBs).12,13

The printed electronics technique is largely classied into
contact and non-contact printing techniques. The contact
printing technique includes gravure, gravure off-set, exo, reverse
off-set, roll-to-plate printing, and screen printing. Most contact
printingmethods, which transfer ink to a blanket roll and then to
a substrate, are appropriate for the formation of micro-patterns,
but they give a relatively low resolution, high inuence of ink, and
thin printing thickness. Thus, they are suitable for forming
printed circuits.14–17 On the otherhand, the non-contact printing
technique, which include slot-die, ink-jet, and spray, have been
designed to pattern or coat functional materials onto a target
substrate without any contact between the substrate and printing
device. Due to the distinguishing advantages of contact printing,
such as its wide selectivity of printing materials, large printable
area, and maskless patterning, this technology is widely applied
in various industrial elds.17

The slot-die method, which is most frequently used for the
formation of transparent electrodes, causes no damage to the
substrate through contact when the conductive material is
This journal is © The Royal Society of Chemistry 2017
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Table 1 Detailed specification of commercial acrylic resin/PET
substrate

Total thickness 105 mm
PET thickness 100 mm
Acrylic resin thickness 5 mm
Visual light transmittance More than 90%
Haze Less than 2%
Surface hardness 3H
Adhesive strength (H/C) 100/100 (5B)
Heat shrinkage MD 1.4%

TD 0.5%
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coated on a substrate and is optimized for the fast production of
thin precise coating products. The slot-die coating injects ink
into the slot-die using a gear pump and discharges a certain
amount of ink. The discharged ink from the slot-die is coated on
the substrate and forms a thin lm. The desired thickness of the
thin lm is governed by the volume ow rate of ink, the physical
properties of the ink (viscosity, surface tension etc.), the thick-
ness of the shim plate inside the slot-die, and the feed speed of
the lm. Furthermore, as the ink used for coating is stored
inside a sealed container, it does not show problems such as
changing viscosity and contamination by foreign substances.
Moreover, slot-die coating has an easy conguration and simple
process steps that present low manufacturing costs and mass
production conditions. Therefore, the slot-die coating tech-
nique has been widely used in numerous application elds and
is mainly used in the manufacture of exible transparent
electrodes.18–20

Because the slot-die method is sensitive to the feed speed of
the substrate lm, thickness of the substrate lm, ink ow rate,
coating gap, shim plate thickness, the contact angle when the
coating uid contacts the web, and the physical properties of
the web, they must be investigated in advance. Moreover, the
ink properties are appropriately adjusted to avoid instabilities,
such as leakage, bead break-up, and ribbing problems during
the die coating process. Moreover, metal nanowire-based ink
was used in this study; the solvent type, the size and shape of
the nanowires, and the degree of dispersion of the ink were
carefully decided to perform a successful manufacturing
process.21 In addition, non-uniformity of the lm thickness that
affects the quality of the nal device needs to be avoided. To
keep the coating process stable, the process conditions, such as
the physical properties of the coating uid, the die structure,
and operation conditions, were analyzed and maintained.

2. Experimental
2.1 Preparation of silver nanowire (AgNW) ink

AgNWs were fabricated via the polyol method.22 Tomanufacture
AgNW ink, the polyvinylpyrrolidone (PVP) used for the AgNWs
fabrication must be removed because it decreases the electrical
conductivity at the connection point between the AgNWs. In
addition, abnormally grown AgNWs and Ag nanoparticles
during the AgNWs synthesis were eliminated because they have
a negative effect on the electrical conductivity and haze. Finally,
the AgNWs need to be puried. Through six or more washing
cycles using DI water and acetone, the PVP is completely
removed. Then, the AgNWs solution was puried via centrifu-
gation at 2000 rpm for 10 min. Aer that, the precipitate was
discarded and the supernatant was retained. As a result, AgNWs
with an average diameter of 40 nm and a length of 40 mm were
obtained. To produce the AgNW ink suitable for the slot die
coating process, 1.2 wt% of the aforementioned AgNWs were
dispersed in a mixed solution. The solution consists of ethylene
glycol (2 vol%) in isopropyl alcohol (98 vol%), which is
frequently used for printed electronics ink. This adjusts the
evaporation temperature of the solvent upon drying. Agglom-
eration of the AgNWs was avoided using 0.005 g mL�1 of
This journal is © The Royal Society of Chemistry 2017
polymer dispersant (D520 Naon dispersion – alcohol-based
100 EW, Dupont) to the nal ink. The dispersion stability of
the manufactured ink was veried for 24 hours using a Turbis-
can system. In addition, the wettability of the surface when the
AgNW ink was deposited on a substrate lm was tested using
a contact angle analyzer (BS150, Surface. Tech).

