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ABSTRACT

The bilayer structure of poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS) coating on silver nanowires (AgNWs) film is a promising structure for replacing
indium tin oxide (ITO) as a flexible transparent conductive electrode. Pristine PEDOT:PSS film
due to its hydrophilicity and high permeability cannot fully protect AgNWs from mechanical stress
and oxidation. Here, we present a composite approach that improves mechanical properties and
lifespan of the AgNWs/PEDOT:PSS electrode by adding polyvinyl alcohol (PVA) as a polymer-

surfactant. It is shown that addition of PVA improves the conductivity as well as the stability of



hybrid electrode under demanding mechanical stress conditions. The drop in conductivity of the
hybrid electrode is only 17% after 2000 repeated bending cycles whereas the reference electrode
has shown a dramatic drop of 180% in the conductivity. We speculate that generation of hydrogen
bonds between PEDOT:PSS and PVA increases adhesivity and cohesivity of the conductive
polymer film to the sublayer. So PEDOT:PSS-PVA film not only fixes the arrangement of AgNWs
but also improves the welding on cross junction points. By addition of PVA, optoelectronic
performance (Figure-of-merit (®rc)) of the electrode is improved from ®rc = 2.646x10°3 Q! for
AgNWs/PEDOT:PSS to ®rc =3.819x103 Q! for AgNWs/PEDOT:PSS-PVA electrode and power
conversion efficiency (PCE) of the polymer solar cell (PSC) is increased by over 17%.

1. INTRODUCTION

Transparent conductive electrode (TCE) is an essential constituents in the construct of all
optoelectronic devices such as solar cells, light-emitting diodes (LEDs), and smart windows [1—
4]. For application in flexible electronics, electrodes that made of metal oxides pose severe
constraints because of their high brittleness upon bending, the difficulty of processability on plastic
substrates, and their high price [1,5]. Three categories of materials including metal nanostructures
such as nanowires [6], carbon derivatives such as multi-walled carbon nanotubes (MWCNTSs) [7]
and graphene [8], as well as conductive polymers such as PEDOT:PSS [9] are recommended to
replace metal oxides [5,10]. But each of the alternative materials has limitations and shortcomings.

A thin layer of metal nanowires, in particular silver nanowires (AgNWs) 1is a promising
candidate due to its high conductivity, excellent bending performance[11], and low adverse effect
on the transmittance of the electrode[12]. Despite the unique advantages of AgNWs, it has some
disadvantages like high wire-to-wire junction resistance, high environmental instability, high
surface roughness, poor adhesion to substrates [6,11,13] and weak charge transfer across the empty
space between adjacent AgNWs [12]. The significant difference in mechanical properties between
the nanowires and polymeric flexible substrates, causes delamination of silver nanowire electrodes
upon cyclic stretching or bending [ 14]. Several strategies such as thermal treatments [ 15], humidity
assisted annealing [ 16], mechanical pressing [17] and plasmonic welding [18] have been proposed
to overcome the limitations. Alternatively, a hybrid structure is proposed, where AgNWs is
integrated with a conductive polymers or carbon nanostructures such as graphene in a double-layer

or sandwich structures [1,12,19-21]. The presence of coating layer on top of the AgNWs, reduces



the roughness [11,22], fills the voids between the nanowires, and increases the conductivity of the
electrode by creating welding on cross junctions of AgNWs [12]. It also reduces the oxidation rate
of silver nanowires and increases the stability [23].

PEDOT:PSS, is a common conductive polymer that’s used as a coating layer of AgNWs
electrode due to its good processability, suitable cost, excellent thermal stability and good optical
properties [9]. Despite all the unique benefits, PEDOT:PSS shows low conductivity before doping
process [9], hygroscopic properties [24], instability of properties in long periods [25] and
brittleness of the films [14,26-28]. It has been shown that, the conductivity of PEDOT:PSS can be
improved through addition of polar solvents [29,30], anionic [31] and non-ionic surfactant [32]
and graphene based derivatives [25,33]. Unfortunately, most of the above mentioned methods have
little effect on improving mechanical properties and reducing permeability, even in some cases, it
adversely affects the flexibility of the PEDOT:PSS films [11,28]. One way to improve the
mechanical properties of PEDOT:PSS is to swell it resulting in a relatively large gap between
PEDOT coils and PSS coils [34]. Plasticizers and soft materials are recommended to bridge the
gap between the two polymer parts [34]. For example, addition of Zonyl fluorosurfactant (Zonyl)
and Triton X100, not only increase the electrical conductivity, but also partially improve the
mechanical properties of PEDOT:PSS films[17,35].

