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ABSTRACT: Organic electronics have gained widespread atten-
tion due to their flexibility, lightness, and low-cost potential. It is
attractive due to the possibility of large-scale roll-to-roll processing.
However, organic electronics require additional development
before they can be made commercially available and fully
integrated into everyday life. To achieve feasibility for commercial
use, these devices must be biocompatible and flexible while
maintaining high performance. In this study, biocompatible silk
fibroin (SF) was integrated with a mesh of silver nanowires
(AgNWs) to build up flexible organic solar cells with maximum

power conversion efficiency of up to 6.62%. The AgNW/SF substrate exhibits a conductivity of ~11.0 /sq and transmittance of
~80% in the visible light range. These substrates retained their conductivity, even after being bent and unbent 200 times; this
surprising ability was attributed to its embedded structure and the properties of the specific SF materials used. To contrast,
indium tin oxide on synthetic plastic substrate lost its conductivity after the much less rigid bending. These lightweight and silk-
based organic solar cells pave the way for future biocompatible interfaces between wearable electronics and human skin.
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1. INTRODUCTION

Organic solar cells (OSCs) are gaining increasing amounts of
attention due to their excellent properties. OSCs are deemed to
be one of today’s most promising novel photovoltaic devices
due to their flexibility, low cost, and large-area manufacturing
compatibility."”> OSC flexibility makes them compatible with
soft substrates such as garments and textiles.> However, for
OSCs to be applied onto clothes or other soft surfaces, some of
which come into direct contact with skin, they are required to
be human-compatible, nontoxic, and nonirritable. The natural
silk fibroin (SF), extracted from the silkworm (Bombyx mori)
cocoon, is a promising alternative material due to its good
biocompatibility, biodegradability, nontoxicity, nonirritability,
and advantageous mechanical properties,* as well as high
optical transmittance (90—95%) of films.”> Furthermore, the
biodegradable and mechanical properties of SF substrates can
be tailored by controlling the fabrication process such that they
match the desired requirements for some specific applica-
tion.°"® For example, SF has been used to fabricate hydrogels,
tubes, sponges, fibers, thin films, and other biological composite
materials for applications in tissue engineering, drug release
carriers, disease models, and implantable devices.*’ In
particular, this study was inspired by Hwang’s work, which
showed an organic thin film transistor with a SF-based
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dielectric layer'®"" that achieved a high field effect mobility
of 23.2 cm*V s

In this work, natural SF films were used as substrates in place
of glass or synthetic polymers. Silver nanowires (AgNWs) were
embedded into SF as a conductive layer. The substrate
displayed a conductivity of ~11 €/sq with a transparency of
over 80% at 600 nm. An OSC based on a blend of thieno[3,4-
b]thiophene/benzodithiophene (PTB7) and [6,6]-phenyl-C,;-
butyric acid methyl ester (PC,;BM) was fabricated on the SF
substrate, achieving a maximum power conversion efficiency
(PCE) of 6.62%. A conjugated polymer of poly[(9,9-bis(3'-
(N,N-dimethylamino )propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctyl-
fluorene)] (PFN) was used to tune the electrical properties of
the AgNWs, enhancing their electron collection capability.'>"
These materials could be effectively functionalized using a spin
coating process. The back of the SF films were not exposed to
any organic solvents, keeping the biocompatibility properties
contained on one side without negatively influence to the
whole device.
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2. MATERIALS AND METHODS

2.1. Preparation of Conductive Silk Film. Silver nanowires
solution (Blue Nano, Inc.) was spin coated onto a clean silicon wafer,
and then annealed to form a film of AgNWs. The edge of the AgNWs
film was removed by the mechanical exfoliation using tape stickers,
obtaining the electrode pattern as shown in Figure S4a (Supporting
Information). As shown in Figure 1, the SF solution was fabricated

Figure 1. Schematic process of the fabrication of AgNW/SF
conductive thin films. (Top) SF was extracted and purified from the
silk cocoon. (Bottom) AgNWs were deposited onto a polished silicon
substrate by spin-coating and mildly annealing. The aqueous silk
fibroin was subsequently poured onto the silicon substrate, and water
was allowed to evaporate. Finally, the dry and conductive AgNW/SF
film was simply peeled off the silicon substrate.

from Bombyx mori cocoons. The cocoons were boiled to remove the
sericin proteins, dissolved (using LiBr solution), dialyzed (3 days) to
remove Li* and Br~ then finally subjected to centrifuging to remove
impurities. Following this, the SF solution was dropped onto the silver
nanowire film. The substrate was carefully removed after the solution
dried.