2.2 Manufacturing the transparent conductive lm

An R2R slot die machine was used to fabricate the transparent
conductive lm using the AgNW ink. A 100 mm-thick PET lm
(NPLUS Co., Ltd.) was used as the substrate. On the PET lm, 5
mm coating of acrylic resin was used as an over-coating layer
with 90% transmittance. More detailed specications of the
substrate are listed in Table 1. If the contact angle is high
enough because the surface energy is too small during coating
process, the coated droplets agglomerate, which makes it
difficult to form a normal transparent conductive lm. In order
to form a high-quality transparent conductive lm, the surface
energy on the substrate must be controlled. Therefore, a lm
with an over-coated acrylic resin (NPLUS Co., Ltd.) was used on
the PET substrate. The R2R slot diemachine, used for the AgNW
ink coating process, consisted of the slot die (coating zone, 30
cm), a roll for ink coating, a controller for adjusting the lm
feed speed and ink discharge quantity, a pump for ink feeding
to the slot die, and heating zones for heat treatment of the
coated lm (see Fig. 1). The slot die conditions are listed in
Table S1.†

2.3 Characterization of the transparent conductive lm

The sheet resistance was measured via a 4-point probe method
using a Keithley 2400 source meter. The transmittance was
analyzed using an ultraviolet-visible spectrometer (Perkin Elmer
UV/Vis spectrometer Lamda 18). Due to the light reection
property of the AgNWs, the haze phenomenon reected on the
AgNWs surface was observed using a haze spectrometer (Sinco).
The surface morphology was observed using SEM (XL-30 EDAX,
Philips, Netherlands), confocal laser scanning microscopy
(CLSM, Olympus) and atomic force microscopy (AFM) (Digital
Instruments Dimension 3100, equipped with a Nanoscope IV
controller). To estimate the exibility of the transparent
conductive lm, the mechanical properties of the transparent
electrodes based on PET/AgNW and PET/ITO were compared
using a bending test (ZB-100, Z-Tech) at a radius of 10 mm for
10 000 cycles.
RSC Adv., 2017, 7, 7540–7546 | 7541
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Fig. 1 The R2R slot die machine parts and assembly.
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3. Results and discussion

For the preparation of AgNW ink, the removal of PVP from the
AgNW surface, which shows a negative effect on the electrical
conductivity, is crucial. Fig. 2 shows the SEM images of the AgNW
lms and conductivity curve as a function of washing count. Aer
the 1st washing cycle, the PVP was not removed from the AgNWs
surface, but the AgNWs showed several organic coating layers.
Due to this reason, the electrical resistance was not measured.
Aer the 2nd washing cycle, a PVP lm still existed inside the
AgNWs and the electrical resistance was again, not detected.
However, an electrical resistance of 3.4 kU appeared aer the 3rd
washing cycle. This high resistance value was due to the sparse
Fig. 2 SEM images of the AgNWs according to their washing condition: (a
resistance changes upon the different washing cycles.

7542 | RSC Adv., 2017, 7, 7540–7546
remaining PVP that was not fully removed. Finally, the PVP was
completely removed aer the 6th washing cycle and the resis-
tance was very low due to the connection between the AgNWs.