In spite of all the researches done to improve the properties of PEDOT:PSS films as a
conductive protective layer for metal nanowire electrodes, there is still a need for a single step and
low-cost multipurpose method. A method that beside improving the conductivity level and
maintaining transmittance, it also drastically enhances the mechanical properties of the film and
greatly improves the stability by reducing the permeability to the air and moisture. In this work,
we introduce a new method to improve PEDOT:PSS film properties as a coating layer in bilayer
electrode of AgNWs/PEDOT:PSS by addition of polymer-surfactant. To increase the conductivity,
DMSO as a cosolvent and PVA as a polymer-surfactant were added to the PEDOT:PSS solution.
Addition of cosolvent and polymer surfactant at an optimal concentration prevent the migration of
surfactant chains to the surface of the film. So, in addition to changing the properties of
PEDOT:PSS film from brittle to ductile, increased the conductivity level of it. Presence of PVA
in coating film improved the adhesion of it to the surface and fixed the arrangement of AgNWs in
mechanical stresses. We observe that figure of merits improves from ®rc = 2.646x107 Q! for

AgNWs/PEDOT:PSS/DMSO to ®@rc = 3.819x10° Q! for AgNWs/PEDOT:PSS/DMSO/PVA



electrode. Appling the new bilayer electrode in PSCs structure increased the efficiency by 17%
compared to the AgNWs/PEDOT:PSS/DMSO electrode.

2. EXPERIMENT SECTION
2.1. Materials

Silver nitrate (=99.0%), Polyvinylpyrrolidone (PVP) (Mw= 360000 g/mol) and FeCl3;.6H.O
that used in the synthesis of silver nanowires, Poly(vinyl alcohol) (Mw= 31,000-50,000 g/mol, 87-
89% hydrolyzed) ,poly (3-hexylthiophene-2,5-diyl) (PsHT) and [6,6]-phenyl Ceibutyric acid
methyl ester (PCs1BM) is provided by Sigma-Aldrich. PEDOT:PSS (Clevios™ PH 1000 for
coating layers fabrication and Clevios™ PVP Al 4083 for hole transport layer fabrication) were
purchased from Heraeus. All solvents were purchased from Merck. All chemicals were used

without further purification.

2.2. Synthesis of silver nanowires

Silver nanowires were synthesized with polyol method [36,37]. Briefly, a solution of 0.12
mol/L of silver nitrate and a solution of 4.44x10~ mol/L of PVP in ethylene glycol were prepared
separately. 10 ml of each solution was mixed together. 5 ml of the FeCl3.6H20O in ethylene glycol
at a concentration of 0.12 g/L was added to the above mixture and was stirred vigorously at ambient
temperature for 3 min. Then it was transferred to the balloon with two spouts at 140 °C and was
restored to reflux for 3 h until the color of the suspension changed from colorless to silver.

Afterward, the purification of synthesized nanowires in ethylene glycol was done by
centrifugation for 4 min with 4000 rpm. In the next step, the suspension in ethanol was centrifuged
for 3 min at a speed of 3000 rpm for full purification. Finally, purified AgNWs were dispersed in
ethanol. The characterization tests of synthesized AgNWs are explained in Supporting

Information (SI).

2.3. Fabrication of coating layers
First, PEDOT:PSS (Clevios™ PH 1000) aqueous solution was filtered through a syringe filter
(0.45 um pore size). Then 6 wt% DMSO was added to the PEDOT:PSS solution and stirred for 4
h. Different weight percentages from 0 to 0.25 wt% of PVA were added to the polymer solutions



and stirred at 70 °C for 24 h. Thin films were obtained by spin coating the solutions followed by

annealing at 120 °C for 15 min.

