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ABSTRACT: We report highly transparent polymer solar
cells using metallic silver nanowires (AgNWs) as both the
electron- and hole-collecting electrodes. The entire stack of the
devices is processed from solution using a doctor blading
technique. A thin layer of zinc oxide nanoparticles is
introduced between photoactive layer and top AgNW
electrode which plays decisive roles in device functionality: it
serves as a mechanical foundation which allows the solution-
deposition of top AgNWs, and more importantly it facilitates
charge carriers extraction due to the better energy level
alignment and the formation of ohmic contacts between the
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active layer/ZnO and ZnO/AgNWs. The resulting semitransparent polymer:fullerene solar cells showed a power conversion
efficiency of 2.9%, which is 72% of the efficiency of an opaque reference device. Moreover, an average transmittance of 41% in
the wavelength range of 400—800 nm is achieved, which is of particular interest for applications in transparent architectures.
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1. INTRODUCTION

Bulk-heterojunction polymer solar cells (PSCs) have been
recognized as an attractive solar technology because of the
promise of low-cost materials and easy processing require-
ments."”> The intrinsic features of color tunability and
semitransparency of the thin photoactive films turn out to be
a great asset for PSCs. These characteristics enable the
manufacturing of differently colored semitransparent PSCs
(ST-PSCs) by applying two transparent electrodes.* "> In
addition to traditional applications similar to inorganic panels,
aesthetic ST-PSCs are quite appealing power generators for
various transparent architectures, such as windows, glass roof
tops, curtain walls, shades, self-powered greenhouses, etc.
Because of these specific applications, ST-PSCs have recently
attracted growing attention and are considered as a high
priority for organic photovoltaics (OPV).

By employing high-performance photoactive polymers,
tandem structures,” ° and advanced light management,w
the power conversion efficiency (PCE) of ST-PSCs was steadily
increased to over 7%. Despite this progress in pursuing high
efficiencies, only a few reports have focused on the low-cost
solution-processing of the entire device stack. Many reported
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ST-PSCs currently employ commercial indium tin oxide (ITO)
as bottom electrodes combined with a vacuum deposited or
sputtered transparent top electrodes, i.e, ITO or thin metal
films.*~"® However, the utilization of expensive ITO (caused by
the scarce indium and the involved sputter and tempering
procedures) and energy-consuming deposition of top electro-
des are unfavorable to fulfill the cost potential of the PSC
technology. Accordingly, it is highly desired that a cost-effective
fully solution-processing route that is compatible with roll-to-
roll manufacturing can be developed to fabricate semi-
transparent solar cells.

To realize fully solution-processed ST-PSCs, the selection of
electrode materials and corresponding processing technique are
the two important considerations. Several solution-processable
electrodes,"”*® such as carbon nanotubes, graphene, printed
silver grids, highly conductive poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PE-
DOT:PSS), metallic nanowires/nanoparticles, etc., have been
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Figure 1. (a) Schematic architecture of the entire solution-processed semitransparent solar cell AgNW-AgNW and chemical structures of the donor
pDPPST-2 and acceptor PC¢BM. (b) Normalized absorption spectrum of the photoactive layer film and the curve of human eye sensitivity.

proposed as alternative bottom electrodes to ITO for organic
optoelectronic devices. Among these materials, silver nanowires
(AgNWs), because of their outstanding optical and electrical
properties and solution processability, have been demonstrated
as the most promising candidate.”’>* However, because the
active layer thickness of PSCs is typically lower than 200 nm, a
major difficulty for achieving fully solution-processed ST-PSCs
remains the integration of solution-processed top electrodes
without compromising the device performance. Spray coating
has recently been adopted by several groups to deposit top
electrodes for PSCs and solid-state dye-sensitized solar cells
without significantly deteriorating the device perform-
ance.*¥®192>26 Degpite these achievements, it is generally
observed that fully solution-processed PSC devices showed a
rather inferior performance compared to their evaporated
counterparts.

Previously, we have demonstrated fully solution-processed
ST-PSCs with a 33% visible transparency.”” In those inverted
devices, however, the hole-transport layer PEDOT:PSS was too
thin and too soft to withstand doctor-blading of AgNWs from
water-based solution. As a result, we had to shift to spray
coating for the deposition of the top AgNWs electrode, which
increased the complexity in device fabrication. Successively,
Yim also reported fully solution-processed semitransparent
PSCs in an inverted structure employing AgNWs and
PEDOT:PSS as bottom and top electrodes, respectively.”®
However, the involved wide bandgap absorber poly(3-
hexylthiophene-2,5-diyl) and relatively low conductive PE-
DOT:PSS top electrode adversely resulted in the devices with
low FFs and low visible transparency.

