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Ecofriendly Cellulose Substrate-Based Flexible Transparent
Electrode for Flexible Organic Solar Cells with Efficiency

Over 18%

Zheng Xiao, Shitong Li, Jian Liu, Xin Chen, Zhaochen Suo, Chenxi Li, Xiangjian Wan,*

and Yongsheng Chen*

Flexibility is a key advantage of organic solar cells (OSCs), and the power
conversion efficiencies (PCEs) of flexible OSCs (FOSCs) are primarily constrained
by flexible transparent electrodes (FTEs). While much attention has been devoted
to the study of conductive layers on FTEs, the importance of flexible substrates in
influencing the properties of FTEs and the performance of FOSCs is often
overlooked. In this study, an FTE is developed using an eco-friendly ethyl cel-
lulose (EC) substrate and silver nanowires (AgNWs) as the conductive electrode.
The FTE exhibits a high transmittance of up to 88% at 550 nm and a low sheet
resistance of 17.65 ©/[]. Consequently, FOSCs based on the EC/PI FTEs achieve
a remarkable PCE of 18.05%, comparable to that on the rigid ITO substrate. The
flexible devices also demonstrate excellent bending and peeling durability even

under extreme bending conditions.

1. Introduction

As one of the promising green energy technologies, organic solar
cells (OSCs) have shown great potential for various applications,
e.g., building-integrated photovoltaic systems and wearable
electronics.™ In contrast to inorganic photovoltaic devices, which
are hampered by the intrinsic brittle nature of inorganic semi-
conductor materials, OSCs offer the advantage of intrinsic flexi-
bility due to the properties of organic semiconductor materials.?
Significant progress has recently been achieved in OSCs, with
remarkable efficiencies exceeding 19% reported in devices on
rigid substrates.l! However, the performance of flexible organic
solar cells (FOSCs) have significantly lagged behind that of rigid
substrate-based devices primarily due to the absence of ideal flex-
ible transparent electrodes (FTEs).! The most commonly used
flexible electrode is indium tin oxide (ITO) sputtered on a poly-
ethylene terephthalate (PET) substrate.’) However, the PET/ITO
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electrode suffers from the brittleness of
ITO and the cost and scarcity issues
associated with indium.!” Consequently,
various FTEs, such as PEDOT:PSS, carbon
nanotubes, graphene, and silver nanowires
(AgNWs), have been studied for FOSCs.”!
Among them, AgNW-based FTEs have
demonstrated great potential with high
conductivity, transparency, and ease of
solution processing.® It is worth noting
that more attention has been focused on
the conducting layer for FTEs. However,
few reports have focused on the study on
flexible substrates. In fact, as a crucial
component of FTEs, flexible substrates sig-
nificantly influence the overall properties
such as transparency, thermal resistance,
and mechanical properties of FTEs.”!
There are some specific requirements for flexible substrates.
First, a smooth surface and nonporous structure are required
to avoid the discontinuities of conducting films on them.”!
Second, the substrate should withstand high temperatures with-
out deformations depending on the applications.™") Additionally,
considerations of cost and process ease should also be taken into
account.!”)

Polymers stand out as the optimal candidates for flexible
substrates in FOSCs. PET and polyimide (PI) are widely used
as flexible substrates for FTEs.'¥ However, the limited
thermal tolerance of PET, attributed to a low glass transition
temperature (Tg) and a high coefficient of thermal expansion
(70-80 ppm K™ '), hinders its application in FOSCs, despite
widespread use on the laboratory scale."* PI, another commonly
used polymer substrate in FOSCs, boasts outstanding mechani-
cal properties and an exceptionally high T,>200°C.l"
Nevertheless, only super thin (<10 pm) PI shows decent trans-
mittance, and freestanding PI films generally exhibits relatively
low transmittance, leading to reduced currents and low PCEs in
corresponding FOSCs.'® Consequently, there is a need to
develop flexible substrates that simultaneously offer high trans-
mittance, excellent thermal resistance, and superior mechanical
properties.

