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Abstract

Transparent conductive electrodes were fabricated by the deposition of silver nanowires
(AgNW) on various substrates modified by the deposition of polyelectrolyte multilayers (PEM)
as primer. The PEM primer films were coated on the glass substrate by the sequential deposition
of 7 or 8 layers of poly(diallyl dimethyl ammonium chloride) (PDADMAC) and poly(styrene
sulfonate) (PSS) to improve the adhesion of AgNW and produce flexible transparent conducting
electrode. AgNW, with a diameter of 20-30 nm and 10-30 um in length, were synthesized using
a modified solvothermal method using glycerol and poly(vinyl pyrrolidone) (PVP) as reducing
and capping agent. The physicochemical properties of the AgNW coated PEM were
characterized using UV-Vis spectroscopy, atomic force microscope (AFM) and field emission
scanning electron microscope (FESEM). The electrical conductivity of the layer was measured
by 4 points probe and a standard scotch tape peeling test was used to investigate the stability of
the coated AgNW on the PEM. The PEM 7 layers (with PDADMAC as outer layer) gave the

best results to immobilize AgNW with the lowest sheet resistance (14 €2/square) while
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maintaining excellent transparency (85% transmission at 550 nm) even after up to 6 peeling test
cycles. Finally, to demonstrate the benefit of this method, poly(ethylene terephthalate) (PET)
sheet was coated with PEM primer and AgNW to produce flexible transparent conducting

electrode.

Keywords: Transparent flexible electrode; Silver nanowires; Polyelectrolyte multilayers;

Peeling test; Poly(ethylene terephthalate)

1. Introduction

Transparent conductive electrodes (TCE) are needed in electronic devices such as organic
light emitting diodes (OLED) [1], solar cell [2-6], liquid crystal displays (LCD) [7, 8] as back
electrode that allows light transmission either in or out of the cell. Typically, TCE are fabricated
by the deposition of indium tin oxide (ITO) on a glass substrate which provides good
transparency (90%) in the visible range with an excellent conductivity (13 /square) [9, 10].
Because the ITO coatings are still expensive, alternatives solutions are being investigated.
Several materials have been proposed to replace the ITO such as metal nanowires [11-14],
carbon base electrode (carbon nanotube [15, 16], or graphene [17]), and hybrid material
(ITO/silver nanowire [18], silver nanowire/metal mesh [19, 20] or silver nanowire/ZnO
nanoparticle [21-23]). Silver nanoparticles and more precisely Ag nanowires (AgNW) are often
described as one of the most promising alternatives due to excellent electrical conductivity and
high transparency [24]. It is well known that for the organic photovoltaic (OPV) device, a
transparency of at least 85% and a sheet resistance of less than 15 Q/square is needed to fabricate
competitive electrical devices. These wires are usually synthesized using the polyol process with

ethylene glycol as reducing agent and poly(vinylpyrrolidone) (PVP) as stabilizer [25, 26]. In this



research, PVP is used as a stabilizer as well as growth enhancer through preferential adsorption
on Ag facets leading to the unidirectional growth of the wire. Several parameters are known to
affect the AgNW growth such as PVP molecular weight [27, 28], reaction temperature [28, 29],
and reaction time [28, 29]. Once synthesized, the AgNW can be deposited on a flat substrate by
spin coating [30, 31], spray coating [32-35], or drop and rod casting [36, 37] yet the stability of
the wire on the substrate largely depends on the types of interaction with the substrate. Glass
slides which are commonly used as substrate in photovoltaic application only provide weak
interactions with AgNW leading to poor adhesion and thus to rapid loss of conductivity during
the fabrication steps of the cell due to AgNW detachment.

