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Introduction

Solution-processed organic solar cells have made rapid prog-
ress towards technology as a potential source of deriving
solar energy in recent years.[1,2] The major part of research
on organic solar cells was in terms of design and develop-
ment of efficient photoactive materials with new acceptor
and donor moieties to improve the power conversion effi-
ciency (PCE).[3,4] However, the quest for efficient, scalable
and rational processing methods for both active layers and
electrodes has gained momentum towards application-specif-
ic requirements such as large-area processing, low weight,
semitransparency, and mechanical resilience for future pho-
tovoltaics technologies such as electronic skin, textiles, and
building integrated photovoltaics (PV).[1,2,5] Here we address
the questions concerning the fabrication of indium-tin oxide
(ITO)-free electrodes and how to achieve semitransparency
in polymer solar cells using these novel electrode materials.

In most organic solar cells, ITO serves as a transparent
conducting front electrode (TCE) whereas opaque metal
films (such as Ag, Au, or Al) are used as back electrodes.
ITO is known for its high transparency, reaching approxi-
mately 90 % in the visible region, and low sheet resistance of
10 W/&&.[6] But ITO is also scarce and expensive[7] and re-
quires high-temperature processing as well as being brittle so
that cracks develop on flexible substrates.[8] Therefore TCE
alternatives based on graphene,[9] carbon nanotubes,[10,11] Ag
nanowires (NWs),[12, 13] or printed current-collecting grids
from Ag paste[14,15] have been developed to replace ITO.
Graphene and carbon nanotubes exhibit high transparencies,
comparable to ITO, but they suffer from high contact resis-
tances.[9,10] However, TCEs made from Ag NWs have both
high transparency (90 % in the visible region) and a sheet re-
sistance as low as 20 W/&&.[16] To keep the sheet resistance

low, a relatively thick layer of well-connected Ag NWs is es-
sential and the layer needs further treatments such as press-
ing or nano-welding.[17] Printed collecting grids fabricated
from Ag paste do not have such problems, but as the dimen-
sions of the printed Ag grid are usually in the range of 200–
300 mm, it is visible to the naked eye and therefore not ideal
as semitransparent electrode in building-integrated or auto-
mobile roof photovoltaic applications.[2,16]

One big advantage of organic solar cells with respect to
their inorganic counterparts is the semitransparency as well
as the color tunability of their photoactive layer. To make
the entire solar cell semitransparent, not only the front elec-
trode but also the back electrode need to be transparent. To
achieve this, most of these semitransparent solar cells use
ITO as front electrode and Ag NWs as back electrode. The
Ag NWs itself are filled or blended with PEDOT:PSS,
MoO3, ZnO, or ITO particles to yield a PCE of 2–2.5 % for
P3HT:PCBM blends.[18,19] Another possibility for a transpar-
ent back electrode is based on an ultrathin metal layer. Chen
et al. demonstrated semitransparent solar cells with the help
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In the quest for indium-tin oxide (ITO)-free photovoltaics
and for building integrated as well as automobile roof appli-
cations, novel transparent electrodes for both front and back
electrodes are required. Here we report the fabrication and
integration of submicrometer transparent silver (Ag) and
gold (Au) metal network electrodes, which are invisible to
the naked eye, in organic photovoltaic devices. We exploit
the idea of using the spontaneous cracking of a polymer
layer as template to prepare the metal network. The main

challenge is to apply the cracked template approach on top
of soluble organic layers and to lift off the template without
damaging the photoactive layer. We demonstrate that Ag or
Au back electrodes can be fabricated maintaining a transmit-
tance of 80 % for the whole visible range. These electrodes
exhibit ultralow haze of approximately 5 % and an excellent
figure of merit value. Moreover, the ITO-free semitranspar-
ent polymer solar cell incorporating the Ag/Ag network elec-
trodes exhibits 57 % transmittance above 650 nm.
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of an ultrathin Ag layer as back electrode and a low-band-
gap (LBG) Polymer/PC[71]BM as photoactive layer.[20] Here,
the thickness of the metal layer needs to be very small (<
10 nm) to guarantee adequate transparency, which is usually
achieved at the cost of conductivity.