2.4. Fabrication of bilayer electrodes
AgNWs suspension was diluted with ethanol to various concentrations (1 to 6 mg/ml in
ethanol) and was shaken for a few minutes before using. These suspensions were spin coated on
cleaned glasses or polyethylene terephthalates (PET) at 900 rpm for 30 s and 1500 rpm for 2 min.
Fabricated films were annealed at 70 °C in nitrogen atmosphere for 10 min to remove the residual
solvent. Then coating layers with 100 nm thickness were applied on AgNWs films separately.
Finally, fabricated bilayer electrodes were placed at 70 °C for 10 min. The schematic description

of the above process is shown in the scheme 1.

PET Spin coating of AgNWs AgNWs Film

by different concentration
(1-6 mg/ml)

Annealing at 70 °C in
a nmitrogen atmosphere
for 10 min
Spin coating of coating layers

(PEDOT:PSS, PEDOT:PSS-
PVA)

——

Annealing at 70 °C for 10 min

I

Bilayer Electrode AgNWs Film

Scheme 1. Schematic description of the bilayer electrode fabricating process

2.5. Evaluation of the mechanical properties of electrodes

To evaluate the mechanical properties of electrodes, static and dynamic mechanical bending
tests were performed. For dynamic mechanical bending test, rectangular samples with the
dimensions of 3 cmx1 cm were used. The relative sheet resistance (Rs/Rso) of electrodes on
polyethylene terephthalate (PET) substrates during 2000 bending cycles with bending radius of 2

mm (angle of 180°) were measured. For static mechanical bending test, the square samples with



the dimensions of 3 cm*3 cm were used. The relative sheet resistance (Rs/Rso) of electrodes on

PET substrates during 90 min under 180° bending were measured.

2.6. Polymer solar cell fabrication

PSCs were fabricated using all three types of electrodes (AgNWs, AgNWs/PEDOT:PSS and
AgNWs/PEDOT:PSS-PVA). All of the PSCs were fabricated with the same device structure of
substrate/ TCE (200 nm) / hole transporting material (PEDOT:PSS) (90 nm) / active layer
(P3HT:PCBM) (180 nm) / cathode (AL) (100 nm). PEDOT:PSS (Clevios™ PVP Al 4083) was
stirred for 15 min at 40 °C and then was filtered through a syringe filter (0.45 pm pore size). 100
ul of the prepared solution was spin coated at 2000 rpm for 1 min on the electrode
(AgNWs/PEDOT:PSS or AgNWs/PEDOT:PSS-PVA), and it was annealed at 70 °C for 20 min to
form the hole transport layer. In the next step, the solution of P3HT (10 mg/ml) and PCBM (10
mg/ml) in dichlorobenzene were mixed and spin coated in the glove box at 1000 rpm for 1 min
and subsequently annealed at 70 °C. Then, Cathode (Al) was coated by a physical vapor deposition
(PVD) method with a deposition rate of 0.2 nm/s and thickness of 100 nm. Shadow mask with an

active area of 0.5 cm? was used to design the Al pattern.

2.7. Characterization of prepared electrodes and PSCs

The sheet resistance of thin films was measured by a 4-point probe resistivity measurement
system (Sanat Nama Javan Co. FPP-SN-554). Optical transmittance was evaluated using a
Shimadzu uv-3600 Spectrophotometer. Raman spectra were obtained using TakRam N1-541
Raman system, using 532 nm laser wavelength. X-ray diffraction(XRD) patterns of the samples
were recorded with PHILIPS PW1730 X-ray diffractometer, using Cu-Ka radiation (A =1.54056
A) at 40 kV and 30 mA with a step size of 0.05°. Scanning electron microscope (SEM)
(SERONTECHNOLOGIES AIS2100) images for proving AgNWs synthesis, analytical study of
synthesized silver nanowires, and also surface and fracture analysis of the electrodes after bending
test were used. Atomic force microscopy (AFM) (ENTEGRA AFM NT-MDT) was used to study
the surface morphology of conductive thin films. J-V curves were measured using a solar

simulator (IRASOL Co) with an incident light intensity of 100 mW c¢cm 2 (AM 1.5 G light source).



