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Abstract

We present a novel approach to fabricate flexible organic solar cells without indium tin oxide
(ITO) and poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS). We use junction-
free metal nanonetworks (NNs) as transparent electrodes. The metal NNs are monolithically etched
using nanoscale shadow masks, and they exhibit excellent optoelectronic performance. Furthermore,
the optoelectrical properties of the NNs can be controlled by both the initial metal layer thickness and
NN density. Hence, with an extremely thin silver layer, the appropriate density control of the networks
can lead to high transmittance and low sheet resistance. Such NNs can be utilized for thin film devices
without planarization by conductive materials such as PEDOT:PSS. As a result, we successfully
fabricate a highly efficient flexible organic solar cell with a power conversion efficiency (PCE) of
10.6% and high device yield (93.8%) on PEDOT-free and ITO-free transparent electrodes.
Furthermore, the flexible solar cell retains 94.3% of the initial PCE even after 3000 bending stress

tests (strain: 3.13%).



Introduction

As the demand for wearable devices has increased, lightweight organic solar cells (OSCs)"* have
attracted attention as a power source for such devices. Furthermore, recent advances in material
development have led to increase in the efficiency of OSCs. This has enhanced the possibility of the

application of OSCs to wearable devices.’”

Conventional indium tin oxide (ITO), which is commonly used as an electrode in thin film
optoelectronic devices, may not be suitable for flexible OSCs (FOSCs) owing to its brittle nature.
Promising ITO alternatives, such as carbon nanotubes, conducting polymers, and graphene and
metallic nanowires (NWs), have been proposed for flexible applications.'*'” AgNWs are considered
as the most promising TCEs for FOSCs based on their mechanical stability and superior optoelectrical
characteristics.'* '* ' However, the nonuniform and uncontrollable morphology of randomly stacked
NW networks can frequently cause short circuiting unless they are flattened or covered by thick buffer
layers. Moreover, the high junction resistance between NWs limits the conductivity of the entire
film.?**! Junctions radiate locally concentrated heat under current flow, which can cause electrodes
and devices to fail. The weak adhesion of AgN'W networks to substrates might have an adverse impact
on the mechanical reliability of the devices fabricated using the substrates.”>** These drawbacks

currently limit the applicability of metal NW networks in optoelectronic devices.

A few studies have utilized electrospun polymer fibers networks to fabricate junction-free metal
networks, thus overcoming the drawbacks of metal NWs.?*%® Polymer fibers can be used as seed
material for the electroless deposition of metals or as a shadow mask for etching underlying metal
films. The latter is a top-down fabrication process proposed by Azuma et al., and it is particularly
beneficial for thin film optoelectronic devices.”” Based on the top-down etching technique, zero-
junction Cu, Al, and Au networks have been successfully fabricated for various applications such as
touch screens, organic light-emitting diodes, and photodetectors. In previous works, metal networks
can be used for photodetectors with an active layer thickness of over 250 nm.?® An additional

poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) layer was essential for
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achieving high performance OLED devices. However, the acidity of PEDOT:PSS could adversely
affect the subsequent organic layers on an electrode, which might limit its application to various
devices.”?* Choi et al. pointed out that a network height of 80 nm was extremely rough for a 140-nm-
thick OLED active layer.” Thus, there are few reports on high efficiency thin film FOSCs (> 10%)

that use this type of metal networks.

Herein, we report highly efficient organic photovoltaic cells on flexible substrates without
PEDOT:PSS and ITO. We used transparent conductive electrodes based on a conductive AgNN. The
electrodes were fabricated by dry etching pre-deposited thin metal films using randomly distributed
nanofiber networks, which acted as shadow masks. This process is highly compatible with various
metal electrodes and substrates such as polyethylene phthalate (PET), polyimide (PI),
polydimethylsiloxane (PDMS), and polyethylene naphthalate (PEN). More importantly, even with an
initial Ag layer as thin as 15 nm, density control can achieve high optical transmittance with low sheet
resistance. Consequently, we successfully fabricated highly efficient FOSCs with a power conversion
efficiency (PCE) of 10.6%. The FOSCs were mechanically robust and retained 94.3% of the initial

PCE even after 3000 bending tests (strain: 3.13%).