Polyelectrolyte multilayer (PEM) thin films fabricated using the so called layer-by-layer
deposition can be used to modify the surface of glass or PET through the electrostatic or Van der
Waals interactions [38, 39]. The polyelectrolytes adhere onto the substrate through electrostatic
interaction and in some case through weak Van der Waals interaction. These versatile and easy
to process technique are applicable to large scale samples and environmental friendly. Since the
PEM coatings are transparent ultrathin film of few tens of nanometers, they can be used as a
primer to immobilize AgNW on any given substrate. Publications describing the deposition of
AgNW on PEM because polyelectrolytes are generally electrical insulator which affect the
electrical conductivity of AgNW thin film. Previously, PEM coating based on the assembly of
Poly(allylamine hydrochloride) (PAH) and AgNW were achieved by dip coating to get films
with a sheet resistance of 60 )/square and a transparency of 78% transmission. The sheet
resistance was relatively high compared to the commercial ITO coated on the glass which is
around 13.6 Q/square. The lower conductivity is probably due to the insulating PAH coating in

between each AgNW layers which acts as insulating barrier [40]. A more efficient approach to



improve the conductivity is possibly to limit the AgNW coating to a single layer on top of a
PEM, which is used to anchor and stabilize the wires. If successful, a standard peeling test
should be used to confirm the anchoring and stability of the silver wires on the PEM substrate
while maintaining good transparency and good conductivity.

In this paper, robust transparent conducting electrodes were prepared by spin coating of
PVP stabilized AgNW on a PEM primer layer coated on a glass substrate. To investigate the
effect of the top layer charge, PEM composed of 7 (positively charged on top) or 8 layers
(negatively charged on top) were used as adhesive layer to anchor the AgNW. The conductivity
and transparency of the different coating was compared using 4 points probe measurements
before and after up to 6 peeling test cycles. Finally, the AgNW were also deposited on a
poly(ethylene terephthalate) (PET) substrate to fabricate flexible TCE, to be used in flexible

solar cell application.

2. Experimental
2.1 Material

Silver nitrate (AgNOs, ACS reagent, >99.0%), glycerol (>99.5%), poly(diallyl dimethyl
ammonium chloride) solution (PDADMAC, medium molecular weight, 20 wt.% in H,O, MW
200,000-350,000), poly(sodium 4-styrenesulfonic acid) sodium salt (PSS, average MW 70,000),
sodium chloride (NaCl, ACS reagent, >99.0%) were purchased from Sigma-Aldrich.
Poly(vinylpyrrolidone) (PVP, M.W. 1,300,000) was purchased from Alfa Aesar. Absolute
ethanol (EMPROVE®™) were purchased from Merck. All chemicals were analytical grade and

used without further purification.



2.2 Synthesis of AGNW

The AgNW were synthesized using a modified solvothermal method in which ultra-long
silver nanowires of over 20 um could be produced [41]. In this method 2.553 g of PVP were
dissolved in 70 mL of glycerol under stirring at 100 °® C for 8 hours. In the meantime, 0.51 g of
AgNOj; and 3.62 mg of NaCl were dissolved in 10 mL and 20 mL of glycerol, respectively. The
NaCl solution was stirred and heated at 50 ° C in order to obtain the clear solution. Then,
AgNO; and NaCl were added into PVP solution and stirred for 3 minutes at 100 ° C, the solution
changed from transparent to orange which confirmed the AgNP seed growth. The mixed solution
was instantly transferred to the Teflon-lined stainless steel autoclave and heat at 150 ° C for 5.5
hours for the growing of AgNW. The AgNW was purified by washing with the mixed solvent
between deionized water and absolute ethanol (ratio 1:1) several times and centrifuged at 4,500
rpm for 10 min. Finally, AgNW was washing with ethanol 3 more times and re-dispersed in

ethanol for further used.

2.3 PEM fabrication

PEM were fabricated on a glass substrate which was sequentially sonicated in DI water,
acetone, isopropanol, and dried with Argon. The glass was then treated under UV light for 15
min. The treated glass was alternatively immersed for 1 min into 10 mM of PDADMAC solution
and 10 mM of PSS with 1 M NaCl. After each polyelectrolyte immersion steps, the excess
PDADMAC or PSS was removed by rinsing in DI water 30 sec for 3 times. This dipping cycle
was repeated until the desired primer was achieved, then it was dried with Argon. AgNW were

deposited on the glass, PEM 7 layers, and PEM 8§ layers substrate by spin coating with a speed of



1,000 rpm for 1 min. The substrates were next post-annealed at 150 °© C for 10 min in order to

dry the films and improve the electrical properties of AgNW network on the substrate.