3. RESULT AND DISCUSSION
3.1. Investigation and optimization of polymer coating

To optimize the concentration of polymer-surfactant, the conductivity of fabricated thin films
was measured. Addition of 6 wt% DMSO to the aqueous solution of PEDOT:PSS, increases the
conductivity of the film from 0.3 S/cm to 520 S/cm. Figure 1(a) shows the trend of growing
conductivity by addition of polymer-surfactant up to a concentration of 0.1 wt% of PVA up to
more than 830 S/cm. On the other side addition of PVA slightly reduces the transmittance of the
electrodes as illustrated in Figure 1(b). The transmittance of the PEDOT:PSS/ 6% DMSO/ 0.1%
PVA and PEDOT:PSS/ 6% DMSO films are amounted to 88.7% and 91.7% at 550 nm wavelength,
respectively. In this study, the range of 400 to 750 nm (visible range) was selected to investigate
light transmittance. Because as shown in Figure S1, absorption spectra of silver nanowires indicate
absorption peaks in the range of 300 to 400 nm. Which is caused severe irregularities at
transmittance spectrum of electrodes. On the other hand, the light absorption range in polymer
Photoactive materials such as P3HT:PCBM is typically limited to less than 750 nm [38,39]. In the
following, the names of PEDOT:PSS/6%DMSO and PEDOT:PSS/6% DMSO/ 0.1% PV A coating
layers are abbreviated to PEDOT:PSS and PEDOT:PSS-PVA.
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Figure 1. (a) Conductivity of thin films versus different concentrations of polymer-surfactant.
(b) Transmission spectra of PEDOT:PSS/6 wt% DMSO and PEDOT:PSS/6 wt% DMSO/0.1
wt% PVA at 400—750 nm wavelength range. (¢) Raman spectra of PEDOT:PSS and
PEDOT:PSS- PVA coating films at 1200-1600 nm wavelength range. (d) XRD patterns of
PEDOT:PSS and PEDOT:PSS- PVA coating films

Figure-of-merit (drc) as defined by Haacke [40] , is used to evaluate optoelectronic properties

of coatings:
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Orc = 2.512x107% Q! for PEDOT:PSS-PVA and ®rc = 2.189x1073 Q' for PEDOT:PSS are
calculated. Despite the slight drop in transmittance, an increase in ®@tc is observed due to the
increase in the conductivity level of the films.

The extremum amount of conductivity is attributed to the maximum amount of PEDOT:PSS
coils opening and the highest separation of conductive PEDOT" from insulating PSS™. Because the
conductivity of PEDOT:PSS are strongly dependent on the film morphology. The morphology of
PEDOT:PSS in the pristine form is in the coil structure. In such a way that the conductive chains
(PEDOTY) are surrounded by insulate coil chains (PSS") [9,41]. Therefore, this morphological
structure greatly reduces the conductivity of the PEDOT:PSS film. By changing the conformation
to linear structure, the PEDOT chains are released from the blockade of PSS. Besides, with
increasing molecular orientation, the crystallinity and packing of the chains also increases. So,
changing the conformation of PEDOT:PSS from coils to linear structure facilities electron transfer
between PEDOT chains and significantly increases the conductivity of the PEDOT:PSS film
[9,42]. However, as shown in transmission spectra (Figure 2 (b)) reduces the transmittance of
polymer coating. AFM analysis (detailed in SI, Figure S2) and Raman spectra are used to
demonstrate the change of PEDOT chains from coil to linear structure by addition of polymer
surfactant. Figure 1(c) shows the Raman spectra of both coating films in the range 1200 to 1600
cm’!. The main peak of PEDOT:PSS coating film represents at 1433 cm™'. This peak is related to
Symmetric Coa=Cp stretching band [43,44]. By adding PV A to the PEDOT:PSS/DMSO film, a red
shift from 1433 to 1428 cm™! for this peak is observed in the polymer spectrum. This shift can be
related to the change of conformation from benzoid (coil conformation) to quinoid structure
(expanded coil or linear conformation) [43,44]. Therefore, addition of the polymer surfactant after
adding DMSO by increasing the ratio of the linear to the coil conformation of PEDOT structures
has been able to increase the conductivity of the polymer film more than addition of the solvent
alone. At concentrations greater than 0.1 wt% of PVA, the decrease in the conductivity level is
observed. This is attributed to the decrease of coulombic repulsions among the negative charges
of PSS~ due to reduced concentration of PSS~ at the surface of polymer-surfactant chains and thus
reduction of extension of PEDOT:PSS coils [32]. In addition, the decrease of conductivity can be
related to the increase of non-conductive parts (PVA), and also imprisonment of the PEDOT"