Results

Formation of etched conductive networks

Ag thin films were prepared on various target substrates through thermal evaporation to form
etched AgNNs, as shown in Figure 1a(I). Then, electrospun polymer (we used poly (methyl
methacrylate) (PMMA)) nanofibers were coated on the films using an electrospinning system (Fig.
la(IT)). The nanofibers were used as nanostructured shadow masks (hereafter referred to as
nanomasks) during the subsequent dry etching process. Then, a nanomask-metal film composite was
etched by employing an ion beam etching system, which is an anisotropic etching method (Fig.
la(IIl)). Finally, after the etching process, flat etched NNs were formed underneath the nanomasks
(Fig. 1a(IV)). The experimental details are described in the Method part. Figure 1b shows the
scanning electron microscope (SEM) image of the electrospun polymer nanofibers. Mesh-like
nanomasks were formed on the conductive films. Upon etching, the monolithic NNs were replicated
on the substrates, as shown in Figure 1c and the inset. Note that the cross section of the NNs has a
trapezoidal shape (see the inset of Fig. 1¢). In addition, the contact resistance of the etched NN is
intrinsically zero, as shown in Figure 1c, in contrast to conventional AgNW random networks.*’**
Consequently, it is not required to subject the etched NN to any of the post-fabrication processes
mentioned above. We also coated AgN'Ws on the same substrate using a spray coating method to

compare surface morphology, roughness, electrical and optical properties, and chemical and thermal

stability.

Atomic force microscopy characterization revealed that the surface roughness of the fabricated
NNs was significantly lower than that of conventional AgNW networks, as shown in Figure 1d and e.
The etched NNs exhibited uniform height and a 34% lower root mean square surface roughness (Rms)
compared to AgNWs, as shown in Supplementary Figure 1. Note that the final maximum height of the

NN is limited only by the initial thickness of the as-deposited metal films.
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Optoelectrical performances: AgNWs, AgNN electrode

To investigate the optoelectrical characteristics of the etched monolithic NNs, we measured the
transmittances and sheet resistances of the electrodes and compared them with those of other TCEs.
We compared optoelectrical properties in terms of the ratio of direct current conductivity (opc) to
optical conductivity (cop), which is typically used as a figure of merit (FoM) of films.**
Conventional ITO films and AgNW films typically exhibit a opc/co, value of 400-800 and
approximately 500 or lower, respectively.” The etched NNs showed a high transmittance of up to
94.4% at a sheet resistance of 2.4 Q/sq, as shown in Figure 2a. This transmittance is higher than those
of other ITO alternatives for similar sheet resistances, resulting in an FoM of approximately 3000.
The FoM values of 300-nm-thick and 100-nm-thick AgNNs were approximately 3000 and 1000,

respectively. To the best of our knowledge, an FoM of 3000 is among the highest obtained for

alternatives to ITO.*> 3



The optoelectrical characteristics of our AgNN electrode can be controlled by both the initial Ag
thickness and PMMA fiber density, whereas those of conventional AgNW networks can be controlled
only by the density of NWs. Figure 2b shows the sheet resistance and transmittance of the AgNN with
respect to Ag thickness and the AgNN coverage ratio. For example, reasonably low sheet resistance

(< 15 Q/sq) and high transmittance (90%) were obtained in a 50-nm-thick Ag film with a coverage of

19% (FoM: 324) and in a 25-nm-thick Ag film with a coverage of 36% (FoM: 248) (see arrows in

Fig. 2b).
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Furthermore, various metal NN structures on various substrates can be fabricated as described

above (Fig. 2b and 2c). We fabricated an Au NN (thickness: 50 nm) electrode using the same

fabrication process. The Au NN electrode showed a sheet resistance of 4.21 to 15.6 )/sq and a

transmittance of 87.1 to 93.7% with varying NN density (Fig. 2b). Figure 2c and Supplementary

Figure 2 show the optoelectrical characteristics of the etched Ag networks formed on various
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substrates. The characteristics were comparable to those of conventional TCEs.** These results
indicate that the etched metal network electrode can be formed on almost any type of substrate

regardless of surface conditions. More details are provided in Supplementary Information.