The PVP layer with a thickness of 40 nm or greater was
shown on the AgNW surface aer the 1st washing cycle;
however, the PVP fully disappeared from the AgNWs' surface
aer the 6th washing cycle (see Fig. S1 in the ESI†). Further-
more, some impurities (e.g. Ag nanoparticles) were generated
during the synthesis of the AgNWs and increased the haze when
used as a transparent electrode. Particularly, high surface
roughness results in difficultly in device fabrication. Aer
purication using centrifugation at 2000 rpm for 10 min, only
AgNWs existed with no impurities (see Fig. S2 in the ESI†).
) without washing, (b) washing 3-times and (c) washing 6-times. (d) The

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) Precipitation as a function of the amount of dispersant
added to the AgNWs solution and (b) Turbiscan analysis for the
dispersion stability of the AgNWs.

Fig. 5 (a) A schematic of the three different shim plate regimes in
a “good coating window” plot, (b) photographs of the coating defects:
air holes, dripping and break lines.
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Fig. S3† shows the CLSM images of the transparent
conductive lm when using a dispersant. The lms were
prepared by mixing an ethylene glycol solution into isopropyl
alcohol, which gave the best characteristics for ink
manufacturing, as obtained from our preliminary experiments.
If no dispersant is used for ink formation, agglomeration of the
AgNWs, which results in a negative effect on the electrical and
optical properties, will be observed. The CLSM images show
that the AgNWs are agglomerated and the sheet resistance is
higher than 138 U sq�1 when no polymer dispersant is used.
When the polymer dispersant was used, the coating was
uniform without agglomeration and the sheet resistance was as
low as 28 U sq�1 because the electrons could easily move along
the network of AgNWs.

Fig. 3a shows the precipitation as a function of the amount
of dispersant added to the AgNWs solution in a glass bottle. Due
to the van der Waals forces, the AgNWs are agglomerated and
settle over time. The AgNW ink was kept at room temperature
for seven days aer their manufacture and the precipitation
phenomenon was observed. When no dispersant was added, all
Fig. 4 The contact angles of the AgNW ink droplets observed on differe

This journal is © The Royal Society of Chemistry 2017
the AgNWs are fully precipitated in the ink. As the amount of
dispersant was increased, the height of precipitation was
reduced and reached a perfect dispersion state with no
precipitation at 0.005 g mL�1. However, when more dispersant
(>0.005 g mL�1) was added, the AgNWs precipitated. This is
a general phenomenon that appears when the dispersant
content is changed. The polymer dispersant generates a great
number of polymer chains on the surface of the AgNWs, which
are entangled with one another and leads to the agglomeration
and precipitation of the AgNWs. However, the precipitation
characteristics change even due to very ne vibrations in the
dispersion stability assessment of this precipitation. Fig. 3b
explains the dispersion stability of the AgNW ink with 0.005 g
mL�1 dispersant that showed the best characteristics, which
was observed for 24 hours by Turbiscan. Turbiscan measures
the light ux (%) of the transmitted and the back-scattered light
by scanning the measuring cell, which contains the sample,
using near-infrared rays as the light source and thereby checks
nt substrates: (a) glass, (b) PET and (c) PET/over coated acrylic resin.

RSC Adv., 2017, 7, 7540–7546 | 7543
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Fig. 6 SEM images of the AgNWs as a function of pumping speed: (a) 20 RPM, (b) 30 RPM, (c) 50 RPM and (d) 70 RPM.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 6
/1

4/
20

26
 2

:5
5:

29
 P

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 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
the dispersion stability from the prole change according to the
changing dispersion state of the ink. The experimental results
obtained for the dispersion stability of the AgNWs show that the
AgNWs did not agglomerate or precipitate even aer 24 hours,
conrming that the light ux (%) of the transmitted and the
back-scattered light does not change.23