chains in the middle of the insulator section.



Figure 1(d) shows XRD patterns obtained from each coating layer. By comparing patterns,
changes in the crystal structures of the coatings by the addition of PVA are demonstrated. As stated
in various research, PEDOT:PSS XRD pattern has several peaks. The most important peaks for
studying the crystal structures and electrical conductivity of PEDOT:PSS/DMSO films are
observed in the ranges of 20 = 2.9° and 25.74° [45-47]. By using Bragg’s law, these angles are
related to spacings of approximately 30.44 and 3.45 A, respectively. The long lamella stacking
distance (30.44 A) can be attributed to the alternate lamella stacking distance of PEDOT and PSS
in the plane (dqoo) [45-47]. According to previous studies, this distance in the pristine
PEDOT:PSS has been reported in the range of 23 A *!"**, This result is compatible with the total
width of PEDOT (= 7.5 A) and PSS (= 15.5 A) based on chemical structures of them [45,48].
Therefore, by addition of DMSO, increasing the distance between the PEDOT and PSS chains and
creating an empty space between them is proved. Another d spacing (3.45 A) Represents the
distance between m-m stacking (d10)) of the PEDOT thiophene ring [45-47]. By reducing this
distance while increasing molecular packing and local crystallinity, electron transfer between
PEDOT chains becomes easier and conductivity increases [45—47]. In PEDOT:PSS-PVA film ,
d(100y and do10y peaks are shifted to 20 =3.12° (28.29 A) and 26.24° (3.39 A) respectively, and the
intensity of them increases. Therefore, the addition of PVA, increases the amount of crystallinity
and conductivity of the coating film. Another important parameter that changed by addition of
PVA was related to the shifting of d(100) peak from 30.44 A to 28.29 A. As mentioned above, this
peak is related to the lamella stacking distance of PEDOT and PSS in the plane and reducing it
decreases the free space between PEDOT and PSS. Hydrogen bonding between PEDOT:PSS and
PVA has been reported in various research in the past [49-51]. therefore, this free space reduction
can be attributed to the formation of hydrogen bond between PEDOT:PSS and PVA chains.

So, Adding PVA to the polymer coating, by increasing the crystallinity, molecular packing
between PEDOT chains and reducing the gap between PEDOT and PSS chains in addition to
decreasing the transmittance (Figure 1(b)) , it can also reduce the permeability of the polymer

layer and improve the stability of the electrode’s properties.

3.2. Design and optimization of prepared electrodes
Applied coatings top of the AgNWs films simultaneously affect optical and electrical

properties of the films. Figure 2(a) and (b) shows the transmittance spectra and sheet resistance
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of the electrodes with the PEDOT:PSS coating layer whereas Figure 2(¢) and (d) shows the ones
with the PEDOT:PSS-PVA coating layer.
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Figure 2. Transmission spectra of (a) AgNWs/PEDOT:PSS (¢) AgNWs/PEDOT:PSS-PVA

electrodes at the 400—750 nm wavelength range. Rs Histograms of (b) AgNWs/PEDOT:PSS (d)

AgNWs/PEDOT:PSS-PVA electrodes as a function of AgNWs suspension concentration (1

mg/ml to 6 mg/ml).

