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Silver nanowire/polyimide composite transparent
electrodes for reliable flexible polymer solar cells
operating at high and ultra-low temperaturet

Xiaoyang Guo, Xingyuan Liu,* Jinsong Luo, Zhihong Gan, Zhong Meng
and Nan Zhang

A high and ultra-low temperature resistant flexible polymer solar cell was produced using a silver nanowire
and polyimide composite transparent electrode. The composite transparent electrode exhibited excellent
opto-electrical properties and flexibility across a wide temperature range of —150 to 250 °C. It also
demonstrated strong adhesion, good abrasion performance, and excellent thermal and chemical
stability. The power conversion efficiency of the flexible polymer solar cell based on this film was
comparable to the device based on a flexible indium tin oxide electrode, and is quite stable under a wide

www.rsc.org/advances range of applied temperatures.

Introduction

Polymer solar cells (PSCs) have attracted tremendous interest
due to their low cost, easy fabrication, and compatibility with
flexible substrates over a large area. In particular, flexible PSCs
have promising applications in some emerging areas, such as
portable or wearable electronics, synthetic skin, and conformal
solar cells for building integration. Currently, one major chal-
lenge in developing flexible PSCs is the lack of deformable
transparent conductive films (TCFs), which are the cornerstone
of flexible PSCs, allowing light to be transmitted with minimal
losses while simultaneously transporting charge. Indium tin
oxide (ITO) has high transparency and low resistance which is
the preferred choice in many PSC devices." However, this
material is not without shortcomings, with its brittleness and
high price preventing its application in low-cost flexible
devices.** This has led to several alternative TCFs being intro-
duced, including: conducting polymers,”® carbon nanotubes,**°
graphene,”**> and metallic nanowires.*>"*

Of all the alternative TCFs, silver nanowire (AgNW) trans-
parent electrodes are considered amongst the most promising
for use in PSCs by virtue of their excellent opto-electrical
properties and high flexibility."**” There are, however, still
several issues that prevent its practical application. Firstly, the
rough surface topology of AgNW films presents a major problem
in terms of creating short circuits in organic optoelectronic
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devices. Secondly, the force of adhesion between AgNWs and
various substrates tends to be quite weak, thereby limiting the
conductivity and stability of the AgNW electrode. Thirdly,
AgNWs have a tendency to melt or oxidize during thermal
annealing in air, which again degrades the performance of the
AgNW electrode. Methods developed to overcome these prob-
lems include coating the electrodes with a layer of poly(3,4-
ethylene dioxythiophene)-polystyrene sulfonic acid
(PEDOT:PSS), or using graphene and metal oxides to smooth
the surface of the AgNW films and improve their stability;'*>*
but such layers tend to be easily damaged by common solvents
such as water, ethanol or organic reagents. Other methods to
improve AgNW adhesion include: the application of high
pressure,”>* in situ polymerization,* surface encapsulation®
and high-intensity pulsed light sintering.”” Such methods,
however, tend to be energy intensive or time-consuming when
rapid production is required. Embedding AgNWs into polymer
films is a promising way to smooth rough surface and improve
adhesion of AgNW films. Polymers such as polymethacrylate,*®
polyvinyl alcohol* and poly(dimethylsiloxane)** have been
applied to composite with AgNWs, which exhibit excellent opto-
electrical properties and flexibility. But they suffer either high-
temperature treatment or being dissolution in the solvent.
The abrasion performance of modified AgNW films, an
important parameter in commercial applications, is something
which has been seldom mentioned in the past. This is a
significant oversight, in that a TCF with poor abrasion perfor-
mance can be more easily damaged either before or during
device processing, thus leading to a reduced production yield
and lower reliability of the optoelectronic devices. More
importantly, the properties of modified AgNW films at ultralow
temperatures has been largely ignored for a long time, yet has a
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Fig. 1 Fabrication of a flexible PSC based on a PI/AgNW composite film.

significant bearing on the use of optoelectronic devices under
extreme environmental conditions.

Herein, we propose a flexible transparent conductive
substrate based on an AgNW and polyimide (PI) composite
structure, and investigate its durability at high and ultra-low
temperatures, and with exposure to air and chemical solvents.
Mechanical properties such as flexibility, adhesion and abra-
sion performance are also investigated. The performance of a
flexible PSC based on this new film is compared against a
traditional ITO-based device, and the flexible PSC also works
well at high and ultra-low temperatures.