The pseudoplastic behavior of the AgNW ink that passes the
slot die during coating, which was checked by viscosity of the
Fig. 7 (a) The relationship between the transmittance and sheet resistan
a R2R slot die method. (b) The electrodes with the AgNWs show lower e
Variation of the resistance of the AgNW mesh film on a PET flexible sub
lower: ITO). (d) Photographs of the AgNW mesh roll film with a width of

7544 | RSC Adv., 2017, 7, 7540–7546
ink, is shown in Fig. S4.† The viscous behavior of ink must keep
a pseudoplastic behavior in which the viscosity decreases as the
shear rate increases. The reason for this is to achieve a at
coating on the substrate by lowering the viscosity of the ink
passing through slot die; if the ink viscosity is increased, the ink
cannot easily spread on the substrate, resulting in agglomera-
tion and a non-uniform thickness.24–26 The AgNW ink prepared
in this study exhibits shear-thinning behavior by which the
ce, haze for the AgNWs transparent conducting electrode prepared via
lectrical resistance below 3.3% haze and over 86.2% transmittance. (c)
strate as a function of the number of bending cycles (upper: AgNWs,
300 mm prepared by the R2R slot-die coating method.

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 (a) A schematic of the cross-sectional view of the
P3HT:PC60BM-based organic solar cells with Ag NW mesh (inset
figure: printed organic solar cell) and (b) the current density–voltage
(J–V) curve of the optimized AgNWmesh and ITO-based organic solar
cells.

Table 2 The optoelectric performance of the fabricated organic solar
cells

Voc (mV) Jsc (mA cm�2) FF PCE (%)

ITO 0.74 �16.36 0.58 7.17
AgNW 1 0.67 �19.27 0.58 7.57
AgNW 2 0.67 �20.42 0.55 7.66
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viscosity decreases as the shear rate increases. In order to form
a transparent conductive lm with the AgNW ink, the substrate
surface must have a good wettability for the AgNW ink. When
the wettability was checked according to the substrate type, the
PET substrate without an over-coating layer showed wettability
with 22.3� contact angle, the glass substrate showed a contact
angle of 32.6�, and the PET substrate with over-coated acrylic
resin, which was used in this study, showed an excellent
wettability with a contact angle of 12.7� (Fig. 4).

As shown in Fig. 5, ink dispersed with 1.2 wt% AgNWs was
used to conrm the optimum slot die coating conditions. The
gap between the slot die and the substrate was xed at 0.05 mm
and the slot die shim thickness was varied between 30, 50, and
100 mm. The optimum coating conditions were found by
controlling the substrate feeding speed and the RPM of the gear
pump at each shim thickness. The experimental results showed
that as the substrate feeding speed was lower and the RPM was
higher, the air hole and dripping phenomena increased due to
excessive ink discharge and an overspill phenomenon occurred
as the ink overowed in the opposite direction of the substrate
feeding direction instead of being smeared on the substrate.
Furthermore, when the substrate feeding speed was fast,
a break line was easily formed towards the substrate movement
direction due to the fast substrate feeding speed regardless of
the ink discharging quantity.
This journal is © The Royal Society of Chemistry 2017
Based on the previous experiment, the best coating charac-
teristics in this study were obtained for the largest area when
a shim plate thickness of 30 mmwas used. Characteristics of the
transparent conductive lm were observed according to the gear
pump speed (RPM) at the shim plate thickness of 30 mm. As
shown in Fig. 6, the AgNWs coverage density increased as the
printing speed (RPM) increased. Based on the results obtained
for the optical transparency, haze, and sheet resistance, the
AgNWs conductive layer thickness and AgNW coverage density
were optimized using a printing speed between 30 and 50 RPM.
The change in the AgNWs coverage density in the coated
transparent conductive lm inuenced the electrical and
optical properties. It was observed that by increasing the AgNWs
content, the number of electron movement paths and the haze
value were increased, and the sheet resistance of the trans-
parent conductive lm and transmittance were decreased
(Fig. 7a and b). Based on the above data, various transparent
conductive electrodes with a low sheet resistance of 32–94 U