It should be noted that to fabricate semitransparent solar
cells, the trade-oft between the efficiency and transparency of
the devices should always be considered. Ideally, solar cells with
high efficiency while maintaining high transparency are highly
desirable. This requires that light absorber material features the
minimal absorption in the visible range. In this work, through a
rational interface engineering combined with a judicious choice
of photoactive material we report facile fabrication of highly
transparent PSCs in a normal device structure. The entire
device stack was solution-processed by a roll-to-roll compatible
doctor blading technique under ambient conditions. AGNW
meshes were used as both the anode and cathode contacts. One
major challenge for the realization of the fully solution-
processed normal structure ST-PSCs is the substitution of the
evaporated low work function LiF/Al or Ca/Ag electrodes by
their printable analogs. As the most decisive step, we
introduced a thin layer of zinc oxide nanoparticles (ZnO)
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between the photoactive layer and top AgNW electrode.
Because of the excellent compatibility of the two buffer layers,
PEDOT:PSS and ZnO, with the solution processing of
AgNWs, the as-prepared semitransparent devices showed high
FFs of 61% with PCEs of 2.9%.

2. RESULTS AND DISCUSSION

Figure la shows the schematic architecture of the fully solution-
processed ST-PSCs in a normal structure with a layer sequence
of glass/AgNW/PEDOT:PSS/photoactive layer/ZnO/AgNW.
We designate this fully solution-processed solar cell as AgNW-
AgNW. To obtain a comprehensive evaluation of the fully
solution-processed devices, we simultaneously fabricated
another three reference cells with different electrode config-
urations, named as ITO-Ag, ITO-AgNW and AgNW-Ag, in
which the photoactive layer and the two interface layers remain
unchanged. A bulk heterojunction blend consisting of a low
bandgap polymer based on diketopyrrolopyrrole (pDPPST-2)
as donor and [6,6]-phenyl-Cy-butyric acid methyl ester
(PC4BM) as acceptor (1:2 wt %) was employed as photoactive
layer. Chemical structures of the two materials and the
absorption spectrum of the photoactive blend film are shown
in Figure la and Figure 1b, respectively. It can be seen that the
absorption spectrum of the photoactive layer extends to the
near-infrared region until ~900 nm, with the strongest
absorption range located between 600 and 850 nm and the
lowest absorption around 550 nm where the human eye is most
sensitive. A blend of pDPPST-2 with PC4BM is therefore
ideally suited for semitransparent solar cells from an optical
point of view.

We note that opaque devices with the active layer consisting
of pDPPST-2 and PC,,BM can provide efficiencies of close to
6%.> Here, we choose PC4x(BM because of its negligible
absorption in the visible regime, which allows us to fabricate
semitransparent devices with high visible transparency without
sacrificing absorber layer thickness.

SEM images of our AgNWs shown in Figure S1 in the
Supporting Information indicate that the diameter and length
of the nanowire is around 30 nm and 10—30 um, respectively,
whereas the voids within the NW network are below 500 nm.
Although AgNWs are a percolation network type electrode, it is
widely observed that the voids between the NW network do
not negatively affect the charge carriers collection.”' ~>* Another
critical concern associated with AgNW electrodes is their high
surface roughness which is generally in the range of tens of
nanometers. Therefore, to prevent possible short-circuit of the
devices, surface modifications are generally required to
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smoothen out the surface of AgNWs.21_24’30 Herein, a 40 nm

thick PEDOT:PSS was coated to fill the AgNW network and
functioned as a hole transport layer to enhance the charge
carrier selectivity. Images a and b in Figure 2 show atomic force
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Figure 2. (a) AFM images (10 X 10 ym) of as-bladed bottom AgNW
electrode; (b) AgNW networks coated with a layer of PEDOT:PSS.
The insets of a and b show the corresponding small area (2 X 2 ym)
AFM images.

microscope images of the doctor bladed AgNW film on glass
and the film coated with a layer of PEDOT:PSS, respectively. It
was observed that the unmodified AQNW film showed a root-
mean-square roughness of ~13 nm which was reduced to ~7
nm by covering a layer of PEDOT:PSS. Comparing the insets
of Figure 2a, b, one can clearly see that the polymer
PEDOT:PSS not only wrapped the individual AgNWs but
also filled the empty space between the NWs, resulting in a
rolling-hill morphology.