Cellulose is an abundant and eco-friendly polymer.'”) It has
the high T, and low CTE (2-5 ppm K ') and is a good alternative
as flexible substrate for FTEs.'"® Cellulose, particularly films
based on cellulose nanocrystals (CNCs) and cellulose nanofibers
(CNFs), has been extensively explored as flexible substrates in
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organic electronics, including 0SCs.11041] For example, Zhou
et al. reported polymer solar cells based on CNC substrate and
a thin-layer Ag as FTEs and achieved a power conversion efficiency
of 2.7%.7% Lin et al. used CNFs as flexible substrates and devel-
oped an FTE by embedding silver nanowires (Ag NWs) into CNFs.
F-OSC using the FTE and PM6:Y6 as active layer delivered a PCE
of 7.47%.1"*! The relatively low efficiency was mainly caused by
the large surface roughness and low transmittance, posing a bot-
tleneck that restricts the application of CNCs and CNFs as flexible
substrates in FOSCs.?!) As a low-cost chemically modified cellu-
lose derivative, ethyl cellulose (EC) exhibits unique properties,
including high transparency, favorable flexibility, and good ther-
mal stability. These characteristics make it an excellent alternative
as a flexible substrate for preparing flexible electrodes.

In this study, we prepared an FTE using an EC substrate and
AgNWs. To address the surface roughness caused by the crystal-
linity of EC and enhance mechanical properties, a 0.7 pm thin
layer of PI was coated onto the EC film. Remarkably, this opti-
mized EC/PI substrate maintained a transmittance exceeding
90% across the 300-1000 nm range, with minimal impact on
transparency. The resulting FTE, built on this flexible substrate,
achieves a high transmittance of up to 88% at 550 nm and a low
sheet resistance of 17.65 Q/O. Utilizing this FTE, FOSCs with
PM6:L8-BO as the active layer were fabricated, showing a
remarkable PCE of 18.05%, comparable to that achieved on rigid
ITO substrates. Moreover, the FOSCs exhibited excellent
mechanical properties, retaining 95% efficiency after 5000 bends
at a radius of 1 mm.

2. Results and Discussion

As depicted in Figure 1a, PI and EC are sequentially deposited on
the glass substrate. Subsequently, the flexible hybrid film EC/PI
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is carefully peeled off, exhibiting a minimal roughness of approx-
imately 0.8 nm (as shown in Figure S1, Supporting Information).
AgNWs are then deposited on the hybrid substrate to form an
FTE using the method previously reported by our group. For
the production of a free-standing film with high transmittance,
the thicknesses of EC and PI are optimized at 90 and 0.7 pm,
respectively. The transmittance spectra of EC and EC/PI, along
with a 40 pm thick PI film for comparison, are illustrated in
Figure 1b.

The free-standing EC film with a thickness of 90 pm shows a
high transmittance over 90% in the range 300-1000nm.
Evidently, a thin 0.7 pm PI layer only slightly reduces the trans-
mittance of the EC film in the range of 300-1000 nm. It primarily
acts as a shield against ultraviolet light below 300 nm, which is
advantageous considering that most organic semiconductor
materials exhibit no absorptions below this wavelength.
Moreover, UV shielding can enhance the stability of the
device.™ For comparison, the transmittance of the free-
standing 40 pm thick PI film is considerably lower than that
of EC and EC/PI. At 550 nm, the PI film shows a transmittance
of 85.91%, much lower than that the EC/PI film with the value of
91.39%. It is worth noting that the hybrid EC/PI film can be eas-
ily prepared on a large area using the doctor-blading method, as
depicted in Figure 1lc. As illustrated in Figure S2a (Supporting
Information), the EC/PI film exhibits higher stretchability than
the EC film due to the lower Young’s modulus of PI compared
with EC.”? To elucidate the mechanism behind the enhanced
mechanical property, cross-section SEM images of EC/PI and
EC were examined. As shown in Figure 1d, EC and PI are closely
bound together, with some pores and defects inside the EC
film (as shown in Figure S2b, Supporting Information) attributed
to air bubbles in the EC solution and the crystallinity of EC
(Figure S3, Supporting Information) during the film formation
process. The water vapor transmission rate (WVTIR) and
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Figure 1. a) Schematic of the fabrication of EC/PI/AgNWs. b) Transmittance spectra of the EC, EC/PI, and Pl film. c) Photograph of the flexible substrate
in the scale of 8 cm x 8 cm. d) Cross-section SEM image of the flexible substrate.
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oxygen transmission rate (OTR) of the EC film were measured,
yielding values of 210 g/[m?*day] and 19 cc/[m*-day], respectively,
which are higher than those of conventional PET and PI
(as shown in Table S1, Supporting Information). This is primar-
ily due to the presence of unsubstituted —-OH groups in
EC (around 48.0-49.5%) and defects within the EC film.
Following the deposition of a 0.7pm PI layer, the WVIR
and OTR of EC/PI film decreased to 120 g/[m*day] and
11 cc/ [mz-day], respectively.