2.4 Characterization

UV-Visible spectroscopy (Jasco, V-670 spectrometer with FLH-740 head) was used to
observe the optical properties of AgNW and also the transparency which was measured at 550
nm. X-Ray diffraction spectroscopy (XRD, Rigaku SmartLab, Japan) was used to record the X-
ray diffraction pattern of AgNW using Cu Ko radiation at room temperature with scan rate of 20
= 2° /min and scanning from 30-90° . Field emission scanning electron microscope (FESEM, S-
4800, Hitachi) was used to observe the size, shape and morphology of AgNW on the specimen’s
surface. The peeling resistance was observed by using the captain scotch tape (927AR grade)
with thickness of 0.055 mm. Atomic force microscopy (AFM, Park system XE-Series, non-
contact mode) was used to observe the surface topology of the AgNW on the substrate. The sheet
resistance was measured with a 4 point probe setup (Lucas labs model 302) connected to a
Keithley 236 source measure unit. The distance between each probe was 0.5 mm. The glass
specimen was cut to 2 cm x 2.5 cm and coated with PEM followed by AgNW deposition via spin

coating.

3. Result and discussion

The AgNW were synthesized using the solvothermal process with PVP and glycerol as
stabilizer and reducing agent. The synthesis was carried out with NaCl in solution leading to the
formation of AgCl complex which was later reduced to silver Ag’ and obtained uniform and long

AgNW. Although, ethylene glycol is a common reducing agent in the synthesis of AgNW,



glycerol was used here as an alternative reducing agent. Glycerol has a higher boiling point (290
° C) and a higher hydroxyl group content than ethylene glycol which accelerated the wires
growth [26, 42]. As in other published work, PVP was used to control the growth direction of
AgNW as it present favorable adsorption onto the (100) face of the multiple-twined particle of
silver. This preferential adsorption leaves the (111) face unprotected, thus inducing a
longitudinal growth of the wire perpendicular to the (111) direction. A monolayer of AgNW was
then spin-coated on the PEM primer which acted as the adhesive layer as shown in Fig.1. The
PEM top layer is expected to provide an anchoring site for the AgNW and possibly to enhance
the peeling resistivity and also the AgNW packing density on the substrate when compared to

deposition on bare glass surface.
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Fig. 1. Schematic of the method used for the silver nanowires deposition

Electron microscopy was used to observe the morphology of the wire which should
display nanometer scale diameter but micron scale length. On the FESEM images of AgNW
shown in Fig.2, it can be seen that the diameter of the AgNW is between 20 to 30 nm with a
length ranging from 10 to 30 um confirming the successful synthesis of wires. Typically,

spherical silver nanoparticles usually display an absorbance peak centered around 400 nm,



depending on size, shape and surrounding media. This plasmonic peak is due to the collective
oscillation of the delocalized free electron in the metallic nanoparticle under electro-magnetic
excitation. From the UV absorption spectrum of AgNW, two peaks are usually observed in the
literature [27] at 350 and 380 nm, which are characteristic of the AgNW UV-Vis spectra. In
Fig.2, these two peaks are clearly visible and no peak can be seen after 400 nm suggesting that
all the silver nanoparticles have been consumed and transformed to silver wires. If the silver
nanoparticles were only converted to short silver rods having small aspect ratio (10-50), they
would present a longitudinal resonance plasmon peak shifted to higher wavelength in the visible
range. Here, the wires with an aspect ratio of nearly 1,000 only display transverse plasmon band
and their secondary peak is not visible. Both UV absorption spectra and FESEM image confirm
that no silver nanoparticle seed are left after completion of the reaction and that the AgNW with

a diameter of 20-30 nm and a length of around 20-30 um have been synthesized.
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Fig. 2. UV-Vis absorption spectra and pictures of the AgNW solution (A) and FESEM image of

AgNW (B)



The crystal structure of the AgNW was studied by X-Ray Diffraction pattern analysis. As
the wires grow in the (111) plane direction, this lattice should be dominant in the asymmetric
growth of the silver crystal. The XRD analysis of the sample shown in Fig.3 display the
characteristic diffraction pattern of the face centered cubic of AgNW which consists of two main
diffraction peaks at 38.3° and 44.7°. These two largely predominant peaks that correspond to the
(111) and (200) diffraction planes hinder the observation of the (220) and (311) that should

appear at 64.9° and 78.1° , as suggested by Shobin et al [27, 43].
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Fig. 3. Plot of the XRD pattern from a thin film of AgNW coated on a glass substrate