To investigate the mechanical robustness of the AgNN, we measured the change in resistance while
reducing bending radius (Fig. 2d top) and during 10,000 bending cycling tests (Fig. 2d bottom). As
shown in Figure 2d, the resistance of the etched AgNN electrode and AgNWs remained unchanged
down to a bending radius of 1 mm. However, the ITO electrode, which is a well-known brittle

material, >’

showed a 25-fold increase in resistance at a bending radius of Imm. During the cycling
test, the resistance of the ITO electrode increased steadily while those of the AgNWs and AgNN

electrode were almost unchanged.

The high performance of the etched NN can be attributed to the following factors. First, the etched
NN is fabricated from bulk Ag, whose conductivity is approximately eight times higher than that of
AgNWs. This high conductivity ensures that the overall sheet resistance of the etched NN electrodes
is lower than that of ordinary metal NW electrodes. Next, the absence of junction resistance results in
the overall transmittance being high even at sheet resistances lower than 10 €/sq because sheet
resistance sensitively depends on junction resistance.””*"*® For AgNW networks, the addition of
NWs in the low-sheet-resistance region rapidly decreases transmittance instead of improving the
conductivity of the entire electrode owing to high contact resistance. The proportional relationship
between contact resistance and sheet resistance is clearly observed. The decrease in contact resistance
is a critical factor that determines the low sheet resistance of the entire network (Supplementary Fig.
3a-c). Additionally, the junction-free structure enhances thermal and chemical stability

(Supplementary Fig. 3d-f).
Flexible organic solar cell device performances

Compared to devices on ITO electrodes, devices on nonplanar transparent electrodes, such as

AgNWs, tend to show lower performance or device yield because of the nonuniform thickness of



active layers. Therefore, previous studies attempted to reduce surface roughness by hybridizing them
with other conductive materials.'***3%*! However, surface planarization with thin layers may not be
effective if the step heights of electrodes are considerably higher than the thickness of the subsequent
layer. Herein, we aimed to develop electrodes with the smallest step height while retaining the desired
high transmittance and low sheet resistance. We selected a thickness of 15 nm for the electrodes,

which showed a transmittance of 91.6% and a sheet resistance of 35.2 €)/sq.

We fabricated FOSCs using fullerene-based phenyl-C70-butyric acid methyl ester (PC70BM)*’ and
a recently emerging non-fullerene-based acceptor, (2,2'-((2Z,2'Z)-(((4,4,9,9-tetrakis(4-hexylphenyl)-
4,9-dihydro-s-indaceno[ 1,2-b:5,6-b’]dithiophene-2,7-diyl)bis(4-((2-ethylhexyl)oxy)thiophene-5,2-
diyl)) bis(methanylylidene))bis(5,6-difluoro-3-ox0-2,3-dihydro-1H-indene-2,1-
diylidene))dimalononitrile (IEICO-4F)**(Fig. 3a and Supplementary Fig. 4), on the AgNN electrodes.
The device structure was PET (125 um)/ITO [or PEN (125 um)/AgNN]/ZnO (40 nm)/PTB7-
Th:PC7BM (100 nm) or IEICO-4F (150 nm)/MoOs3 (10 nm)/Ag (150 nm). Note that 0.6 wt% Zonyl
was added to ZnO to enhance wettability.>* ** The photovoltaic performance and current density—
voltage (J-V) characteristics of the FOSCs are summarized in Table 1 and Figure 3b. The devices
fabricated on ITO and the AgNN exhibited PCEs of 8.35% and 8.31% (PTB7-Th:PC7BM),
respectively, and 9.59% and 10.6% (PTB7-Th:IEICO-4F), respectively. In particular, as shown in
Figure 3c, our AgNN-based FOSCs (PTB7-Th:IEICO-4F) showed higher external quantum efficiency
(EQE) compared to ITO-based FOSCs because the transmittance of the AgNN electrode was higher
(Supplementary Fig. 5d). As a result, the short circuit current density (Js.) and PCE of the AgNN-

based FOSC were higher than those of the ITO-based FOSC.