There are only a few ITO-free semitransparent polymer
solar cells reported in literature. The first report involves the
use of PEDOT:PSS both as front and back electrodes result-
ing in a PCE of 0.5 % for the P3HT/PC[61]BM System.[21] On
the other hand, a combination of Ag NWs and PEDOT:PSS
led to PCEs ranging from 2.0 to 2.3 % for polymer solar cells
containing P3HT as donor.[22,23] Very recently a similar elec-
trode combination was also demonstrated for a LBG poly-
mer/PCBM device.[24] But, it has been demonstrated that
metal network electrodes based on cracked templates with
network widths ranging from several hundreds of nanome-
ters up to 5 mm can be developed and integrated into elec-
tronic devices as replacements for ITO.[25–27] The major ad-
vantages of these submicrometer metal network electrodes
are their high transmittance and very low sheet resistances.
Additionally, this template method is highly scalable. Fur-
thermore, the crack template can be used not only for Ag or
Au, but for any metal to form the respective network. How-
ever, these metal network electrodes had not been fabricated
on top of an organic layer up to now. Moreover its applica-
bility to diverse surfaces needs to be demonstrated to apply
this concept on any kind of surface.

Considering the easiness and large-area scalability of
cracked template metal network electrodes, we address the
following questions in this work: 1) Is it possible to fabricate
a metal network electrode on top of an organic layer by
using a cracked template procedure to form a back elec-
trode? 2) Can these metal network electrodes be combined
as front as well as a back electrodes to realize ITO-free semi-
transparent solar cells for an organic photoactive layer? The
main challenge here is to apply the cracked template ap-
proach on top of soluble organic layers without damaging
the photoactive layer. This is very critical, as the cracked
template needs to be removed by dissolution. We demon-
strate for the first time that by a suitable adaptation of the
cracked template method, Ag or Au back electrodes can be
fabricated maintaining a transmittance of 80 % for the whole
visible range. To realize this, we first prepared Au network
electrodes on top of PEDOT:PSS-coated glass and character-
ized these for determining the suitability for semitransparent
solar cell fabrication. The fundamental properties of a metal
network back electrode include haze, transmittance, and
sheet resistance, and they are studied using a Au electrode as
a typical example. We show that Ag and Au network electro-
des can be integrated as front or back electrode depending
on the device geometry and without influencing the photoac-
tive layers. For realizing an ITO-free semitransparent solar
cell, we chose a P3HT/PC[61]BM inverted geometry device.
The solar cell characteristics of the ITO-free semitransparent
solar cell are compared with those of a reference ITO/Ag
opaque as well as ITO/Ag network devices. We realized an
ITO-free semitransparent polymer solar cell with a PCE of

1.8 % and a transmittance of 57 % above 650 nm. These devi-
ces, having a Ag network on both sides do not exhibit any
differences in performance in either back or front illumina-
tion mode. This research work mainly concerns with the rele-
vant issues of electrode fabrication, and we have taken a typi-
cal reference photoactive layer (P3HT/PC[61]BM) to demon-
strate our concept. This is a general approach, which can be
transferred to any kind of organic layer, material combina-
tion, and metal network as front or back electrode.

Results and Discussion

Fabrication of metal network electrode on PEDOT:PSS

The basic fabrication process flow for the metal network
electrodes on top of PEDOT:PSS (�50 nm) is schematically
shown in Figure 1 a. First the precursor dispersion was spin
coated onto the PEDOT:PSS surface resulting in spontane-
ous formation of cracks during drying (Figure S1, Supporting
Information). Interestingly, irrespective of the difference in
the surface properties of the glass and PEDOT:PSS, the pre-
cursor dispersion cracks on both surfaces in a similar way.
Moreover, crack grooves run down to the PEDOT:PSS sur-
face, which is than filled in with Ag or Au by slow thermal
evaporation (�0.2 nms¢1) in vacuum. The crackle layer is
easily dissolved away by dipping in chloroform without af-
fecting the PEDOT layer beneath. The lift-off procedure was
also optimized using solvents such as ethyl acetate to adapt
this template method for applications in solar cells. To study
these metal electrodes on top of PEDOT:PSS, a Au metal
network was selected as a typical example and several sam-
ples of different Au thicknesses in the range of 20–60 nm
were prepared following the same procedure as discussed
below.