For traditional opaque PSCs with a normal structure, it is
straightforward to thermally evaporate a thin layer of LiF/Al or
Ca/Ag as top electrodes. In our fully solution-processed
devices, we found that the deposition of AgNWs from water-
based solution onto the active layer has a pronounced wetting
problem due to the low surface energy of the organic film. In
addition, the energy level mismatch between the photoactive
polymer and the AgNW electrode indeed requires an electron
transport layer to facilitate electron extraction. Therefore, prior
to the deposition of the AgNW top electrodes, we bladed a ~50
nm-thick ZnO nanoparticle layer from isopropanol based
solution on top of the active layer. Compared to the device
without ZnO modification, the applied ZnO layer allows for
uniform deposition of AgNWs film without any wetting
problem (see Figure S2 in the Supporting Information).
More importantly, we note that the introduction of the ZnO
layer plays an essential role in the device functionality: because
of a better energy level alignment and the formation of an

ohmic contact between the ZnO and AgNWs (see Figure S3 in
the Supporting Information), the ZnO layer can effectively
eliminate the energy barrier for electron extraction.

On the basis of the device architecture discussed above, we
produced the fully solution-processed semitransparent device
AgNW-AgNW. The device fabrication procedure is schemati-
cally illustrated in Figure 3. The entire processing of the devices
including the deposition of two electrodes, interface layers and
photoactive layer was carried out by doctor blading in ambient
atmosphere. The detailed device fabrication procedure is
presented in the Experimental Section. As a first step, we
bladed AgNWs on glass substrate and subsequently patterned
the as-coated NW film by laser sintering to obtain six
electrodes.®" Tt is known that laser structuring usually requires
additional cleaning steps to remove the debris resulting from
the ablation process. To prevent short-circuiting of the devices,
the as-patterned AgNW electrodes were dipped in water to
wash away the debris particles remaining on the patterned
areas. Optical microscopy images shown in Figure S4 in the
Supporting Information evidenced a thorough removal of the
remaining particles by dipping in water for 30 s.

Figure 4 shows a cross-sectional scanning electron
microscopy (SEM) image of a completed AgNW-AgNW

Carbon (for FIB protection)
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~ ZnO-np

Photoactive layer

Glass substrate

Figure 4. Cross-sectional SEM image (tilted view) reveals the layer
sequence and structure. Note that the PEDOT:PSS layer cannot be
distinguished from the photoactive layer in the SEM image.

solar cell. From the SEM image, we can see that both the
bottom and top AgNW electrodes can be clearly distinguished.
Remarkably, distinct interfaces between the photoactive layer/
ZnO and ZnO/AgNWs without interlayers mixing are resolved.
It is worth mentioning that these observations anticipate full
device performance without detrimental effects from shunting
or surface recombination.

Figure Sa shows the current density—voltage (J—V)
charateristics of the fully solution-processed semitransparent
device AgNW-AgNW and the three control devices, which were
measured under one sun with simulated AM 1.5G irradiation at
100 mW cm ™2 The two semitransparent devices ITO-AgNW
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Figure 3. Schematic illustration of the fully solution processing of the ST-PSCs using AgNWs as both the bottom and top transparent electrodes.
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Figure 5. (a) J—V curves of the four investigated devices. (b) The EQE characteristics of the fully solution-processed device AGNW-AgNW and the
reference ITO-Ag. (c) J-V curves of the device AgNW-AgNW under different illumination directions.

Table 1. Summary of the Performance of the Investigated Devices

device V,. (mV) Jic (mA/cm?) FF (%) PCE (%) R, (kQ cm®) R, (Q cm?)
ITO-Ag 602 10.45 (10.80)* 62.88 3.96 44.50 0.94
AgNW-Ag 583 10.96 63.11 4.03 1227 1.27
ITO-AgNW 570 8.62 57.86 2.84 397.51 3.49
AgNW-AgNW (bottom illumination) 559 8.24 (8.05)* 60.94 2.87 18.37 4.92
AgNW-AgNW (Top illumination) 559 8.48 60.22 2.89

Note: “the Ji values are calculated by convoluting the EQE curves with the standard AM 1.5G solar spectrum. The difference between the calculated
Joc and measured J. values are within 5%, indicating a good accuracy of our PSCs measurement.
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Figure 6. (a) A digital photograph of the as-fabricated semitransparent AgNW-AgNW device. The rectangular areas of the orange solid line and
purple dashed line respectively indicate top and bottom AgNW electrode. The active area is defined by the overlapping region of the two electrodes.
Silver paste was applied to increase the contact between AgNW electrodes and the measurement probes. (b) Transmittance spectra of AgNW-coated
glass and commercial ITO-coated glass and the semitransparent device AGQNW-AgNW.