It was initially hypothesized that the PEM coatings could enhance the deposition and
stability of AgNW on glass slides. To test this hypothesis, a PEM primer layer was deposited on
glass slides with 7 or 8 layers to provide either a cationic or anionic top surface charge. PVP is a
non-ionic polymer used to stabilize the AgNW and its possible interaction with the PEM was

tested on both charge surfaces. The AgNW were deposited by spin coating on bare glass slide



and each 7 or 8 layers PEM. The surface of the samples after spin coating was analyzed using

AFM to study theirs topology and surface roughness (Fig.4).

Fig. 4. AFM images of the AgNW coated on (A) bare glass, (B) glass slide with 8§ PDADMAC-

PSS layers and (C) glass slide with 7 PDADMAC-PSS layers

From the AFM images of all the samples, it can be seen that the AgNW are individually
deposited and no aggregation of single AgNW into bundles is observable. The diameter
measured using the AFM by cross section analysis confirm a diameter of 20-30 nm which is
consistent with the FESEM images in Fig 2. It can be seen that the AgNW deposited on the glass
substrate (Fig 4A) appear partially aggregated into clusters, suggesting a less uniform coating
with an average roughness of 28.87 nm. The aggregation of the wires is probably due to the
residual mobility of the wires during solvent evaporation due to poor AgNW-glass interaction.
The anionic PEM 8§ layers coated with the AgNW displayed a more homogeneous dispersion due
to the better anchoring, but the wires density appear lower which might be due to the repulsive
force between anionic PSS and carbonyl groups found on the PVP capping. Interestingly, the
cationic PEM 7 layers displayed a more homogeneous and higher density coating as seen in
Figure 4C. The surface roughness of AgNW on PEM 7 and 8 layers were measured to be 28.02

and 23.9 nm, respectively. The AgNW coating density can also be evaluated by using UV-Vis

| 1837 nm



spectroscopy, which is proportional to the AgNW local density. In Fig. 5, the absorbance values
for each coating are compiled and it can be seen that PEM 7 layers coating has a higher
absorbance at 350 and 380 nm when compared to PEM 8 layers and bare glass slide, thus

confirming AFM images.
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Fig. 5. UV-Vis transmission spectra of the AgNW (0.7%w/v) coated on glass and 7 or 8 layers

PEM. The inset represents the %transmission values at 550 nm for each samples
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Fig. 6. Plot of the sheet resistance of the AgNW coating on bare glass, 7 and 8 layers
PDADMAC-PSS layers as a function of the concentration of AgNW (%w/v) in solution

With transparency, the other most critical characteristic of the AgNW coating is its
electrical conductivity. In Fig.6, the sheet resistance of samples prepared from increasing
AgNW content and spin-coated on bare glass slides and PEM 7 or 8 layers is shown. Using the
4-points probe technique to evaluate the conducting properties of the different coating, the sheet
resistances of the AgNW (0.7 %wt.) coated on glass and PEM 8 layers were measured to be 30
and 106 Q/square, respectively (Fig.6). The AgNW coated on PEM 7 layers had sheet resistance
as low as 14 Q/square. It can also be seen that the sheet resistance decreased with the increasing
AgNW concentration which is fairly intuitive. Nevertheless, the 7 layers coating produced a
denser and more homogeneous AgNW coating with the best conductivity when compared to
blank and 8 layers coating. Although, AgNW and PVP do not carry a clear anionic charge,
favorable interaction between the lone pair on the N and PDADMAC coating are expected.