A typical metal network electrode, Au (40 nm) network on
PEDOT:PSS, was thoroughly characterized by a host of char-
acterization techniques as shown in Figure 1. SEM images
and its corresponding energy-dispersive spectroscopy (EDS)
maps of the Au network fabricated on top of the PE-
DOT:PSS are shown in Figure 1 b.

From the SEM image, it can be seen that the junctions of
the network or web are well connected without any defects
(Figure 1 b). The Au network structures have a width from
several hundreds of nm up to 5 mm and an average cell size
(spacing between the grids) of 10–60 mm resulting in metal
fill factor of approximately 12 %. The metal network is con-
tinuous over large areas on the PEDOT:PSS layer (Fig-
ure S2, Supporting Information). The Au M, C K, and Si K
signals in the EDS map reveal the presence of Au, C, and Si,
respectively. As Au is fabricated directly on top of the PE-
DOT:PSS, the signal from the Au network is clearly visible
and the C K signal is the inverse of Au K. This is due to the
thickness of Au being more than the penetration depth of
secondary electrons, which mask the PEDOT:PSS below it.

The signal from C K (red) arising from PEDOT:PSS is
stronger in intensity than Si K (blue) arising from glass sub-
strate, as expected to be the case. Moreover, the uniform dis-
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tribution of C K signal in the void regions of the network
shows that PEDOT:PSS is defect free even upon develop-
ment of crack template by washing with organic solvents
(Figure 1 c). The Si K signal is much weaker, due to the pres-
ence of the approximately 50 nm PEDOT:PSS layer as seen
from the cross-sectional image in Figure 1 d. The good inter-
facial contact between the Au metal and PEDOT:PSS layer
is crucial for efficient charge collection in devices. The
atomic force microscopy (AFM) image and the correspond-
ing height profile (Figure 1 d) over the network electrode
shows the smooth surface of PEDOT:PSS beneath the Au
network. As seen from the AFM profile in Figure 1 d, the
average PEDOT:PSS roughness (Ra) is approximately 5 nm.
The Ra of the Au network/PEDOT:PSS electrodes over
entire 100 × 100 mm2 area is 9 nm, and the peak-to-valley
roughness is 47 nm. As the metal fill factor per unit area is
considerably low (�12 %), the overall roughness Ra is signif-
icantly reduced. The Ag and Au metal networks are very
similar and therefore resemble in their properties considera-
bly.

Optical and electrical properties of metal network electrode

The main properties of concern for a TCE are the optical
transmittance, electrical conductivity, haze, and figure of
merit (FOM), which gives the electrical/optical conductivity
ratio. The electrodes fabricated in this way appear to be
highly transparent as seen in Figure 2 a. In this image, the let-
ters behind the electrode indicates high optical transmission.
The electrode exhibits a sheet resistance of approximately
3 W/&&, which is significantly lower (by 3 orders of magnitude)
as compared to the PEDOT:PSS that has resistance of ap-
proximately 1.5 kW/&&. The uniformity in resistance is clearly
observed in the homogeneous temperature distribution
across the thermal image upon subjecting the electrode to
a direct current (DC) bias of 6 V (Figure 2 b). Electrothermal
joule heating behavior through the transparent electrode is
given in Figure S3 (Supporting Information).

The study of the optoelectronic properties for other elec-
trodes with varying Au network thicknesses was conducted
in detail. Figure 2 c shows the optical transmission spectra
over a broad spectral range corresponding to diffusive trans-
mittance (TD) with an average transmittance between 70–

Figure 1. a) Schematic illustration of preparing a Au metal network electrode on PEDOT:PSS coated glass substrate by spin coating of the crack template, Au
deposition and removal of crack template by lift-off. b) SEM image and corresponding EDS maps of Au M, C K, and Si K. c) SEM image showing the cross-sec-
tional view and d) AFM image along with height profile of Au network on PEDOT:PSS layer.
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85 %. The transmittance of the Au network/PEDOT:PSS
electrodes is lowered by 10–15 % with respect to PE-
DOT:PSS thin film, which indicates that the network is
highly transparent owing to low metal fill factor. The corre-
sponding specular transmittance (TS) spectra are shown in
Figure S4 (Supporting Information).