The ®rc values for each electrode with PEDOT:PSS and PEDOT:PSS-PVA coating layers as

a function of different concentrations of AgNWs are calculated and are shown in Figure 3.
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Figure 3. Orc values of AgNWs/PEDOT:PSS and AgNWs/PEDOT:PSS-PVA electrodes as a
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As shown in Figure 3 and Table 1, the maximum ®rc values are obtained at the concentration
of 3 mg/ml AgNWs for both coatings, ®rc = 3.819x107 Q! (Transmittance = 81.39%, Rs= 33.4
Q sq’!) for AgNWs/PEDOT:PSS-PVA and ®rc = 2.646x107% Q! (Transmittance = 84.52%, Rs=
70.3 Qsq!') for AgNWs/PEDOT:PSS. For all the concentrations of AgNWs, PEDOT:PSS-PVA
coating layer outperforms the PEDOT:PSS.
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Table 1. Optoelectronic characterization parameters of transparent electrodes

PEDOT:PSS Coating Film PEDOT:PSS-PVA Coating Film
AgNWs
. Transmittance Transmittance
Concentratio Rs ®rc Rs Drc
at 550nm at 550nm
n (mg/ml)
Qsq ™) 103 Qb | Qsqh 103 QY
(%) (%)

1 167.5 88.79 1.818 104 85.87 2.095

2 105.43 86.1 2.123 52.7 82.33 2.715

3 70.3 84.52 2.646 334 81.39 3.819

4 62.4 80.99 1.945 23.8 77.16 3.143

5 56.2 77.34 1.362 19.6 75.11 2915

6 47.3 74.83 1.163 14.3 72.29 2.725

Higher conductivity level of AgNWs/PEDOT:PSS-PVA electrode compare to
AgNWs/PEDOT:PSS can be attributed to several reasons. The first is due to higher conductivity
of the PEDOT:PSS-PVA film versus PEDOT:PSS film which increases the overall conductivity
of the bilayer electrode (law of mixtures). The second is due to the improvement of the welding
process of the nanowires at the points of attachment. One of the biggest obstacles to increasing the
conductivity of AgNWs-based electrodes is the presence of an insulating polymer chain (PVP)
that wraps around the silver nanowires during the chemical synthesis. The presence of this
insulating layer prevents the transfer of electrons from one nanowire to another and creates high
resistance at cross junction points [12,52,53]. Addition of PVA to the PEDOT:PSS increases the
adhesion and cohesion forces in the coating layer. these promoted forces enhance the welding
process of the nanowires at the contact points while pushing away PVP and increases the effective
contact surface of AgNWs.These phenomena are originated from formation of coordination
complexation of Ag«—:O between PVA and AgNWs [54] and hydrogen bonding between
PEDOT:PSS and PVA chains. Figure 4(a) and (b), show the SEM images of both types of

13



electrodes with PEDOT:PSS and PEDOT:PSS-PVA conductive coating layers respectively. In
both figures, the cross junctions of nanowires are marked with red circles. Reinforced welding
and compression of AgNWs on cross junctions by PEDOT:PSS-PVA coating layer is visible in
SEM images in Figure 4(b).

Reinforcement of AgNWs welding in addition to increasing the conductivity, reduces surface
roughness. By applying PEDOT:PSS coating on the AgNWs film, the surface roughness value
range, decreases from the average root mean square (RMS) = 59.7 nm to RMS = 18.4 nm, and
with the modified coating layer with PV A, the surface roughness value range decreases from RMS

=59.7 nm to RMS = 12.9 nm (detailed in SI, Figure S3).

Figure 4. SEM image of (a) AgNWs/PEDOT:PSS electrode (b) AgNWs/PEDOT:PSS-PVA

electrode.(The welding of the nanowires is identified in both images with red circles).

To evaluate the mechanical properties of electrodes, the relative sheet resistance (Rs/Rso)
changing procedures of the electrodes under static and dynamic mechanical bending test are shown

in Figure 5(a) and (b) respectively.