and AgNW-AgNW were encapsulated in a N,-filled glovebox
before testing the photoelectric behaviors in ambient air. As
shown in Figure Sa, the two opaque reference devices with a
reflective Ag top electrode, ITO-Ag, and AgNW-Ag, showed
similar performances with J,. & 11.0 mA/cm?, V. = 0.58—0.60
V, and FF of ~63%, yielding a PCE of ~4.0%. These results
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suggest that AgNWs are an ideal alternative to ITO as window
electrode for PSCs owing to their comparable optoelectronic
properties, and that the higher surfance roughness of the NW
network did not negatively affect the device performance. Due
to the lack of reflective back electrodes, the two semi-

transparent devices showed J,. of approximately 8 mA/cm?

dx.doi.org/10.1021/am505347p | ACS Appl. Mater. Interfaces 2014, 6, 18251—18257
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which is about 3 mA/cm’ lower than for the opaque
counterparts. It should also be noted that the devices with
top solution-processed AgNW electrodes showed a slightly
lower FF (61% as compared to 63%) than the evaporated
devices, which is consistent with previous stud-
jes. W1 H1527,283233 W attribute this performance decrease to
the higher contact resistance of the solution-processed
electrodes with the underlying interfacial layers, which impairs
charge extraction. Indeed, in our solution-processed semi-
transparent devices, the series resistance derived from the -V
curves measured in the dark (see Figure SS in the Supporting
Information) is 3—5 times higher than for the opaque devices
with evaporated Ag electrodes (Table 1).

External quantum efficiency (EQE) characterizations of the
reference device ITO-Ag and fully solution-processed AgNW-
AgNW cell were performed to investigate their photoresponse
behaviors. As depicted in Figure Sb, both devices exhibit two
EQE peaks in the range of 350—450 nm and 650—800 nm, with
a low photoresponse around 550 nm, corresponding to the
high transmittance measured at this wavelength. The semi-
transparent device AQNW-AgNW showed lower EQE values in
the entire wavelegth range mainly because of the transmittance
losses. We have also compared the performance of AgNW-
AgNW device with illumination from either the bottom or the
top electrode. As shown in Figure Sc, the AgNW-AgNW device
exhibited an identical performance in terms of V, J,, FF, and
PCE independent of illumination direction, suggesting
comparable optoelectronic performance of both the bottom
and top AgNW electrodes. Indeed, independent measurements
of the bottom AgNW coated on glass and the top AgNW
coated on ZnO film showed a similar optoelectronic properties,
as indicated in Figure S6 in the Supporting Information. The
key device performance parameters are summarized in Table 1.

R, and R, represent parallel resistance and series resistance,
which are calculated from the slope of the dark J—V curves at
—1 and 2 V bias, respectively.

Figure 6a shows a digital image of the as-fabricated highly
semitransparent AgNW-AgNW device through which the
leaves behind can be clearly seen. The transmittance spectra
of the AgNW-AgNW device as well as the ITO and AgNW
electrodes employed in the present work are displayed in
Figure 6b. It can be seen that the AGNW electrode (R =9 Q
sq”' and T = 88% at 550 nm) shows a comparably high but
more flat transmittance characteristics than the ITO in the
visible region of 450—850 nm. This feature makes AgNWs an
ideal electrode material for optoelectronic applications, i.e., PVs
and light emitting diodes, etc. Our fully solution-processed
AgNW-AgNW solar cell shows transmittance of 56% at 550 nm
wavelength where the human eye is most sensitive. This
transparency characteristic of the devices is highly favorable for
window applications because it allows for a large fraction of
visible light to be transmitted.

3. CONCLUSION

Using AgNWs as both the bottom and top electrodes, we
achieved ITO-free and fully solution-processed ST-PSCs in a
normal structure. The introduction of a layer of ZnO
nanoparticles played a crucial role as a mechanical foundation
allowing the deposition of top AgNWs by doctor blading.
Electrically, the applied ZnO layer enables the formation of
quis-ohmic contacts bewteen the active layer and AgNWs and
thereby ensures efficient charge extraction. The as-fabricated
semitransparent solar cells showed a power conversion

efficiency of 2.9% with high FFs of ~60%, which are
comparable to evaporated reference cells. Moreover, the
semitransparent AgNW-AgNW cell exhibited a high trans-
mittance of 56% at 550 nm, which offers promising applications
for windows, transparent roofs and other transparent
architectures. We believe the demonstration of the ITO-free
and fully solution-processing route will accelerate the
commercialization of the OPV technology, making it a realistic
prospect for the near future.