2.2. Fabrication of Organic Solar Cell. PFN (1-Material) was
dissolved in methanol (2 mg/mL) with acetic acid (2 yL/mL), and
then spin coated onto the AgNW/SF substrate. PTB7 and PC,BM
(1-Material) solutions were prepared according to the report by Liang
et al,"* and then spin-coated onto the top of the PEN layer at 1000
rpm for 1 min. Finally, a 6 nm-thick MoO; layer and a 100 nm-thick
AgNW layer were successively deposited through a shadow mask
under 107¢ Torr (Kurt J. Lesker, Mini Spectra). The device’s active
area is 7.25 mm’.

2.3. Characterization of Silk Film and Solar Cell. The
transmittance spectrum was measured using a UV—vis spectropho-
tometer. The resistance was measured using the four-point probe
method. The surface morphology and roughness of the substrates were
evaluated using an atomic force microscope (AFM). The diameter and
distribution of AgNWSs were characterized using a scanning electron
microscope (SEM). The device performances were characterized
under simulated AM 1.5G irradiation at 100 mW/cm? using a Xe
lamp-based solar simulator.

3. RESULTS AND DISCUSSION

Natural silk displays excellent biocompatibility, biodegrad-
ability, and implantability, as well as good mechanical and
optical properties. As shown in Figure 1, silk fibers from
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Figure 2. (a) Image of the AgNW/SF substrate; the typical SF molecular internal repeating motif structure is shown at bottom. (b) SEM micrograph
of AgNWs embedded in SF film and (inset) high-resolution AgNW mesh. (c) Optical transmittance of the different substrates: ITO-glass, ITO—
PEN, and AgNW/SF. (d) The resistance of different conductive substrates before and after the bending test.
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Figure 3. AFM images of roughness on (a) AgNW/SF, (b) ITO—PEN, and (c) ITO glass substrates. (d) Cross-sectional line profile of the

topography in each substrate.

silkworm cocoons can be easily processed into films using an
aqueous solution. The transformation process begins with
boiling the cocoons, then removing impurities. This process
yields an aqueous solution of pure SF protein, which can be
easily fabricated into a desired thin film shape after the removal
of the water. In the experiments, the pristine SF films had
thicknesses of ~20 um. They displayed a good transparency of
approximately 92% across the visible range, as shown in Figure
S1 (Supporting Information). This excellent optical trans-
mission is comparable with most commercialized glass and
synthetic polymer film (such as polyethylene naphthalate
(PEN)), which makes it an excellent candidate in applications
requiring a transparent substrate. The high transmittance of the
SF film is ascribed to its chemical components, which are
mainly composed of a recurring amino acid sequence
comprising serine, glycine, and alanine. This sequence is a
repeating motif for the typical SF macromolecular structure, as
shown in the inset of Figure 2a. These amino acids display weak
absorption in the spectra range of 400—1200 nm.

AgNWs networks have been used as transparent conductors
due to their high conductivity and optical transmittance.'>'® In
order to form a continuous conductive film on transparent
films, AgNWs are usually directly spin- or spray-coated onto the
transparent substrate. The film is rough due to the random
distribution of AgNWs piling on the substrate. This roughness
is a disadvantage because substrate flatness is critical to
fabricating the ~100 nm-thick active layer of the OSC.
Additionally, the deposited AgNWs displayed poor adhesion
properties on the substrate. To resolve this issue, the AgNWs
were first deposited on a flat model substrate instead of being
directly deposited onto the substrate. Then, the aqueous SF
solution was coated onto the AgNW-covered substrate. When
the water was removed after drying, there was a physical
adhesion force between SF and AgNW film. In order to ensure
that a conductive film would form on the SF substrate, the part
of AgNWs that were directly in contact with the silicon
substrate were not embedded in SF, as shown in Figure S4b
(Supporting Information). Furthermore, the flat model
substrate guaranteed the smoothness of the as-prepared
conductive films. The AgNW/SF fabrication process is shown
in Figure 1. The entire fabrication process took place in all-
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aqueous conditions at a neutral pH and ambient temperature;
these are key conditions when attempting fabrication with
biocompatible substrates.

Optical transmittance and substrate conductivity are primary
concerns in the performances of OSCs. Varying the thickness
of AgNWs requires considering trade-offs between conductivity
and transparency. A thinner AgNW layer offers high trans-
parency but poor conductivity; the AgNWs solution must be
tuned to achieve an optimized value of both transmittance and
conductivity. The longer wires increase the conductivity at the
same optical transmittance and then improve the device
performance.ls’16 Figure 2a shows an image of a SF substrate
embedded with AgNWs. The transmittance of an optimized
AgNW/SEF substrate is ~80% in the visible light range, similar
to an indium tin oxide (ITO)-coated glass substrate, as shown
in Figure 2c. Furthermore, AgNW/SF substrates display an
improved transmittance under the ultraviolet spectrum,
superior to ITO—PEN. However, there is an obvious
absorption peak at 375 nm due to the natural plasmonic
effects of AgNWs networks caused by light trapping.'” The
absorption spectrum of AgNWs is plotted in Figure S2
(Supporting Information). The diameter of the AgNWs is
between 30 and 40 nm. The AgNWs on the substrate were
well-distributed and intercrossed, increasing the current
collection area of the AgNW electrodes, as shown in Figure
2b. The resistance of AgNW/SF is ~11.0 Q/sq, which is
comparable to that of the ITO glass (~10.5 ©/sq) substrate.

