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Nanopatterned silk fibroin films with high
transparency and high haze for optical applications

Corey Malinowski,7* Fengjie He,? Yihong Zhao,? lvan Chang,? David W. Hatchett,”
Shengjie Zhai*® and Hui Zhao

Simultaneous high transparency and high haze are necessary for high-efficiency optical, photonic, and
optoelectronic applications. However, a typical highly transparent film lacks high optical haze or vice
versa. Here, we report a silk fibroin-based optical film that exhibits both ultrahigh optical transparency
(>93%) and ultrahigh optical transmission haze (>65%). Also, in combination with the soft lithography
method, different nanostructured silk fibroin films are presented and their optical properties are
characterized as well. To demonstrate its exceptional performance in both high transmission and high
optical haze, we combine the silk fibroin with the silicon photodiode and show that the efficiency can be
increased by 6.96% with the silk fibroin film without patterns and 14.9% with the nanopatterned silk
fibroin film. Silk provides excellent mechanical, optical, and electrical properties, and the reported high-
performance silk fibroin can enable the development of next-generation biocompatible eco-friendly
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Introduction

Silk fibroin has excellent mechanical robustness, flexibility,
optical transparency, bio-sustainability, biodegradability and
environmental benignity, and is naturally abundant.”® In addi-
tion, silk fibroin provides solution processability and is compat-
ible with the state-of-the-art nanomanufacturing technologies to
create two dimensional or three-dimensional nanostructures, add
new functionalities, and open new opportunities.”** Therefore, it
is not surprising that silk fibroin has emerged as an attractive
candidate for versatile applications.”*>*

Substrate choice is increasingly crucial for optoelectronic
systems. Currently, the optoelectronic industry mainly uses glass
or plastic substrates for flexible electronic devices for their
mechanical strength, optical transparency, and desirable pro-
cessing temperature. However, with the mass production of elec-
tronic devices and their wide usage in our daily routine, they also
generate a large amount of electronic waste containing toxic and
nondegradable materials. To overcome this limitation, recently,
silk fibroin has emerged as a promising alternative to existing
plastic and glass substrates due to their environmental sustain-
ability.>* Most existing applications of silk fibroin for flexible
optical and electronic devices are focused on bio-integrated elec-
tronics, biodegradable electronics, biosensing, and so on.
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flexible electronic and optical devices.

Interestingly, in terms of optical properties, most of the
aforementioned applications exploit the high transparency of
the silk fibroin films. However, for photovoltaics, besides the
high optical transparency, the high optical haze is equivalently
essential. Optical haze is defined as the percentage of the for-
warding transmitted light, diffusely scattering. The increased
scattering can effectively improve solar cell efficiency, and it is
desirable for photovoltaic applications.”>*® Therefore, optical
films possessing both high transparency and high optical haze
simultaneously are preferable for solar cell applications.

Consider that the B-sheet structures in silk fibroin can
form nanofibers with a length about nanometers, which are
widely distributed throughout the thin optical film. These
fibril structures can effectively scatter light and supposedly
increase the optical haze, while maintaining the high trans-
parency. Therefore, in this study, we investigate the optical
haze effect of the silk fibroin films and examine if the silk
fibroin films exhibit both high optical transparency and high
optical haze. In addition, since the silk fibroin can be
patterned into different nanostructures via the standard soft
lithography. The nanopatterned silk film provides us an
excellent opportunity to engineer the optical response in
terms of optical transmittance and optical haze by designing
light-management silk fibroin-based nanostructures. Finally,
to prove the concept, we integrate our engineered optical silk
fibroin films with photodiodes by simply encapsulating them
with the PDMS onto the photodiodes and demonstrate that
they indeed can increase the power conversion efficiency due
to the simultaneous high optical transmittance and high
optical haze.

This journal is © The Royal Society of Chemistry 2019
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Results and discussion
Effect of degumming time

Here, we prepared silk fibroin proteins using the standard
purification protocols (Fig. 1).** In this process, degumming
time is the key to prepare for the functional optical film. So first,
we investigated the effect of degumming time on the peptide
chain of silk fibroin. It is recognized that silk fibroin extracted
from B. mori cocoons is composed of six heavy chains (around
390 kDa), six light chains (around 26 kDa), and a P25 chain
(around 25 kDa).*>** Different degumming time in the 0.02 M
Na,CO; solutions results in different molecular weight distri-
bution of silk fibroin.> Here, we chose 30 minutes for degum-
ming since for optical applications presented here, we need to
preserve the heavy chains as many as possible. However, if the
degumming time is too short, the viscosity of the solution will
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Fig. 1 The schematics of the silk fibroin extraction procedure.
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be too high to fabricate the thin optical film. In addition,
a longer degumming duration is necessary to remove sericin
from raw silk to leave the pure silk fibroin for further
processing.