4. EXPERIMENTAL SECTION

Materials. Polymer pDPPST-2 (batch: GKS1—001, M,, = 47000 g
mol™!, PDI = 2.2) was obtained from BASF. PEDOT:PSS (Clevios, P
VP Al 4083) was purchased from Heraeus. ZnO nanoparticles
dispersed in isopropanol (Product N-10) were kindly provided by
Nanograde AG. PC4BM (99.5%) was purchased from Solenne BV.
AgNW dispersion (ClearOhm ink) was received from Cambrios
Technologies Corp.

Solar Cell Fabrication. All the devices were processed using
doctor blading on either glass or ITO-coated glass substrates (both are
2.5 cm X 2.5 cm in size) in ambient atmosphere. Prior to device
fabrication, all substrates were cleaned by ultrasonication in acetone
and isopropanol for 10 min each. For fully solution-processed AGNW-
AgNW cells, the as-received AgNW solution was bladed on glass
substrate at 45 °C and subsequently baked at 120 °C to obtain an
AgNW layer with thickness of ~120 nm. After drying, the AgNW-
coated glass was subjected to laser patterning to obtain six NW bottom
electrodes. Here, a laser fluence of 0.08 J/cm? and an overlap of 97.5%
were applied to ablate the AGNWs on glass.’' Subsequently, the as-
patterned AgNW electrodes were dipped in distilled water for 30 s to
wash away the debris caused by laser patterning. On the prepared
AgNW electrodes, a hole transport layer consisting PEDOT:PSS
(diluted in isopropanol with volume ratio of 1:3) was deposited at 50
°C and annealed at 140 °C to dry the layer. Afterward, a ~100 nm-
thick active layer pDPPST-2:PC4BM (1:2 wt %, dissolved in a mixed
solvent of 90% chloroform and 10% DCB with a total concentration of
24 mg mL™") was bladed on top of PEDOT:PSS at 45 °C. The as-
received ZnO dispersion was successively coated on top of the active
layer at SO °C and baked at 80 °C to obtain a 40 nm-thick layer. To
complete the device fabrication, the top AgNW electrode was bladed
on top of ZnO using the same coating parameters that were used on
the glass substrate. To expose the bottom NW anodes, the top AgNWs
were patterned with scotch tape to remove the two edges, as shown in
Figure 3.

For the other three reference devices ITO-Ag, AgNW-Ag and ITO-
AgNW, all the solution processed layers were deposited using the same
parameters as the device AGQNW-AgNW. For the opaque devices, the
top Ag electrode was thermally evaporated at a pressure of 5 X 107
Torr. The effective area of the devices was defined by the overlap of
the bottom and top electrodes (~10.4 mm?).

Characterizations. The J-V curves were recorded using a source
measurement unit from BoTest. Illumination was provided by a solar
simulator (Oriel Sol 14, from Newport) with AM1.5G spectra at 100
mW cm ™2, which was calibrated by a certified silicon solar cell. The
optical properties of the electrodes and semitransparent devices were
measured using a UV—vis-NIR spectrometer (Lambda 950, from
PerkinElmer). The thicknesses of the films were measured with a
profilometer (Tencor Alpha Step D 100). The EQE spectra were
recorded with a Varian CARY 500 Scan spectrometer with a tungsten
light source. The AFM images of the AgNWs based films were
recorded by Veeco Model D3100 (tapping mode). The cross-section
of the AgNW-AgNW device was prepared using a focused ion beam
(FIB, FEI Helios NanoLab 660) and subsequently imaged with the
electron beam of the same instrument. The laser patterning was
performed with an LS 7xxP setup built by LS Laser Systems GmbH
(Miinchen, Germany).>'
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SEM images of the as-coated AgNWs films, wetting behaviors
of AgNWs coated on active layer with and without a layer of
ZnO nanoparticles, energy level diagram of the semitransparent
solar cell AgNW-AgNW, optical microscopy images of laser
patterned AgNW electrodes before and after dipping in water,
dark J=V curves of the investigated four investigated polymer
solar cells, transmittance spectra of the bottom and top AgNW
electrodes. This material is available free of charge via the
Internet at http://pubs.acs.org/.
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