Utilizing the aforementioned hybrid flexible substrate, an FTE
was prepared by coating a layer of AgNWs using the method pre-
viously reported by our group.’? Figure S4 (Supporting
Information) illustrates a homogeneous distribution of
AgNWs formed on the hybrid flexible substrate. As shown in
Figure 2a, the FTE exhibits an average transmittance of over
88.24% in the wavelength range of 500-1000 nm and the highest
transmittance of 88.05% at 550 nm, and a low sheet resistance of
17.65Q/0. In comparison, the commercial PET/ITO exhibits
clearly lower transparency than the above FTE, especially in
the near-infrared range.

Figure 2b depicts the normalized sheet resistance during
bending cycles for PET/ITO and PI/EC/AgNW-based FTEs.
After 1000 bending cycles with a radius of 5 mm, the resistance
of PET/ITO and PI/EC/AgNWs remains essentially unchanged.
However, when the bending radius is reduced to 3 mm, the resis-
tance of PET/ITO increases 14.51 times after 1000 bends, and
further reducing the bending radius to 1 mm results in a resis-
tance increase of 98.20 times. In contrast, the resistance of EC/
PI/AgNWs remains consistent, even with a curvature radius
reduced to 1mm. To further demonstrate the outstanding
mechanical robustness of EC/PI/AgNWs, the FTE underwent
up to 10000 bending cycles with a bending radius of 1 mm.
As depicted in Figure 2c, the resistance of EC/PI/AgNWs
increased only 1.16 times the initial resistance after 10 000 bend-
ing cycles. Alongside the aforementioned photoelectric parame-
ters, these excellent mechanical properties position EC/PI/
AgNWs as a highly suitable material for FOSCs.

With the combined high-performance features of EC/PI/
AgNWs, FOSCs with PM6 and L8-BO as active layers are fabri-
cated. The detailed fabrication procedure can be found in the SI.
The current density versus voltage (J-V) curves of the flexible
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devices and the corresponding devices based on rigid ITO on
glass and flexible ITO on PET were characterized and compared,
as presented in Figure 3b. The photovoltaic parameters of these
devices are summarized in Table 1. The OSC based on glass-ITO
exhibited an open-circuit voltage (Vo) of 0.876V, short-circuit
current density (Ji) of 26.22mAcm™2, fill factor (FF) of
80.00%, and PCE of 18.36%. Due to the excellent properties
of EC/PI/AgNWs, the FOSCs based on EC/PI/AgNWs achieved
a PCE of 18.05%, with a V,. of 0.875V, a J,. of 26.38 mA cm™2,
and an FF of 78.26%, representing one of the best reported PCEs
for a single-junction flexible OSC (as shown in Table S2,
Supporting Information), comparable to that of the rigid OSC
based on glass-ITO. In contrast, flexible devices based on
PET/ITO exhibited a PCE of 15.58%, with a V,,. of 0.865V, a rel-
atively low J,. of 22.85 mA cm™2, an FF of 78.83%.

The J,. values of the aforementioned devices with different
electrodes were confirmed by the corresponding external quan-
tum efficiency (EQE) measurements, as shown in Figure 3c. The
EQE spectrum of the EC/PI/AgNWs-based FOSCs exhibited
higher values in the wavelength range from 650 to 850 nm com-
pared to the glass/ITO-based reference device. These results can
be attributed to the high transmittance of EC/PI/AgNWs, thus
enhancing the light absorption of the active layer.