14
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Figure 5. The normalized sheet resistance of electrodes (a) versus bending cycle with bending
radius 0.5 mm on PET substrate (b) versus bending time under 180° bending on PET substrate

(Including flexible electrode image). (¢) versus time in the ambient condition

In both tests, mechanical properties improvement of electrodes with the modified coating is
verified. This improvement is related to two different mechanisms: firstly, as mentioned earlier
addition of PVA to the PEDOT:PSS, increases the adhesion and cohesion forces in the coating
layer. This reinforcement not only improves welding on cross junctions of nanowires, but also
maintains the arrangement and orientation of AgNWs under the mechanical stresses. Secondly, as
shown in Figure 6(a), PEDOT:PSS film is brittle in its natural form and it breaks under severe
mechanical stresses [25,27]. Figure 6(b), shows the SEM images from defects that have been
created after 2,000 bending cycles in an electrode with PEDOT:PSS coating layer. Cracks and
defects created in the PEDOT:PSS layer reduce the electrical and mechanical properties. As shown
in Figure 6(c), Addition of PVA as a polymer-surfactant changes PEDOT:PSS film behavior from
brittle to ductile. The change of behavior is due to the dual functionality of PVA as a surfactant
and as a soft polymer at the same time. PVA as a surfactant changes configuration of PEDOT:PSS
from coil to fibrillar structure [11,22] and as a soft polymer swells PEDOT:PSS [55] and forms
hydrogen bonds with it [56,57]. Changing the behavior of the polymer coating to the dactylic state
reinforces the polymer film against severe stresses. Figure 6(d) shows SEM images of the
electrode with PEDOT:PSS-PVA coating layer after 2,000 bending cycles. By comparing the SEM
images of Figure 6(b) and (d), reinforcement of the coating layer by addition of PVA is proved.

15



(b)
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(d)

Figure 6. (a) Schematic of multiple cracks is created in bending AgNWs/PEDOT:PSS electrode
(b) SEM images of the electrode with PEDOT:PSS coating after 2,000 bending cycles. (c)
Schematic of the bending AgNWs/PEDOT:PSS-PVA. (d) SEM images of the electrode with
PEDOT:PSS-PVA coating after 2,000 bending cycles.

The oxidation rate of silver nanowires increases at presence of polar water molecules and
oxygen[58,59]. Another essential responsibility of coating film on top of the AgNWs in bilayer
electrode is the reduction of silver nanostructures oxidation rate exposed to ambient condition
[12,25,58—-62]. To compare the performance of coatings as a protection layer of nanowires against
oxidation, sheet resistance of the electrodes was measured every 10 days at room temperature
(25°C) and an average relative humidity of 70% for 60 days. As shown in Figure 5(c), sheet
resistance of AgNWs/PEDOT:PSS electrode increases about 280% whereas the increase in
modified coating electrode is limited to less than 20% during the 60 days. Enhancement of
protective properties of PEDOT:PSS by addition of PVA in this criterion is due to the decrease of

permeability of polymer film against oxygen and humidity. Reduced polymer permeability as
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previously explained is associated with increased polymer packing by addition of PVA due to

increased crystallinity and strong hydrogen bond formed between the polymer chains.

3.3. Investigating the performance of electrodes designed in PSCs

In order to compare the effect of polymer coatings, bilayer electrodes of AgNWs/PEDOT:PSS
and AgNWs/PEDOT:PSS-PVA, as well as single-layer electrode of AgNWs, were used in the
PSCs. The current density-voltage (J—V) curves and schematic structure of the prepared PCSs are
shown in Figure 7. Table 2 illustrates the current density-voltage (J—V) characteristics of the
PSCs. The PSC has made with the single layer AgNWs electrode shows lower short-circuit current
density (Jsc) and open-circuit voltage (Voc) than the PSCs which have made with bilayer
electrodes. As shown in Table 2 in the case of AgNWs electrode, PSC shows an open-circuit
voltage (Voc) of 0.55 V, short- circuit current density (Jsc) of 5.9 mAcm™, and fill factor (FF) of
0.46, resulting in power conversion efficiency (PCE) of 1.51%. In the case of bilayer electrodes
with PEDOT:PSS and PEDOT:PSS-PVA coating layers, PSCs show same open-circuit voltages
(Voc) of 0.72V, short- circuit current densities (Jsc) of 6.73 and 7.59 mAcm™, and fill factors (FF)
0f 0.61 and 0.65 and power conversion efficiencies (PCE) of 2.9% and 3.5% respectively.