sq�1, haze of 1.3–3.2 and high transmittance of 86.2–92% were
successfully produced in this study. The standard deviation of
the haze and sheet resistance are below 10%. Fig. 7c compares
the durability between indium tin oxide (ITO) and the AgNW
transparent electrodes aer bending up to 10 000 cycles. In the
case of the ITO transparent electrode, the ITO lm displayed
cracks when the inside radius during bending was decreased
due to the brittleness of ITO, which results in a rapid resistance
change, and the resistance changes were varied by at least 70%
when compared to the initial resistance even aer 500 cycles.
On the other hand, the AgNW transparent electrode maintained
a constant resistance value even when the inside radius of
bending was decreased, and the resistance change was negli-
gible even aer 10 000 cycles, indicating its improved
mechanical stability when compared to that of the ITO trans-
parent electrode. The reason appears to be the increased
adhesive strength between the AgNWs and the substrate due to
the effects of the acrylic resin as an over-coating layer and the
polymer dispersant in the ink.22,27 Fig. 7d shows the large-area
transparent conductive electrode lm (width 30 cm � length
300 m), which was manufactured using the R2R slot die
machine at the gear pump RPM of 70.

To verify the feasibility of the AgNW mesh transparent
electrode, organic solar cells (OSCs) were prepared and their
performance was evaluated. The OSCs were fabricated as
ordered layers of PEDOT:PSS/PTB7:PC70BM/LiF/Al on the
transparent electrodes of AgNWs and ITO, as shown in Fig. 8a.
The optoelectronic characteristics of the fabricated OSCs were
measured using a solar simulator (ORIEL) with a 150 W light
source. The intensity of the standard light source was corrected
RSC Adv., 2017, 7, 7540–7546 | 7545
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using a standard Si photodiode to realize the AM 1.5 condition
and 100 mW cm�2 intensity. The OSC fabricated on the AgNWs
mesh displayed a short circuit current (Jsc) of 20.42 mA cm�2, an
open circuit voltage (Voc) of 0.67 V, ll factor (FF) of 0.55 and
7.65% efficiency and showed an improved performance when
compared to the ITO-based OSC that showed a Jsc value of 16.36
mA cm�2, Voc ¼ 0.74 V, FF¼ 0.58 and 7.17% efficiency as, listed
in Fig. 8b and Table 2. The AgNW mesh transparent electrode
showed good efficiency in the OSC even though it had a lower
transmittance compared to that of the ITO-based transparent
electrode because of the characteristics of the AgNW mesh,
which increased the light scattering and light trapping effect of
incoming photons. These results proved that the AgNW mesh
transparent electrode can be successfully applied to a exible
optoelectronic element with superior performance when
compared to a ITO-based transparent electrode.

4. Conclusion

Transparent electrodes were formed on a PET lm using AgNW
ink for low-cost mass production using the roll-to-roll slot die
technique. When the transparent conductive lm was manu-
factured using the abovementioned AgNW ink using a roll-to-
roll the slot die machine, the best coating was obtained in
a large area when the shim plate thickness of 30 mm of slot-die
was used. Various transparent conductive lms were manufac-
tured with low sheet resistance of 32–94 U sq�1, haze of 1.3–3.2
and high transmittance of 86.2–92% according to the different
gear pumping speeds used. Furthermore, the fabricated AgNW
transparent conductive lm showed a greater adhesive strength
due to the effects of the acrylic resin as the over-coating layer
and the polymer dispersant, indicating excellent exibility. The
AgNW transparent conductive lm, developed in this study, was
found to be the most appropriate material for replacing ITO,
and enabled large-area and low-cost production with high
exibility because it was prepared via a roll-to-roll slot die
method. Therefore, it can be used to produce exible solar cells
with high-energy conversion efficiency for building outer walls
and curved devices, and could bring about great changes to the
solar cell market. Moreover, due to the low surface roughness
and excellent electrical and optical properties, the AgNW
transparent electrodes may be applicable to various exible
electronic devices including low-cost organic solar cells and
OLEDs.
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