Using average values of TD and TS as plotted in Figure 2 d,
the haze of the electrodes is calculated using the following
relation: haze (%)= (TD¢TS/TD). It refers to the percentage
of light diffusely scattered through a transparent surface with
respect to the total light transmitted. Haze is an important
parameter to determine the optical visibility, especially for
those applications where transparency is concerned. Interest-
ingly, the electrodes exhibit an ultralow haze of approximate-
ly 5 % for metal thicknesses up to 60 nm. The angular distri-
bution of the diffused light is seen in Figure 2 e (see Fig-
ure S5 for details, Supporting Information). The narrow dis-
tribution of the spot shows that specular transmission domi-
nates over diffusive component with an angular spread for
the PEDOT:PSS layer and Au network/PEDOT:PSS elec-
trode, approximately 0.38 and 0.58, respectively (Figure 2 e).
These angular spread values can be lower than those of

Ag NW derived TCEs.[28] The
ultralow haze values for these
electrodes are attributed to the
extremely low fill factor and re-
duced surface roughness.

Figure S6 (Supporting Infor-
mation) shows the interdepend-
ence between the transmittance
(at 550 nm) and sheet resistance
variation for different thick-
nesses of Au network on top of
PEDOT:PSS. The overall resist-
ance remains quite low with in-
creasing transmittance for thin-
ner layers, essentially overcom-
ing the trade-off between the
two counteracting properties.
To evaluate this trade-off
between the sheet resistance
(R) and transmittance (T), the
FOM is usually useful.[12]

Therefore, the performance of
these electrodes is further evaluated by specifying the com-
monly used FOM based on the electrical/optical conductivity
ratio (sDC/sOP) calculated using following Equation (1)

FOM : sDC=sOP ¼ZO

³
2R T¢

1
=2 ¢ 1

� �
ð1Þ

To achieve an R value of 10 W/&& and T�90 % requires sDC/
sOP�350. ITO electrodes having T�97 % and R�15–30 W/
&&, exhibit FOM values of 400–800.[12] The FOM for our Au
network (60 nm) on PEDOT:PSS is 765.

Solar Cell Preparation & Characterization

Three different solar cell configurations were prepared using
the ITO/Ag opaque, ITO/network, and Ag/Ag network as
front and back electrodes, respectively. The fabrication steps
for a metal network back electrode on top of the photoactive
material are schematically shown in Figure 3.

A polymer template layer was spin-coated onto PE-
DOT:PSS to form spontaneous cracks. After metal deposi-

Figure 2. a) Digital photograph, b) thermal image (at 6 V DC bias) of a Au network on PEDOT:PSS, c) diffusive
transmittance spectra (350–1500 nm) for various thicknesses, d) variation in TS, TD, and haze with Au network
thickness, e) angular distribution of scattered light from PEDOT:PSS and Au network on PEDOT:PSS. Glass has
been taken as reference for transmittance measurement.

Figure 3. Schematics of process steps for the fabrication of ITO-free semitransparent polymer solar cell with a Ag/Ag network as front and back electrodes
(glass/ZnO:Ag network/P3HT:PCBM/PEDOT:PSS/Ag network).
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tion, the cracked template needed to be lifted-off by ultra-
sonication in suitable solvents. For the preparation of the
front electrode on a glass substrate, the selection of solvent
was not critical and we could use, for example, chloroform.
But to remove the template as prepared on top of the photo-
active layer coated with PEDOT:PSS, this procedure dam-
aged the device. To find a suitable solvent that does not
damage the device, different solvents were tested, and a refer-
ence device was ultra-sonicated in these solvents. It was de-
termined that ultra-sonicating in ethyl acetate for 10 s re-
moved the template completely and this treatment had no
impact on the solar cell performance (Supporting Informa-
tion, Figure S7).