Next, we investigated the effect of the step height of AgNN electrodes on FOSC performance. We
prepared Ag films with thicknesses of 100, 70, 50, and 15 nm. We fabricated the FOSCs using AgNN
electrodes and coated Zonyl added ZnO layer for inverted FOSCs. We learned that Zonyl FS-300
improves the wettability of the ZnO layer on the flexible substrate without surface treatment. It was

found that 0.6 wt% Zonyl maximized the uniformity of ZnO and consequently maximized the device
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yield and PCE (Supplementary Fig. 6).
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Despite the improved wettability of ZnO, it could not cover the 100-nm-thick AgNN electrode
smoothly owing to the large step height. Hence, a low yield of 5.3% and a maximum PCE of 0.65%
were obtained (Fig. 3d and Supplementary Fig. 7). As the Ag layer became thinner, the ZnO layer (40
nm) covered the empty spaces of the NN structures more completely, increasing the PCE and yield of
FOSC:s (see inset of Fig. 3d). The 15-nm-thick AgNN-based FOSC showed the highest yield of

93.8%. The active layer covered the ZnO layer evenly, resulting in the highest PCE of 10.6%.

In fact, any transport layer can replace ZnO on the AgNN as long as it can cover AgNN completely.
We applied PEDOT:PSS as shown in Supplementary Figure 8a. The FOSCs that used PEDOT:PSS as
a transport layer on the 15-nm-thick AgNN electrode exhibited a PCE of 6.32%. However, the sheet
resistance of AgNN increased from 19.3 to 30.7 €)/sq after 9 days because of oxidization. This caused

the degradation of device performance with time (4.43% PCE) because of the acidity of PEDOT:PSS



(Supplementary Fig. 8b). More details are provided in Supplementary Information.

Figure 3e shows the variation in PCE caused by the coverage of the 15-nm-thick AgNN.
Supplementary Figure 9 shows the SEM images of the electrodes. The maximum PCE was 10.6% at a
coverage of 44%, and the PCE was 0.19% at a coverage of 100% because of a low transmittance of
34.5% (Supplementary Fig. 5c¢). Interestingly, the PCE was 10.1% at a coverage of 36% even with
higher transmittance. Generally, the empty spaces between networks should be minimized to reduce
loss in charge collection because the carrier diffusion lengths in organic materials tend to be short.
However, the amount of light transmitted through the electrodes decreases if network coverage
becomes extremely large (see inset of Fig. 3¢). Therefore, charge generation and collection should be

considered for the high efficiency of FOSCs.
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Furthermore, the mechanical stability of devices is critical in FOSCs. We measured the PCEs of the

PTB7-Th:PC;BM-based FOSC devices during 3000 bending cycling tests as shown Figure 4a
10



(bending strain: 3.13%, 1.5 Hz, substrate thickness: 125 um). We scanned the device every 500 times
during the tests. As shown in Figure 4b, the PCE of the ITO-based FOSC was 34.5% of the initial
PCE (8.21%) after the 3000 tests. Short circuit current density (Js) decreased from 15.95 to 12.01
mA/cm?, and the fill factor (FF) decreased from 0.66 to 0.30 (Fig. 4c). In contrast, the AgNN-based
FOSC showed almost constant J-V characteristics and retained 94.3% of the initial PCE even after

3000 bending cycles (Fig. 4d).

Steady efficiency under the repeated mechanical deformation of the AgNN-based FOSC suggests
that the monolithic NN electrode etched without using PEDOT:PSS can be an ideal alternative to ITO

as a transparent electrode for high performance flexible optoelectronic devices.