In order to meet the requirement for flexible OSCs, the
substrates must meet certain mechanical requirements to
ensure cell stability both during and after the bending process.
Figure 2d displays the conductivity of substrates before and
after the bending test. When measuring substrate conductivity
under the bent condition, the AgNW/SF substrate was bent
until one portion folded over another to cover it (bending angle
~180°), while the ITO—PEN substrate was only bent at a 90°
angle. The resistance of the AgNW/SF substrates slightly
increases after being bent 500 times but was maintained at
below 20 €/sq. The ITO—PEN was unable to tolerate the
same bending process, with its conductivity increasing to 1000
€2/sq after being bent just 10 times. The excellent conductivity
retention of AgNW/SF following mechanical stress is attributed
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Figure 4. (a) Energy band diagram of the device. (b) J—V curves of the OSCs fabricated on ITO different substrates under AM 1.5G and light
intensity of 100 mW/cm? (c) J—V curves of the OSCs in the dark. (d) Corresponding EQE curves of OSCs on AgNW/SF and ITO glass substrate.

to the embedded AgNWs in the protein substrate, as well as the
ductility of silver (the interfacial structure between AgNWs and
SF thin film is shown as Figure S4b, Supporting Information).
The slight loss in conductivity may result from the AgNWs
drifting during the mechanical bending process. In contrast,
ITO films generally displayed fragile properties, showing a
quick drop of conductivity after bending. Additionally, the
conductivity of AgNW/SF substrates can be recovered after a
period of rest (“self-healing”);'® this was attributed to the
AgNWs drifting back to their initial positions. For example,
AgNW/SFE samples that were bent 200 times and then left to
recover for 30 min returned to original conductivity. However,
the folded ITO—PEN was unable to recover its conductivity
even after 1 h of recovery. This indicates that the fragile ITO
film is partially broken in the mechanical folding process. In
short, the AgNW/SF substrate displayed outstanding flexibility
that was superior to the ITO—PEN substrate.

The smoothness of the AgNW network on SF films also
plays a critical role in the performance of OSCs. Overly rough
morphologies introduce pinholes into the active layer, resulting
in increased leakage current that can lead to device failure. AFM
images of AgNW/SF, ITO—PEN, and ITO glass are shown in
Figure 3. The root-mean-square (RMS) roughness value of the
Ag-SF substrates was 1.50 nm, which is much smaller than the
values for ITO—PEN (3.38 nm) and ITO glass (4.66 nm). The
cross-sectional line profiles of each substrate’s topography are
also plotted. The height fluctuations of the AgNW/SF
substrates were lower than 10 nm, making it smoother than
the ITO—PEN or ITO glass substrates. Given these results, the
flatness of AgNW/SF substrates meets the requirements of
OSCs.

AgNWs networks embedded in SF films exhibit excellent
conductivity and transmittance, and were used to fabricate the
OSCs. The surface-modified PEN layer was simply spin-coated
onto the AgNW/SF substrate according to the previous
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reports.'>'> Next, a blend of PTB7 and PC,BM was spin
coated onto the PFN layer, forming the active layer. The
chemical structures of PEN and PTB7 are shown in Figure S3
(Supporting Information). It should be noted that the entire
process did not require any post-treatment such as annealing;
this avoided any negative influences on the SF film properties.
Furthermore, the back of the SF films did not come in contact
with the polymer solution during the entire process, ensuring
that properties such as biocompatibility, nontoxicity, and
nonirritability were retained on one side of SF thin film.
Finally, a 6 nm thick MoOj layer and a 100 nm thick AgNW
layer were evaporated onto an active layer to fabricate an
inverted structure (SF/AgNWs/PFN/(PTB7:PC,BM)/
MoO;/Ag) of the flexible OSCs. Figure 4a shows a schematic
of the energy levels of the device. PEN acts as a cathode buffer
layer to improve the charge collection. PEN can enhance the
built-in potential that leads to a higher V,.'” PTB7 is used as
the electron-donor and PC,; BM is the electron-acceptor. Light
absorbance and exciton generation take place in the
PTB7:PC,,BM layer.">'**® Thus, this device shows high
lightness and exceptional flexibility.