FTIR-ATR molecular structure characterization of silk fibroin
films

We used the Fourier Transform Infrared Spectroscopy (FTIR)-
Attenuated Total Reflectance (ATR) to examine the molecular
and crystalline structures of the fabricated silk fibroin optical
film (Fig. 2). In Fig. 2, we show the FTIR-ATR for both untreated
(a) and water-annealed (b) silk fibroin films. Here our focus is
on amide I region from 1600 to 1708 cm ™ '.** For this region, the
vibrational band assignments are given in Table 1.

To estimate the conformation contents of each secondary
structure, we deconvolved the FTIR spectra and integrated the

g
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overnight and incubate at 60 °C for 4 h dialysis cassette
Cast film by evaporation /
... Glasssubstrate
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Fig. 2 The deconvolution of FTIR-ATR spectra for the amide | band for (a) untreated and (b) water-annealed silk fibroin films.
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Table 1 Vibrational band assignments for the amide | region of silk
fibroin36-3¢

Secondary
Wavenumber structure
range (cm™ %) assignment

1605-1615 Side chains
1616-1627 B-sheet
1628-1637 B-sheet
1638-1646 Random coils
1647-1655 Random coils
1656-1662 a-helix
1663-1672 Turns
1673-1685 Turns
1686-1695 Turns
1697-1703 B-sheet (weak)

Table 2 The relative ratio of secondary structures in the regenerated
silk fibroin film

Water-annealed
(% content)

Untreated

Silk secondary structure (% content)

Side chains 9.6 18.6
B-sheet 29.1 49.8
Random coils 33.6 17.9
a-helix 18.5 5.8
Turns 9.2 7.9

area underneath each deconvolved peaks.’” Briefly, here we
used the secondary-derivative analysis to find the peak posi-
tions.* The deconvoluted peak shapes are assumed to be Lor-
entzian.*** The percentages of corresponding silk fibroin
secondary structures are listed in Table 2. Table 2 shows that
water annealing can significantly increase the B-sheet
percentage and make B-sheet a predominance of the secondary
structure.**?

Nanopatterned silk fibroin films

We used the standard soft lithography® to pattern nano-
structures made from silk fibroin (Fig. 3). The diffraction
grating with a linear structure of 1000 lines per mm and a mesh
structure of 13 500 lines per inch were used for replication. We
first used the soft lithography to create the PDMS molds by
replicating them from the patterns. Then, the regenerated silk
fibroin solution can be casted into the PDMS molds and the
final nanostructured silk fibroin films were fabricated. Fig. 4
shows the light scattering effects by the laser with a wavelength
of 650 nm for no structures, linear structures, and mesh
structures from the masters, the PDMS molds, and the silk
fibroin films. The light was passed through the samples 10 cm
above a target with minor axis tick marks of 5 mm and major
axis tick marks of 25 mm to help estimate the optical trans-
mission haze effect. The same behavior of the light scattering of
the samples from the masters, the PDMS molds, and the
regenerated silk fibroin films suggests that the structures were
well replicated onto silk fibroin films.

40794 | RSC Adv, 2019, 9, 40792-40799
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Fig. 3 The schematics of the fabrication procedure to pattern nano-
structures onto the silk fibroin film.

Optical characterization

Optical thin films with high transmission and high trans-
mission haze can find important applications in optoelectronic
devices. The optical transmittance and the optical haze were
measured by the Jasco V670 with the integrated sphere. To
quantify optical properties, Fig. 5 plots the transmittance and
transmission optical haze as a function of the wavelength for
the glass (the reference), the flat PDMS, the flat silk fibroin film
without patterns, the linear structured silk fibroin film, and the
one with the mesh structure. All the regenerated silk fibroin
films exhibit a transmittance higher than 93% where the flat
silk fibroin film has the highest transmittance above 96%. The
silk fibroin films also simultaneously demonstrate the high
optical transmission haze (>65%) in which the one with the
mesh structure has the highest (~70%). The optical haze can
also be visualized by the laser. In Fig. 4 (the lower left), the laser
light displays a hazy circular cloud surrounding the point of
about 25 mm radius as it is transmitted through the film. With
the laser point by itself in the corner of the bottom left photo of
Fig. 4, it can be seen the light is within a circle of a 5 mm radius.
The increase of the illumination area is attributed to the high
optical transmission haze. The high optical haze can be
attributed to the secondary structures of regenerated silk fibroin
including B-sheet and random coils which consist of about
67.7% of the silk fibroin secondary structures.****® Fig. 6 shows
the SEM images of the random arrangement of silk nanofibrils
in the silk fibroin film. The random distribution of these fiber-
like network structures can effectively scatter light to achieve
high optical haze.**

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 The light scattering of the master, PDMS mold, and the patterned silk fibroin film with the laser light test.