Conclusions

In this study, we investigated the fabrication and characteristics of junction-resistance-free metallic
networks with smooth surface morphology on various flexible substrates. The monolithic NNs
showed transmittances of up to 94.4% and sheet resistances as low as 2.4 Q/sq with high thermal,
environmental, and mechanical stabilities. Moreover, the height and morphological roughness of the
networks could be controlled by changing the initial metal thickness and NN coverage. Coverage
control with a small step height (15 nm) enabled us to achieve a high PCE of 10.6% using only a ZnO
ETL layer without any other conductive materials. Furthermore, constant PCE of the AgNN-based-
FOSC after 3000 bending cycles suggested that the AgNN electrode is perfectly suitable for flexible

thin film devices with excellent mechanical stability.
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Methods

Materials: PMMA, N,N-dimethylformamide, zinc acetate dehydrate, ethanolamine, were
purchased from Sigma Aldrich Co., Ltd. The PET/ITO films were purchased from Toray, Japan.
PTB7-Th, PC7BM, IEICO-4F were purchased from 1-material, Canada. Zonyl FS-300 was purchased
from Thermo Fisher Scientific Chemicals Co., Ltd. The PEDOT:PSS aqueous solutions of Clevios

AlI4083 was purchased from Heraeus, Germany.

AgNW synthesis: The AgNW solutions were prepared using a modified polyol process.**** The

final products were washed using glass filters. The washed AgNWs were stored in methanol.”

Preparation of nanofibers: The polymer nanofibers were prepared by electrospinning PMMA.
0.36g of PMMA powder was dissolved into 6ml of N,N-dimethylformamide and acetone mixed
solution (2:1 volume ratio). To dissolve the PMMA powder, the mixed solution was stirred during 12h
at room temperature. The gauge of the syringe tip, voltage, distance between the electrodes, and flow
rate of the polymer solution were 23 G, 9.8 kV, 16 cm, and 0.6 ml/h, respectively. The conditions
were adjusted to vary the diameter of the nanofibers. The nanofibers were dried completely after

electrospinning to remove the solvent present in the fibers.

Ag etching and fabrication of AgNN: The thermally deposited Ag thin films were etched using an
Ar ion beam etching system. The etch rate was set to be 17.6 nm/min and the etching area was 1
inch?. It should be noted that the Ag etch rate can be further increased over 300 nm/min and up to
1000 nm/min with additive gases such as oxygen and chlorine.***” The ion milling system (VSI,
Korea) was used and the etching conditions for RF power, gas flow rate, gas pressure, beam current,
and accelerator current are as follows: 50 W, 7 sccm, 5 x 10 Torr, 6 mA, and 2 mA, respectively. For
a uniform etching, the RF power and flow rate should be carefully adjusted to avoid the under-cut
etching. After the etching process, the etched AgNN was sonicated in acetone for 30 s to remove any

residue left on the substrate and the network.

FDTD simulation: The simulation domain was assumed to be air and the AgNN structures were

12



analyzed with 5 nm meshes using a periodic boundary condition. The refractive index of Ag was
obtained from the Palik’s book. The simulation results for TE and TM modes were averaged to
calculate Mie efficiencies and estimate transmittance and haze of AgNNs as described in

Supplementary Information.

Sheet resistance calculation: Sheet resistance was calculated from the equivalent circuit of a given
random mesh of AgNW (length: 15 pm, diameter: 60 nm) and AgNN. The resistivity (p) of Ag was
assumed to be 1.59 x 10® Q-m. Since the calculation is based on the randomly generated structures,

the average values were chosen from the sufficient number (5 ~ 300) of repeated simulations.

ZnO0 sol-gel synthesis: 1g of zinc acetate dehydrate is dissolved into 2-methoxyethanol 10ml in a
vial with 0.28¢g of ethanolamine as a stabilizer and 0.6 wt% of Zonyl-FS 300 fluoro surfactant.* The

mixed solution was stirred during 12h and aged 1 day at room temperature.