Similar affinity between N atom in PAH and the AgN'W have previously been reported by Kim



et al [40]. They used XPS was used to confirm the formation of coordinating bond between the
nitrogen atom and the AgNW surface. On the other hand, both glass and PEM 8§ layers substrate
display higher sheet resistance suggesting aggregation and poor coating density. Although all
samples could be coated by spin coating with more or less success, it is necessary to investigate
the stability of the wire on the surface with a peeling test 6 cycles of pressing a scotch tape strip

on different samples followed by quick peeling.
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Fig. 7. Plot of the sheet resistance of the AgNW coated on glass, PEM 7 and 8 layers as a

function of the number of peeling cycle

As displayed in Fig.7, the sheet resistance of AgNW coating was measured after each
cycles and was found to increase in the case of the glass coating and PEM 8 layers from 30 to
about 500 /square after 6 peeling cycles suggesting poor adhesion of both coating. In contrast,

the AgNW coated on the PDADMAC (PEM 7 layers) displayed a much better adhesion and



stability and maintained a sheet resistance value under 25 Q/square even after 6 cycles of
peeling.

It can be clearly concluded that favorable interaction between the wires and the PDADMAC
layers lead to a better adhesion properties using the PEM 7 layers. As the ultimate goal is to
produce flexible transparent conducting electrode, a bare PET sample was used as substrate
while two other PET samples were modified with 7 and 8 layer of PDADMAC-PSS which were
used as adhesive layer for AgNW. The sheet resistance of all samples after coating with AgNW

were measured and plotted in Fig.8.
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Fig. 8. Sheet resistance of AgNW deposited on the PET and PET/PEM 7 and 8 layers. Pictures
of the bare and 7 layers coated PET coated (Upper picture) and 7 layers coated PET (lower

picture)

Results show that the sheet resistance of the AgNW on PET is significantly lower than on
glass different (30 Q/square for glass and 3,600 €/square for PET) due to the hydrophilic

characteristic of PET which affect to the binding of the AgNW and also the fabrication of PEM.



By using the PEM 7 and 8 layers as adhesive layer, the PET surface became more hydrophilic
which provided a better deposition of AgNW result in the lower sheet resistance. Similarly to the
deposition of AgNW on the glass substrate, the PEM 7 layers exhibited a better adhesion of
AgNW than the PEM 8 layers while maintaining a good transparency when compared to the
plain PET without AgNW (Fig.9A). It can be concluded that the modification of the PET
substrate with PEM 7 layers produced flexible (Fig.8) and transparent PET (95% transmission)

while maintaining good conductivity (74 /square)

4. Conclusion

In this work, transparent conducting electrodes were prepared by the deposition of
AgNW on PEM modified glass substrates via spin coating. The spin coating of the AgNW on all
three surfaces (bare, 7 and 8 layer PDADMAC-PSS) was successful although a better deposition
of the AgNW was obtained when PDADMAC was used as top layer (7 layers) in term of coating
density (UV-Vis) and dispersion (4 point probe). Additionally, the PDADMAC could prevent the
peeling of the AgNW and maintain a low sheet resistance even after 6 peeling cycles. PET was
also used as substrate for the deposition of AgNW in order to produce the flexible transparent
conducting electrode which could be used in solar cell application. Results suggest that the
treatment of the PET substrates, using a PEM primer with PDADMAC on top is a promising
method to stabilize AgNW toward the development of robust transparent conducting electrodes

for the development of optoelectronic devices.
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Fig. 1. Schematic of the method used for the silver nanowires deposition
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conducting
electrodes
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Fig. 2. UV-Vis absorption spectra and pictures of the AgNW solution (A) and FESEM image of

AgNW (B)
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Fig. 3. Plot of the XRD pattern from a thin film of AgNW coated on a glass substrate
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Fig. 4. AFM images of the AgNW coated on (A) bare glass, (B) glass slide with § PDADMAC-

PSS layers and (C) glass slide with 7 PDADMAC-PSS layers
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Fig. 5. UV-Vis transmission spectra of the AgNW (0.7%w/v) coated on glass and 7 or 8 layers

PEM. The inset represents the %transmission values at 550 nm for each samples
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Fig. 6. Plot of the sheet resistance of the AgNW coating on bare glass, 7 and 8 layers

PDADMAC-PSS layers as a function of the concentration of AgNW (%w/v) in solution
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Fig. 7. Plot of the sheet resistance of the AgNW coated on glass, PEM 7 and 8 layers as a

function of the number of peeling cycle
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