For the purpose of comparison, all three of the devices
using ITO/Ag opaque, ITO/Ag network, and Ag/Ag network
as front and back electrodes were fabricated under the same
conditions and for the same P3HT/PC[61]BM thickness (Fig-
ure 4 a). All of the front electrodes were coated with an opti-
mum layer of ZnO to realize the inverted geometry.[27] To
guarantee hole extraction/collection at the back electrode,
the Ag network electrode was prepared on top of PE-
DOT:PSS. Both Ag und Au metal networks were tested as
back electrodes. As an example, only the Ag network elec-

trodes are discussed here (see Supporting Information for
the results on Au network electrodes, Table S1 and
Table S2).

An optical micrograph of Ag/Ag network device (Fig-
ure S8, Supporting Information) clearly shows the formation
of submicrometer network structures for both the front and
back electrodes. Moreover the subsequent layer preparation
and the fabrication of a Ag network on top of P3HT/
PC[61]BM layer have no detrimental effects on the underlying
layers. It is clear from the photographs shown in Figure 4 b
that the letters behind the transparent solar cell are clearly
visible and both the solar cells with ITO/Ag network and
Ag/Ag network are similar in their semitransparency (Fig-
ure 4 b). The transmittance spectra of the ITO/Ag network
and Ag/Ag network devices are shown in Figure 4 c.

The transmittance of the ITO/Ag network device is 15 %
at 500 nm (70 % beyond 650 nm) whereas the Ag/Ag net-
work device has a comparable transmittance of 13 % at
500 nm (57 % beyond 650 nm), which is slightly better than
published results on Ag NW/PEDOT:PSS electrodes.[22] The
low transmittance at 500 nm arises mainly from the intensive
absorption of P3HT in this region for the layer thicknesses of
approximately 180 nm used here. Further optimization of the
P3HT layer thickness may be required to improve the trans-
mittance without sacrificing much on performance. Further,
the use of new photoactive materials that absorb in the near
infrared with high transmittance in the visible region can
result in improved semitransparent solar cells.

In this contribution, we were studying the consequences of
integrating a metal network electrode on top of a typical or-
ganic layer to elucidate the general validity and feasibility of
this approach to any kind of organic solar cell. Therefore,
the semiconductor layer was not varied or optimized.

In the following, the photovoltaics parameters of all of the
three types of devices are discussed in detail. Figure 5 a
shows the J–V characteristics of all three devices, which were
measured under front illumination (see Figure S9 for back il-
lumination curves, Supporting Information). The correspond-
ing external quantum efficiency (EQE) spectra for both
front and back illumination are given in Figure 5 b. The re-
spective values for the open-circuit voltage (VOC), short-cir-
cuit current (JSC), fill factor (FF), power conversion efficien-
cy (PCE), series resistance (RS), and shunt resistance (RSH)
are summarized in Table 1.

As seen in Figure 5, it is feasible to fabricate a metal net-
work back electrode on top of a PEDOT:PSS-coated photo-
active layer using the cracked template method described
above to obtain considerably efficient photovoltaic devices.
The back electrode fabrication is reproducible. The average
values and standard derivation for a given number of solar
cells are given in the Supporting Information (Table S3), and
the data for the best devices are discussed here. All device
parameters were obtained by illuminating the devices
through a mask and the area of the device is defined by the
mask as recommended for solar cell characterization.[29] In
many of the published values, this is not the case, and there-
fore one has to be cautious in comparing the absolute values

Figure 4. a) Schematics and b) photographs of all the devices studied: ITO/
Ag opaque, ITO/Ag network, and the ITO-free semitransparent polymer solar
cell with Ag/Ag network as front and back electrodes. c) Transmittance of
complete devices with ZnO, P3HT/PC[61]BM, and PEDOT:PSS for the ITO/Ag
network and Ag/Ag network as front and back electrodes, respectively.
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with those published in literature. In the Supporting Informa-
tion (Figure S10 and Table S4), we have given the differences
in solar cell parameters for the same device if measured cor-
rectly with a mask and without a mask, which is often prac-
ticed. A reference cell using ITO/Ag opaque exhibits 3.1 %
PCE here under standard conditions of measurement using
a mask and without any artificial layer or additional back re-
flector. For comparison, the ITO/Ag network device shows
2.25 % PCE whereas the Ag/Ag network devices exhibit
1.80 % PCE. Thus the devices with the metal network as
back electrode deliver less photocurrent compared to the
ITO/Ag opaque reference device. This may be due to the
lack of back reflection in the ITO/Ag network case and both