Figure 4b shows the current density versus voltage (J—V)
characteristics of OSCs under air mass (AM) 1.5G, at 100
mW/cm® An open circuit voltage (V,.) of 0.70 V, a short
circuit current density (J,.) of 14.56 mA/cm? and a fill factor
(FF) of 65% yielded a maximum PCE of 6.62% for the AgNW/
SE-based device. An average PCE of 6.07 + 0.31% was obtained
for 12 devices. For comparison, the device fabricated on ITO
glass yielded a maximum PCE of 7.89%. The J—V curves of
OSCs in the dark are shown in Figure 4b. The figure indicates
that the leakage current of AgNW/SF—OSCs is lower than
ITO-glass—OSCs, although they did not display a high
efficiency. The suppressed leakage current is ascribed to the
smooth and flat character of the AgNW/SF substrate,
confirming the formation of a dense PEN layer with uniform
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coverage. The EQE spectra were consistent with the J,. values
of their respective devices, as shown in Figure 4d. A higher
EQE was observed for AgNW/SFE substrates between 300 and
350 nm; this is ascribed to the higher transmittance of the
AgNW/SEF substrate. When the obtained device was bent more
than 100 times with an angle of ~120°, as shown in Figure Sa, a
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Figure S. (a) J—V curves of the OSCs with bending angle of ~120°, as
shown in the inset image. The bending radius is about 6 mm by
bending a 2.7 X 2.7 mm OSC device based on SF/AgNWs thin film.
The inset image also exhibits the flexibility of AGNW/SF OSC device.
(b) Images of a AgNW/SF-based device degrading process; (inset,
left) SF solution obtained by immersing the device in LiBr solution for
1 h at 60 °C and filtering to remove the polymer and the electrode
materials (Step 1); (inset, middle) the polymer and the electrode
substrate; and (inset, right) conjugate polymer solution obtained by
dissolving the polymer and the electrode in chlorobenzene then
remove the electrode by filtering (Step 2). The final solid residue was
left on a filter paper.

V,. of 0.70 V, a J. 13.99 mA/cm? and a FF of 61% were
measured; this yielded a PCE of 5.98%. The good device
performance under bending conditions reveals the outstanding
flexibility of AgNW/SE-based OSCs.

SF films are fully degradable and dissoluble by the highly
concentrated salt solution. Figure Sb shows an image of the
degrading device immersed in LiBr aqueous solution and
chlorobenzene. These images demonstrated that SF protein is
easily dissolved when placed in LiBr solution for 1 h at 60 °C
(Step 1). Only the conjugated polymer and the electrode
material remain in solution. The remaining solid components
were easily removed using filter paper, and the conjugated
polymer was dissolved in chlorobenzene (Step 2). After
another round of filtration, the silver electrode and MoO,
were recovered on the filter paper. The aqueous SF solution
can be recycled for future fabrication of biocompatible films.
On the other hand, the silk fibroin can be easily degraded using
enzymes under the appropriate condition.””® Therefore, all of
these components (SF, polymer materials, and silver electrode)
were easily separated. The easily controlled degradation,
biocompatibility and recycling were processed at 60 °C without
any other treatment. The degradation and biocompatibility of
SF substrate enables silk-based organic devices to be used in a
safe manner, opening the doors to the development of a
promising class of novel devices.

When considering solar power for portable skin-contact
applications, measuring the specific weight in units of Watts per
gram is appropriate. Kaltenbrunner et al. recently demonstrated
OSCs-on-plastic foil substrates less than 2 pm thick, yieldin%
devices with an extremely high specific weight of 10 W g™'.
Here, the thickness of the AgNW/SF film is ~20 ym with a
weight of 0.0034 g/cm? which is much lighter and thinner than
ITO—PEN (~200 um, 0.028 g/cm*) and ITO glass substrates

(~700 pm, 0.19 g/cm?). Commercially available high-efficiency
Si and triple ;'unction cells can generate 0.676 and 0.360 W g™,
respectively.”” The OSC constructed on the AgNW/SF
presented here can generate 1.71 W g~'. These light,
biocompatible, and recyclable devices can be unobtrusively
used in natural environments, including on the human body.

4. CONCLUSIONS

In summary, we have demonstrated that flexible and light OSCs
with a PCE of 6.62% can be fabricated using SF films as a
supporting substrate. These devices displayed excellent
degradability in the highly concentrated salty solution. The
results show that AgNWs integrated with a SF substrate
displayed excellent conductivity, transmittance, and flatness.
After extremely rigid bending, the devices retain a stable
conductivity that is superior to traditional flexible ITO—PEN
substrates. The conductivity of bent AgNW/SF substrates can
be recovered via a “self-healing” process. We believe that with
continuing efforts in research and development, high-perform-
ance SF-based OSCs with exceptional biocompatibility and
human affinity will become reality. The realization of SF-based
OSCs in commercial and everyday uses promises a bright future
for the better interface of the electronics and human beings.
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The optical transmittance of various substrates, the absorption
spectrum of AgNWs film on glass substrate, the chemical
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