Applications in silicon photodiodes

Regenerated silk fibroin films with high transmittance and high
optical transmission haze can find important applications in
optoelectronic devices. Particularly, they can increase the path
of light traveling by front scattering to enhance light absorp-
tion. To prove this concept, we encapsulated the regenerated
silk fibroin films with the PDMS onto amorphous silicon
photodiodes (Fig. 7a). We recorded the I-V curves of the silicon
photodiodes without and with the flat silk fibroin film, the silk
fibroin film with the linear and mesh structures under the solar
simulator with 1 Sun AM 1.5 G illumination. Fig. 7b suggests
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that our fabricated mesh-structure silk fibroin films can
enhance the efficiency of photodiodes by 14.9% with the flat silk
fibroin film increasing the efficiency by 6.96% mainly via
decreasing the reflection and increasing the light scattering due
to the combination of high transmittance and high optical
transmission haze effect. Interestingly, the refractive index of
silk fibroin is 1.55 at the wavelength of 500 nm.>** The refractive
index of the PDMS is 1.43 at the wavelength of 400 nm. A
gradual increase of the refractive index from the air to the
silicon layer can minimize the reflection loss (Fig. 7a).**** In
other words, beside the high haze effect, the gradual change of
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Fig. 5 The transmittance (a) and the optical transmission haze (b) as a function of the wavelength for various films.
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Fig. 6 The SEM images of random arrangement of silk nanofibrils in the silk fibroin film.

the refractive index by silk fibroin helps to improve the photo-
diode efficiency as well.

In addition, we measured the angular dependence of the
photocurrent response by rotating the device gradually to
generate various incident angles (Fig. 7c). Here, the incident
angle refers to the one between the incident light and the normal
direction of the encapsulated film. To better demonstrate the
enhancement, we normalized the photocurrent of the one
without the silk fibroin film with a zero-incident angle. Fig. 7c
indicates that a larger enhancement of the photocurrent was
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Fig. 7

achieved over a wide range of incident angles. The omnidirec-
tional photocurrent improvement can be attributed to the
broadened angular distribution of the scattered incident light by
the silk fibroin film. The photocurrent enhancement at various
incident angles suggests that the regenerated silk fibroin films
can further improve the performance of the optoelectronic
devices, by effectively collecting the ambient light more effi-
ciently. This omnidirectional property is particularly attractive
for photovoltaic applications where sun light is needed to be
collected from all different directions throughout the day.

(a)

Air (n=1)

PDMS encapsulation (n=1.43)
Nanostructured regenerated

silk fibroin  (n=1.55)
Photoactive layer (n=3.4)

Rear contact
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(a) The schematics of the photodiode coated with the silk fibroin film; (b) The /-V curves of silicon photodiodes without (the black solid

line) and with the encapsulated silk fibroin films; (c) the angular dependence of a normalized photocurrent without (the black solid line) and with
encapsulated silk fibroin films, showing omnidirectional optical properties.
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Conclusions

Here we fabricated the regenerated silk fibroin films from B.
mori cocoons and patterned them into different nanostructures
via the soft lithography. We characterized the optical properties
of the flat regenerated silk fibroin film without patterns, the one
with the linear structure, and the one with the mesh structure.
They all demonstrated high optical transmittance and high
optical transmission haze simultaneously though the optical
properties can be tuned by designed structures. High trans-
mission and high optical haze can find important applications
in photoelectronic devices i.e. photovoltaics and photodiodes
where broadband and omnidirectional light trapping is desir-
able. In fact, by encapsulating the silk fibroin films onto the
silicon photodiodes, the power conversion efficiency can be
increased by over 14.94% for the mesh structure. Showcasing
the optical capability of the nanopatterned regenerated silk
fibroin films opens new paths for research regarding this
protein and new applications that have previously not been
considered. This abundant and environmentally benign
biomaterial can revolutionize the relevant optoelectronic fields
as it is a smarter material option for the environment and it is
applicable to many optical applications.