lack of back reflection and decreased transmittance in the
Ag/Ag network case. As expected, in the case of ITO/Ag
network as well as Ag/Ag network devices, the lack of back
reflection decreases the photocurrent as observed in Figure 5
(for reflection spectra of the solar cells please see Figure S11,
Supporting Information). Additionally, the Ag/Ag network
devices also have a small amount of loss in transmittance at
the front electrode due to the thicker ZnO layers as well as
Ag network. This observed effect on the front electrode is in
agreement with what we observed in our previous work.[27]

The observed trend in photocurrent values agrees very
well with the measured EQE. Additionally, we verified the
effect of front and back illumination for both semitranspar-
ent solar cells having ITO/Ag network and the Ag/Ag net-
work as front and back electrodes. For the J–V curves (back
illumination data in Figure S8, Supporting Information) it
does not matter, if the devices are illuminated from the front
or back electrode. In the EQE curves, considerable differen-
ces are observed in the wavelength range of 300 to 400 nm.
Interestingly for both the ITO/Ag network and Ag/Ag net-
work devices in the case of front illumination, the EQE
values between 300 and 400 nm are lower, whereas between
400 and 650 nm the EQE values are higher compared to
back illumination. The lower EQE values between 300 and
400 nm are mainly due to optical losses at the front electrode
arising from absorption of the glass/ITO/ZnO or glass/ZnO
in the respective cases (compared to the Ag network in back
illumination) upon illuminating from the front side.

To understand the resistance effects, the J–V characteris-
tics under illumination for all of the three types of devices
were analyzed to obtain RS and RSH near the open-circuit
and short-circuit conditions respectively. All the devices have
very low RS (<5 W cm2) and high RSH values (>1 kWcm2).
This results in high FF values of 50–60 %. The lower FF for
Ag/Ag network devices correlates well with its highest RS

and lowest RSH values. Thus, replacement of front ITO or
back Ag opaque electrode with Ag network leads only to
a very small increase in the overall RS, with no considerable
influence on RSH.

Conclusions

The concept of the fabrication
of submicrometer metal net-
work electrodes that are invisi-
ble to the naked eye using
a cracked polymer template is
successfully applied to the fab-
rication of a back electrode on
top of a photoactive layer in
a solar cell for the first time.
Both Ag and Au network elec-
trodes can be used as either
front or back electrodes in
a polymer solar cell to achieve
ITO-free semitransparent devi-
ces. Here, the template process

Figure 5. a) J–V characteristics in the dark (open symbols) and under light
(filled symbols) and b) EQE under front and back illumination for all the
three types of devices.

Table 1. Summary of the solar cell parameters for the best devices corresponding to J–V characteristics shown
in Figure 5a. Average values and standard derivations are given in Table S3 (Supporting Information).

Cathode/anode VOC

[mV]
JSC

[mA cm¢2]
FF
[%]

PCE
[%]

RS@VOC

[Wcm2]
RSH@JSC

[kWcm2]

ITO/Ag opaque 580 8.78 60.9 3.10 1.37 1.45
ITO/Ag network,
front illumina-
tion

560 6.67 60.1 2.25 3.29 2.05

ITO/Ag network,
back illumina-
tion

550 5.95 61.9 2.03 3.51 1.81

Ag/Ag network,
front illumina-
tion

560 5.90 54.4 1.80 4.22 1.01

Ag/Ag network,
back illumina-
tion

580 6.16 51.7 1.85 4.24 1.13
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is repeatedly applied before and after coating the photoac-
tive layer. The biggest challenge of fabricating a transparent
back electrode on top of an organic layer was achieved by
optimization of the lift-off procedure for the template. Both
the ITO/Ag network and Ag/Ag network devices exhibit
considerably good efficiencies of approximately 2 % PCE,
which is comparable to any other semitransparent electrode
system reported for P3HT/PC[61]BM blends. The method of
cracked template is in principle scalable for large areas, and
any kind of evaporable metal can be used in combination
with this template approach. Further improvements in PCE
and transmittance can be achieved by using other photoac-
tive layers and by additional optimization of the layer thick-
ness. In addition, this is a general approach to fabricate
transparent metal electrodes on top of organic layers, where
diverse material combination and type of metal can be used
to realize different kinds of optoelectronic devices.