Volatage (v)
0.0 0.2 0.4 0.6 0.8 1.0 1.2

P3HT:PCe:BM
AgNWs

{ Glass/PET

Current Density (mA/cmz)

A

w— AN Ws
e AgNWs/PEDOT:PSS
e AGN'Ws/PEDOT:PSS-PVA

Figure 7. Current density-voltage graph of polymer solar cells based on AgNWs,
AgNWs/PEDOT:PSS and AgNWs/PEDOT:PSS-PVA electrodes.
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Table 2. Summarized device performances of PSCs

Electrodes used in OSCs Voc (V) Jsc (mA/cm?) FF PCE (%)
AgNWs 0.55 5.9 0.46 1.51
AgNWs/PEDOT:PSS 0.72 6.73 0.61 2.9
AgNWs/PEDOT:PSS-PVA 0.72 7.59 0.65 3.5

The above results show that the presence of coating layers improves the overall performance
of the electrode and thus enhances the performance of the optoelectronic devices. One of the
improvements in the performance of bilayer electrodes compared to the single-layer AgNWs
electrode is related to the increase in Voc. Many parameters such as electrode work function,
density of state (DOS) distribution or energetic disorder, charge transfer (CT) states,
microstructure, D/A interface area and ... affect the Voc [63]. One of the important parameters is
the kind of contacts between the electrodes and the active layer which is determined by the
difference between the Fermi level of the electrodes and Enomo,p (energy level of highest occupied
molecular orbital of donor) or ELumo,a (energy level of lowest unoccupied molecular orbital of
donor) of active layer. For Ohmic contact, under thermal equilibrium, the Fermi level of the
electrodes will be levelled and pinned to the LUMO/HOMO level of active layer and disorder
tends to be lower when contacts are Ohmic [63,64]. In the bilayer electrodes, in addition to the
HTL, a coating layer (PEDOT:PSS (Clevios™ PH 1000)) with higher conductivity and lower
Fermi level was used to improve the ohmic-contact between the HTL and silver nanowires. The
presence of this coating layer, in addition to improving the performance of electrode and ohmic-
contact, creates a good adhesion between the electrode and the HTL, which also causes less
structural defects. We believe that the coating layer with the above mechanisms can lead to an
increase in Voc compared to conventional polymer solar cells. Besides, annealing at low
temperatures and the resulting molecular arrangement of active layer could be another reason for
the high Voc of PSCs[65]. But AgNWs electrode is unable to collect holes quickly because of
existing empty spaces between the nanowires and weak welding on cross junctions of AgNWs. So

the remaining holes weaken the internal electric field and finally depress Voc in PSCs with single-
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layer electrode [22,63]. By comparing the intensity of the Jsc, it can be seen that due to the higher
conductivity of AgNWs/PEDOT:PSS-PVA electrode, hole transfer is more efficient [66,67].
Another critical factor for better performance of the electrode with PEDOT:PSS-PVA coating
layer in polymer solar cell is related to fewer defects, due to improved processability as a result of

better adhesion of the coating to the sublayer [62].

4. CONCLUSION

In conclusion, a bilayer electrode with AgNWs and novel coating layer was introduced. The
new coating layer is made by addition of DMSO and polymer-surfactant of PVA to the
PEDOT:PSS. The presence of PVA in the coating layer significantly improves the mechanical
properties of the coating and changes its nature from brittle to ductile. The use of novel coating
layer increases conductivity and longevity of bilayer electrode. The addition of polymer-surfactant
to the polymer coating layer improves the optoelectronic properties of bilayer electrode and
increases figure of merit from ®rc = 2.646x10° Q' to 3.819x10° Q' The use of
AgNWs/PEDOT:PSS-PVA electrode instead of AgNWs/PEDOT:PSS in PSC structure results
17% increase in final PCE. This improvement is attributed to better optoelectronic performance

and lower structural defects in the modified electrode.
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