Finally, we need to emphasize that here we chose photodi-
odes as a proof of concept to show that patterned silk fibroin
films can find applications in optoelectronics. But for the more
useful applications and broader impacts, it is more interesting
to integrate patterned silk fibroin films with biodegradable
solar cells to provide power source for next-generation
biomedical devices for active diagnostic or therapeutic func-
tion. Recent studies showed that biodegradable mono-
crystalline silicon photovoltaic microcells can be power
supplies for transient biomedical implants® and organic
photovoltaics can be integrated to power cardiac signal detec-
tion.*® Silk fibroin films are compatible with these biodegrad-
able photovoltaic systems and may improve their efficiency,
which is beyond the scope of this work but deserves further
attentions.

Materials and methods
Preparation of the silk fibroin aqueous solution

Silk fibroin solution was prepared as previously reported.*
Briefly, B. mori cocoons were cut into small pieces and rinsed
with ultra-purified water with a specific resistivity of
18.2 MQ cm (PURELAB Classic, ELGA LabWater, LLC). After
drying, 2.5 gram cocoons were added to 1 L of boiling 0.02 M
sodium carbonate (Na,COj3) (Sigma Aldrich) for degumming
15 min, 30 min, and 60 min, respectively to examine the effect of
the degumming time. After degumming, the remaining fibroin
bundle was rinsed with ultra-purified water thoroughly and
dried overnight. The dried fibroin bundle was then dissolved in
a 9.3 M lithium bromide (LiBr) solution with a ratio of 1 to 4.
Then we put them in a water bath at 60 °C for at least 4 hours.
After being fully dissolved, the solution was then dialyzed
against 1 L of ultra-purified water (water was changed after 1, 4,
8, 12, 24, 36, and 40 hours) with a 3-12 mL dialysis cassette

This journal is © The Royal Society of Chemistry 2019
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(3500 MWCO). The solution was then centrifuged to remove
insoluble impurities and the final purified silk fibroin solution
was stored at 4 °C for further usage.

Fourier transform infrared (FTIR)/Attenuated total reflectance
(ATR)

All FTIR measurements were performed using a BIO-RAD FTS-
7000 spectrometer with a germanium horizontal attenuated
total reflectance attachment attached to the UMA 600 micro-
scope in the rapid scan mode (Bio-Rad). The parameters utilized
included a frequency of 2.5 kHz, a filter setting of 1.2, and
a UDR setting of 2 for all samples. Each sample was scanned 64
times with a resolution setting of 4 cm ™" or 8 cm ™" and aver-
aged to produce each spectrum. All samples were examined
using multiple points of contact to ensure consistency. The data
was not subjected to any smoothing.

Silk fibroin films

We dropped the regenerated silk fibroin solution onto the top of
the substrate and let it dry to form a thin film. To improve the
film's mechanical and chemical properties, we used the water
annealing method.***** Briefly, the dry film was placed into
a vacuum desiccator filled with water in the bottom and the
pump was turned on to extract the air out. This exposes the film
to an extremely high humidity environment and promotes -
sheet crystal structure. The film was kept like this for at least
a day. Upon removing the film from the vacuum desiccator
chamber, the film is extremely soft, flexible, and stretchable.

Nanostructured silk fibroin films

Here we used the soft lithography to pattern nanostructures
onto the regenerated silk fibroin films. We chose a polyester
film (PET film) featuring a linear structure (1000 lines per mm)
and a mesh structure (13 500 lines per inch) as masters for
replication. First, we used the standard soft lithography to
create the PDMS mold. Here PDMS was mixed at a 10 : 1 ratio
with the curing agent. Then, the PDMS solution was cast onto
the PET film, which can then be set in an oven to cure at 80 °C
for 3 hours. Then the PET film can be removed, and the PDMS
mold with the featured structures was replicated.

To create the patterned regenerated silk fibroin film, the silk
fibroin solution was cast onto the PDMS mold. The solution was
left on the mold for about 3-4 hours at room temperature until
fully dried. Then the PDMS mold can be removed. Finally, the
patterned silk fibroin films were placed into the vacuum
desiccator for water annealing treatment.

Photoelectronic characterization

Silicon photodiodes were purchased from OSRA-SMT DOL.
Photodiodes were pinned into a thick PDMS substrate to coat
the silk fibroin film. We sprayed ethanol on the photodiode's
surface to assure that the regenerated silk fibroin film was fully
attached. Next, the PDMS solution was poured on the film to
encapsulate the photodiodes. The photodiodes with and
without the regenerated silk fibroin films were tested with the

RSC Adv, 2019, 9, 40792-40799 | 40797
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Newport Sun simulator (940X1 Oriel instrument) with the AM
1.5 G sunlight spectrum filter by using OSRAM XBO 1000 watt/
HS OFR. The current-voltage curves of the devices were
measured under these conditions by applying two multimeters
(Agilent 34405A and Keithley 6514 system) by adjusting the
resistance gradually. The data were accurate to four decimal
places.
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