With the excellent performance of these EC/PI/AgNWs-based
FOSCs, the flexibility and mechanical robustness of FOSCs were
further investigated under various bending conditions. In
Figure 4a, the normalized efficiency of FOSCs after 1000 bend-
ing cycles with various curvature radii is presented. The effi-
ciency of PET/ITO-based FOSCs decreased significantly when
the radius of curvature was reduced from 5 mm to 1 mm. The
PCE is almost zero due to the sharp rise in resistance of the
PET/ITO. In contrast, EC/PI/AgNW-based FOSCs exhibit out-
standing flexibility and mechanical robustness, maintaining
the initial PCE even with a bending radius of 1mm.
Therefore, EC/PI/AgNW-based FOSCs were further tested for
up to 5000 cycles at a fixed bending radius of 1 mm. As demon-
strated in Figure 4b, after 5000 consecutive bending cycles, the
PCE only drops by about 4.42% of the initial value. To our knowl-
edge, this is the best mechanical performance of FOSCs to date,
with a PCE of more than 18%. Figure 4c shows the influence of
5000 bending cycles of 1mm on FOSCs’ photovoltaic
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Figure 2. a) Transmittance spectra of the glass/ITO, EC/PI/AgNWs electrode and PET/ITO films. b) The normalized square resistance of the EC/PI/
AgNWs electrode and PET/ITO after 1000 bending tests with different radii. c) The normalized square resistances of the EC/PI/AgNWs electrode during

10000 bending cycles at a fixed bending radius of 1 mm.
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Figure 3. a) Structure of the FOSC based on the EC/PI/AgNWs electrode, including chemical structures of PM6 and L8-BO. b) J-V curves and c) EQE

spectra and the integrated J. of a typical device (PM6:L8-BO) based on glass ITO, EC/PI/AgNWs, and PET/ITO.

Table 1. Photovoltaic parameters of the OSCs devices based on glass ITO,
EC/PI/AgNWs and PET/ITO with PM6 and L8-BO.

Electrode Vo M Jse FF [%] PCE max (PCEave)® [%6]
[mA cm™?

Glass/ITO 0.876 26.22 80.00 18.36(18.17 £ 0.14)

EC/PI/AgNWSs 0.875 26.38 78.26 18.05(17.83 +0.16)

PET/ITO 0.865 22.85 78.83 15.58(15.20 4 0.24)

performance parameters, where the decline in PCE is mainly
caused by a drop in Ji (about 4.38%), while the changes in
Voc (decreased by about 0.1%) and the FF (increased by about
0.1%) are negligible. The slightly reduced . might be due to
the increased resistance and charge carrier recombination for
FOSCs after bending. In addition, we conducted an initial
stability study of the EC/PI/AgNW-based FOSC. As depicted
in Figure S5 (Supporting Information), the flexible device

AThe average PCE values were calculated from 10 devices.
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exhibited outstanding shelf stability, with efficiency remaining

at 93.85% after 450 h of storage in a glove box filled with N».
Furthermore, as shown in Figure S6 (Supporting Information),
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Figure 4. a) The normalized PCE of the FOSCs based on EC/PI/AgNWs and PET/ITO after 1000 bending cycles at various bending radius.
b) The normalized PCE and c) the normalized V., Js., FF of the FOSCs based on EC/PI/AgNWs after different bending cycles at a curvature radius

of Tmm.
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the device demonstrated good photostability, retaining 85.4% of
its initial efficiency after 140 h of continuous illumination at the
maximum power point under 100 mW cm ™2 LED arrays at 25 °C
in an N, atmosphere.

3. Conclusion

In summary, we have developed a flexible substrate based on an
ecofriendly material EC and prepared a transparent electrode
based on the flexible substrate and AgNWs. Utilizing this flexible
electrode, we successfully fabricated FOSCs that exhibited com-
parable performance to their rigid counterparts. Notably, our sin-
gle-junction FOSCs achieved an impressive PCE of 18.05%,
representing one of the highest PCE values reported for
FOSCs to date. Furthermore, the FOSC demonstrated excep-
tional mechanical stability even under extreme bending condi-
tions. We firmly believe that this straightforward and cost-
effective approach for fabricating flexible transparent electrodes
holds great promise for future applications in flexible electronics.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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