Device fabrication: ZnO layer was spun with 3000rpm, 30s on PET/ITO and PEN/AgNN and
annealed at 140°C (PET/ITO) and 160°C (PEN/AgNN) for 30min in air. After the substrates were
transferred into a nitrogen-filled glove box, PTB7-Th: PC7BM (25mg/ml, 1:1.5 weight ratio,
chlorobenzene:1,8-didoctane (DIO) = 97:3, v/v) and PTB7-Th:IEICO-4F (20mg/ml, 1:1.5 weight
ratio, chlorobenzene:chloronaphthalene = 96:4, v/v) layers were spun. Finally, MoO3 (10 nm) and Ag
(150 nm) were thermally evaporated on top of the active layers through a shadow mask under vacuum

<10"Torr. The active area of the fabricated devices was ~0.15¢cm?

Device Characterizations: Current density-voltage (J-V) characteristics were measured under
irradiance of 100 mW/cm? utilizing a solar simulator (K201 LABSS5, McScience). The external
quantum efficiency (EQE) was acquired using a spectral measurement system (K3100 IQX,

McScience Inc.).

Measurement and analysis: The total transmittances of the various samples were measured with
an ultraviolet-visible (UV-vis) spectrophotometer (UV-3600, Shimadzu, Japan). The specular

transmittances were also measured using a UV-vis spectrophotometer (UV-3100, Sinco, Korea). The

13



sheet resistances were measured using a four-point probe (Dasol Eng., Korea). The morphologies and
current flows of the AgNWs, as well as those of the NN, were measured simultaneously using an XE-

100 system (Park System, Korea).
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Figure Legends

Figure 1 | Formation of zero-junction Ag NN electrode. (a) Schematic illustration for the
fabrication of monolithic, etched NNs using nanofiber networks as a mask. I, Deposition of a thin
metal film on a substrate. II, Coating electrospun nanofibers on the metal film to form a nanomask.
II1, Etching the metal film. IV, Removing residue to complete the fabrication of the NN. (b) The
electrospun nanofibers on thin Ag films (¢). The etched NNs formed using electrospun nanofibers as a
nanomask. The inset shows the trapezoidal edge of an etched network. AFM images of (d) an ordinary

AgNW network and (e) an etched NN with a uniform height distribution and seamless junctions.

Figure 2 | High quality of Ag NN electrode. (a) Optoelectrical characteristics comparison of several
transparent electrodes and AgNN electrodes. AgNN electrode sheet resistance and optical
transmittance with (b) various density, thickness, and (¢) formed on various substrates. (d) Resistance
change of ITO, AgNWs, AgNN electrodes with decreasing bending radius (top) and increasing

bending cycles (bottom).

Figure 3 | Fabrication FOSCs using Ag NN electrode. (a) Schematic illustration of an inverted
FOSCs and energy levels of active layers using PTB7-Th donor and PC70BM and IEICO-4F
acceptors. (b) J-V characteristics and (¢) EQE spectra of ITO and AgNN electrode devices using both
fullerene and non-fullerene acceptors. (d) Maximum obtained PCE and device yield with initial Ag

film thickness. (e) PCE of non-fullerene acceptor based FOSCs with different NN coverages. ng:

charge generation, nc: charge collection efficiencies.

Figure 4 | Bending test results of FOSCs. (a) Photographs of bending test. (b) PCE degradation of
fullerene acceptor based FOSCs using ITO and AgNN electrodes with increasing bending cycles. J-V

characteristics change of (¢) ITO, and (d), AgNN electrode based FOSCs.
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Tables

Table 1 | The photovoltaic performance of FOSCs fabricated on ITO and AgNN electrodes

PTB7-Th:PC7BM PTB7-Th:IEICO-4F

Performance ITO AgNN ITO AgNN
PCE [%] 8.35 8.31 9.59 10.6
Jse [mA/cm?] 15.7 15.01 233 243
Voe [V] 0.79 0.79 0.67 0.69
FF 0.68 0.70 0.61 0.63

19



Table of contents entry

The PEDOT-free and ITO-free junction-free AgNN electrode with high optoelectrical properties is
proposed for FOSCs. The electrical sheet resistance and optical transmittance could be controlled by
both initial metal thickness and NN density; even very thin Ag layer with appropriate NN density can

show high transmittance and low sheet resistance, yielding highly efficient FOSC.
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