Experimental section
Fabrication of PI/AgNW composite transparent electrodes

The method of fabrication used to produce the flexible polymer
solar cell based on PI/AgNW composite film is shown in Fig. 1.
AgNWs (Bule nano, 50-60 nm) dispersed in an anhydrous
ethanol solution were dropped onto pre-cleaned K9 glass, which
was then placed on a hot plate to remove the solvent. After
annealing at 60 °C for 10 min, a PI film was deposited on the
substrate with AgNWs by drop casting, with the film then
heated to 60 °C for 30 min. The resulting composite film, con-
sisting of PI impregnated with AgNWs, was then carefully
stripped from the glass substrate.

Fabrication of polymer solar cells

Devices were fabricated based on either PI/AgNW or PET/ITO
(40 Q sq ") substrates. PEDOT:PSS layers (Baytron P Al 4083,
30 nm) were then spin-coated onto these substrates and baked
on a hot plate at 120 °C for 10 min. The active layers of the
polymer solar cells, which were based on a poly[4,8-bis-(2-
ethylhexyloxy)-benzo[1,2-b:4,5-b"]dithiophene-2,6-diyl-alt-4-(2-
ethylhexyloxy)-thieno[3,4-b] thiophene-2,6-diyl]] (PBDTTT-C,
Solarmer): [6,6]-phenyl C71-butyric acid methyl ester
(PC70BM, American Dye) blend (1:1.5 weight ratio, 90 nm
thick) with 3% 1,8-diodooctane (Sigma Aldrich) were then spin-
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coated onto the substrates from a dichlorobenzene solution in a
glove box. Finally, LiF (1 nm) and Al (100 nm) were thermally
deposited at a pressure of approximately 4 x 10~ * Pa. The active
area of the solar cells was 0.12 cm?. All measurements were
performed in air without encapsulation.

Film and device characterization

The surface resistance was measured using the four-point probe
method with a surface resistivity meter. Optical transmittance
spectra were obtained using a Shimadzu UV-3101PC spectro-
photometer. Surface images of the composite films were
obtained by scanning electron microscopy (SEM, Hitachi
S-4800), and atomic force microscopy (AFM) measurements
were performed with a Shimadzu SPA-9700. The thickness of
each film was measured using an Ambios XP-1 surface profiler.
The high and ultra-low temperature measurements were carried
out by a hot plate and a plate cooling by liquid nitrogen,
respectively. The current density and voltage (J-V) characteris-
tics of the polymer PV cells were measured using a computer-
controlled Keithley 2611 source meter under AM 1.5G illumi-
nation from a calibrated solar simulator with an irradiation
intensity of 100 mW c¢m 2. External quantum efficiency (EQE)
measurements were performed using a lock-in amplifier at a
chopping frequency of 20 Hz, with illumination provided by a
monochromatic Xe lamp. All measurements were performed in
air under ambient conditions.

Results and discussion

The surface topology of the composite films produced was
analyzed by SEM and AFM, the results of which are shown in
Fig. 2. It can be seen from Fig. 2a and c that the AgNW networks
are well embedded at the surface of the composite film. Fig. 2b
shows the AFM height image of the AgNW on a glass substrate,
revealing that the root-mean-square (RMS) roughness of the
AgNW networks on a flat substrate is 32.3 nm and its peak-to-
peak range is about 236 nm. This height of the AgNW film

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 (a) SEM images of a flexible PI/AgNW composite film. AFM height images of (b) glass/AgNWs and (c) PI/AgNW composite film.

can cause device short circuits, and is attributed to the AgNW
network being arranged through a stacking of wires. In contrast,
the PI/AgNW composite film (Fig. 2¢) has an extremely smooth
surface topology, giving a RMS of 2.3 nm and a peak-to-peak
range of 24 nm.

The conductivity and optical transparency of the flexible
composite films are determined by their AgNW density, which
can be readily controlled by either the concentration of the
AgNW dispersion or the coating process used. Fig. 3a shows the
transmittance of composite films with different sheet resis-
tances, with the transmittance of ITO on a plastic substrate also
shown for comparison. This demonstrates that the trans-
mittance of the composite film decreases as the sheet resistance
is reduced; however, in order to compare individual films with
different sheet resistances, a figure of merit (¥1c) needs to be
introduced to rank the quality of the transparent electrodes.
This has been defined by Haacke as &yc = T"%/Rgp,** where T is
the transmittance, and Ry, is the sheet resistance. Values of @
obtained in this way for the flexible PI/AgNW composite films at
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Fig. 3 (a) Transmittance spectra at different sheet resistances (the
transmittance of a PET/ITO electrode is shown for comparison). (b)
Transmittance (600 nm) and figure of merit values as a function of
sheet resistance. The inset shows a photo of the flexible TCF (70 mm x
70 mm, ~20 @ O7Y.
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Table 1 Values of the transmittance at 600 nm, sheet resistance, and
figure of merit of the flexible TCFs