Experimental Section

Fabrication of Ag or Au network by cracked template method
on PEDOT:PSS

For the fabrication of metal network electrodes on PEDOT:PSS,
we modified the published procedure for a cracked template
method on glass.[27] Glass substrates were washed and ultrasoni-
cated in water, acetone, and isopropyl alcohol (IPA), respective-
ly. The substrates were dried using a N2 gun before use. In the
second step, a commercially available acrylic resin nanoparticle
dispersion (Ming Ni Cosmetics Co., Guangzhou, China) was di-
luted to achieve a well-dispersed solution of 0.6 gmL¢1 concen-
tration using a commercially available diluter (Ming Ni Cosmet-
ics Co., Guangzhou, China). The diluted dispersion was spin
coated onto a PEDOT:PSS coated glass substrate at 1000 rpm
for 120 s. During drying, this film developed cracks suitable to be
used as a template. In the next step, Ag or Au metal was deposit-
ed using a thermal evaporator (BOC Edwards, Auto 306, FL 400
and Hind High Vacuum Co., India). In the final step, the cracked
template was removed by dissolving in either chloroform or ace-
tone or ethyl acetate.

Solar cell fabrication and characterization

The reference solar cell, ITO/ZnO/P3HT:PC[61]BM/PEDOT:PSS/
Ag opaque having an inverted geometry was prepared according
to the published procedures.[27] The only difference was the use
of structured ITO here. For realizing the devices with ITO as
front electrode and Ag or Au network as back electrode, a similar
procedure was adopted up to the PEDOT:PSS layer preparation.
For the back metal network electrode, the polymer crack tem-
plate was prepared on the PEDOT:PSS (Clevios HTL Solar)
layer as described above, followed by 100 nm metal (Ag or Au)
deposition using a thermal evaporator (BOC Edwards, Auto 306,
FL 400). The polymer lift-off was performed by ultra-sonication
of the entire device in ethyl acetate for 10 s. To realize the semi-
transparent ITO-free device with Ag network as both front and
back electrodes, the published procedure[27] for the front elec-
trode was modified to structure the metal network area using
masks, and it was combined with the newly adopted method for
the back electrode preparation. The average area of the devices
was in the range of 4–9 mm2 as defined by the area of the light

mask. Current–voltage characteristics were measured under N2

atmosphere using suitable masks under standard AM1.5G spec-
tral conditions at an intensity of 100 mWcm¢2 using a solar simu-
lator (Newport-Oriel, 92250A-1000) and an electrometer (Keith-
ley, Model 6517). The light source was regularly calibrated using
a silicon solar cell (WPVS cell, ISE Call lab, Freiburg). Near-
normal reflectance spectra of full solar cells were obtained using
an integrating sphere in a Bentham PVE300 photovoltaic charac-
terization system. External quantum efficiencies were measured
using the same Bentham PVE300 photovoltaic device characteri-
zation system. For the simplicity of discussion of results, the best
solar cell parameters are given. However average values and the
standard derivation for a large number of devices are given in
the Supporting Information.

Other characterization methods

SEM was performed using a Nova NanoSEM 600 instrument
(FEI Co., The Netherlands). Energy-dispersive spectroscopy
(EDS) mapping was performed using an energy-dispersive X-ray
analysis (EDAX) Genesis instrument (Mahwah, NJ) attached to
the SEM column. AFM measurements were performed using di
Innova (Bruker, USA) in contact mode. Standard Si cantilevers
were used for normal topography imaging. Wyko NT9100 Opti-
cal Profiling System (Bruker, USA) was used for height and
depth measurements and Dektak profiler for thickness measure-
ments. A PerkinElmer Lambda 900 UV/visible/near-IR spec-
trometer was used to perform the transmission and haze meas-
urements of electrodes and device.
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