Transmittance Sheet resistance Figure of
Film at 600 nm (%) Q@sq ™ merit (107° Q")
PI/AgNW 90.9 190 0.1

87.3 70 2.2

83.0 20 7.8

66.8 8 3.7

46.2 4 2.0
PET/ITO 86.9 40 6.1

a wavelength of 600 nm are provided in Table 1, and presented
in Fig. 3b as a function of the sheet resistance. We see from this
that although the sheet resistance can be reduced by increasing
the AgNW coverage, this also results in a substantial decline in
the optical transparency of the film. As a result, the ®¢ value
tends to exhibit significant fluctuation, with a maximum value
of 7.8 x 1072 Q' obtained with a transmittance of 83% and a
sheet resistance of 20 Q sq~'. As a comparison, the & value of
a PET/ITO electrode (6.1 x 10™* Q") calculated using the same
method is notably lower, suggesting that the PI/AgNW
composite film with a sheet resistance of 20 Q sq ' has defi-
nite potential to replace ITO as transparent electrode in flexible
devices.

The thermal, environmental and chemical stability of TCFs
is an important consideration in flexible device production,
with Fig. 4a showing the relative change in the sheet resistance
of a PI/AgNW composite film when annealed at different
temperatures in air for 30 min. Note that the sheet resistance
remains almost unchanged at temperatures between —150 and
150 °C, but decreases from 20 Q sq " at 60 °C to 18 and 17 Q
sq " at 200 and 250 °C, respectively. This is considered to be the
result of the composite structure preventing melting and coa-
lescence of the film during thermal annealing, thereby ensuring
better contact between the AgNWs** and explaining the reduced
relative change in sheet resistance at higher temperatures seen
in Fig. 4a.

The transmittance spectra of the PI/AgNW composite films
were mostly consistent after annealing at different tempera-
tures (Fig. S17), with Fig. 4b showing the relative change in the
sheet resistance of an AgNW film on glass and a PI/AgNW
composite film as a function of exposure time in air. This
reveals that the sheet resistance of the AgNW film increases by
over 160% after exposure to air for 528 hours, which is

RSC Adv., 2015, 5, 24953-24959 | 24955
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Fig. 4 (a) Relative change in sheet resistance after annealing at
different temperatures for 30 min. (b) Relative change in sheet resis-
tance as a function of exposure time in air (the results for an AGQNW film
on a glass substrate are shown for comparison). (c) Normalized sheet
resistance before and after exposure to common solvents. All
measurements were carried out in air.

consistent with previous reports of AgNWs oxidizing in air.””*
However, the sheet resistance of the PI/AgNW composite film
increases by only 35% (from 20 Q sq~ ' to 27 Q sq '), indicating
that the composite structure prevents oxidation of the AgNWs.

Fig. 4c depicts the change in the sheet resistance of the PI/
AgNW composite film before and after exposure to common
solvents, identifying a slight decrease in resistance with clean-
ing by water, ethanol and chloroform. This phenomenon can be
attributed to an improved NW-NW network created by the
solvent removal of disconnected AgNWs from the film surface.

Given the importance of a TCF's flexibility, adhesion and
abrasion resistance in determining its suitability for use in

24956 | RSC Adv., 2015, 5, 24953-24959
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Fig. 5 (a) Sheet resistance after repeated bending to ~90° at different
temperatures (the bending angle is shown in Fig. S3t). (b) Sheet
resistance after repeated taping and wiping.

flexible optoelectronic devices, the sheet resistance of the
PI/AgNW films was tested after repeated bending at different
temperatures. From the results shown in Fig. 5a, it is apparent
that there is little change in sheet resistance despite 3000
bending cycles, even at different temperatures (25, 200 and
—125 °C), which is clearly indicative of excellent durability.
Furthermore, the flexibility of the PI/AgNW composite film is
much better than that of PET/ITO electrodes (Fig. S21). The
mechanical adhesion and abrasion performance of the PI/
AgNW composite film was also studied, as shown in Fig. 5b,
revealing a slight decrease in sheet resistance from ~20 to
~17.5 Q sq " after applying and removing an adhesive tape fifty
times. The sheet resistance also decreased slightly from ~20 Q
sq ' to~17 Qsq " after wiping with a cotton swab fifty times. It
is considered that in either instance disconnected AgNWs on
the composite film surface are removed, resulting in an
improved NW-NW network and reduced sheet resistance
(Fig. S47). In comparison, when identical tests were performed
on an AgNW film deposited on a glass substrate, virtually all of
the AgNW network was removed.

PSCs based on a low band gap conjugated polymer PBDTTT-
C and PC,,BM were prepared on a PI/AgNW composite film to
further test the film's properties. Fig. 6a shows the /-V charac-
teristics of these PV cells under 100 mW cm > AM 1.5G

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 (a) J-V characteristics and (b) EQE spectra (results for a PET/ITO electrode are also shown for comparison). Normalized parameters of PI/

AgNW based device during (c) heating and (d) cooling.

Table 2 Performance of polymer PV cells based on different substrates

Device Voc (V) Jsc (mA ecm™?) Calculated Jsc (mA cm™?) FF PCE (%) R, (Q cm?)
PET/ITO 0.69 + 0.01 13.84 £ 0.25 13.45 0.50 £ 0.01 4.76 £ 0.24 10.4
PI/AgNW 0.69 £+ 0.01 13.01 £ 0.25 12.67 0.51 = 0.01 4.58 £ 0.25 4.4

illumination, with the results obtained from a conventional
PET/ITO-based cell also shown for comparison. The detailed
parameters for each of these cells are summarized in Table 2.
With the reference device using PET/ITO as the transparent
electrode, a PCE of 4.76% was obtained with a short-circuit
current density (Jsc) of 13.84 mA cm 2, a V¢ of 0.69 V and a
FF of 0.50. The PI/AgNW device, on the other hand, showed
quite promising performance with a Vo of 0.69 V, a Jsc of
13.01 mA cm ™2, a FF of 0.51, and a PCE of 4.58%. The lower PCE
is attributed to the smaller Jsc value caused by the PI film
limiting the absorption of the active layer, which was confirmed
by the EQE spectra of devices based on different substrates
(Fig. 6b). The Jsc values calculated from the EQE spectra are also
listed in Table 2, and are almost consistent with the measured
values. The series resistance (R;) values of the two devices, as
calculated from the J-V curves under light, are also shown in
Table 2. Compared with the PET/ITO devices (10.4 Q cm?), those
based on the composite film show a lower R, of 4.4 Q cm? that is
most likely due to their lower sheet resistance, and which
results in a higher FF. Device performance under different
temperatures was also measured (Fig. 6¢ and d), revealing that

This journal is © The Royal Society of Chemistry 2015

the PCEs of the flexible PSCs decrease with heating or cooling;
~82 and ~90% of its initial PCE achieved at temperatures of 150
and —125 °C, respectively.

The stabilities of the flexible PSCs under different temper-
atures have also been studied. Fig. 7a—c shows the normalized
device parameters as a function of exposure time in air at
different temperatures. The PCEs of the flexible PSCs decrease
as the exposure time increasing, 33, 57 and 72% of its initial
PCE achieved at temperatures of 100, 28 (room temperature)
and —100 °C for 30 min, respectively. Comparing with the
device stabilities at room temperature, the flexible PSC shows
better stabilities at ultra-low temperature of —100 °C and worse
stabilities at high temperature of 100 °C. The variation in
Fig. 6¢c and d was consistent to that seen in Fig. 7, which
confirmed that devices under heating process degenerated
faster than that under cooling process. The reason for the fast
degeneration of the device under 100 °C for 30 min may be
attributed to the macrophase separation and interface or
electrode degradation under heating in air without encapsu-
lation.**** Nevertheless, it is clear that polymer solar cells

RSC Adv., 2015, 5, 24953-24959 | 24957
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Fig.7 Normalized parameters of a flexible PSC based on a PI/AgNW composite film as a function of its exposure to air at different temperatures

of (a) 100, (b) 28 (room temperature) and (c) —100 °C, respectively.

based on a PI/AgNW composite film are quite stable under a
range of applied temperatures.

Conclusions

In conclusion, a high and ultra-low temperature resistant flex-
ible polymer solar cell based on a PI/AgNW composite trans-
parent electrode has been proposed. Through this study, it has
been shown that the PI/AgNW composite TCF can achieve a
high transmittance of 83%, combined with a low sheet resis-
tance of 20 Q sq . Such films also possess excellent mechanical
properties in terms of flexibility, adhesion and abrasion resis-
tance, as well as excellent thermal, environmental and chemical
stability. Furthermore, the PCE of PSCs based on this composite
film (4.58%) is comparable to that of devices fabricated on
conventional flexible ITO electrodes. The flexible PSC also
shows stable properties under ultralow and high temperatures
which confirms the viability of using PI/AgNW composite TCFs
as a transparent electrode in flexible optoelectronic devices.
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