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An efficiency of 14.29% and 13.08% for 1 cm? and 4
et 1 boen Cham 4 20519 cm? flexible organic solar cells enabled by sol—gel
wo  ZnO and ZnO nanoparticle bilayer electron
transporting layersy
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Flexible organic solar cells (OSCs) will be a promising energy harvest approach for portable and wearable
electronics. However, the efficiency of flexible OSCs, particularly the efficiency of flexible devices with
an area larger than 1 cm? is still limited due to the lack of good flexible electrodes and the
inhomogeneity of the large-area films. In this work, higher sensitivity of the performance to the interface
contact for large-area devices (1 and 4 cm?) than small area devices (0.09 cm?) was found in flexible
OSCs with different areas. To address this issue, a bilayer electron transporting layer (ETL) combining
a lower sol-gel ZnO and an upper ZnO nanoparticle layer was developed for silver nanowire (AgNW)
electrode involving large-area flexible OSCs. The use of the lower sol—-gel ZnO layer effectively filled the
network voids and modified the surface energy of the AgNWs, which enabled the homogeneous
coverage of the upper ZnO nanoparticle layer and enhanced carrier collection. Due to the more
homogeneous films and improved interface charge collection, the use of the sol-gel ZnO and ZnO NP
bilayer ETL has lowered the performance decrease during upscaling. A record efficiency of 14.29% and
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Introduction

Organic solar cells (OSCs) are attracting much attention due to
their advantages of light weight and flexibility." In recent years,
with the rapid development of non-fullerene acceptor mate-
rials,>* the performance of OSCs has improved rapidly.
Currently, a single junction solar cell fabricated in the labora-
tory can typically achieve an efficiency higher than 16%. The
highest reported performance has reached over 18%,>® and the
certified maximum efficiency is 17.6%.%> This trend strongly
reflects the huge commercialization potential of OSCs.
Although the photovoltaic performance of OSCs was
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13.08% for the 1 and 4 cm? flexible OSCs was achieved.

continuously improved, the stability and the efficiency of large
area cells are still two challenges that limited their practical
application.”

Regarding flexible OSCs, a flexible electrode with high
conductivity and high light transmittance is one of the bases.
Flexible ITO,** metal grids,'®"" silver nanowires (AgNWs),">*?
etc. are commonly used as the flexible transparent electrodes for
flexible OSCs.'* By comparing the transmittance, bending
resistance, and sheet resistance of these various flexible elec-
trodes, it was found the AgNW electrode has good compre-
hensive properties. In addition, the flexible AgNW electrode has
the advantages of low cost, large area, and roll-to-roll printing
compatibility. Previously, we have developed gravure printing
technology to produce Ag electrodes.” Li et al. developed
a method to create an AgNW network using water-processed
silver nanowires and a polyelectrolyte. Due to ionic electro-
static charge repulsion, the nanowires formed grid-like struc-
tures, leading to smooth flexible electrodes and improved
conduction.’ In addition, the welding strategy could improve
the conduction.” With AgNW flexible electrodes, flexible small-
area OSCs reached an efficiency of 16.1%" and 16.5%" for
single-junction and tandem devices.

Though AgNW-based flexible OSCs have reached an excellent
performance for small sizes, the performance of large-area
devices still lags behind that of small-area solar cells.'>
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Until now, the champion performance of 1 cm? flexible OSCs
was 13.61%, with gravure-printed AgNWs as the electrode.* In
contrast, the performance of 0.04 cm” small-area OSCs with the
same device structure was 15.28%.'> We know that large-area
OSC modules were always connected in series and shunt
using single tripe cells with a width of 1-2 cm.**” Thus, the
performance of 1 and 4 cm?® cells is quite important, which
would decide the module performance.** Through investigating
and optimizing the performance of 1 or 4 cm? cells, we can find
the critical influencing factors of large-area OSCs, and deeply
understand the basic scientific issue for improving the perfor-
mance of large-area solar cells. Based on the optimization of 1
and 4 cm? cells, a higher efficiency of large-area module devices
could be expected. Regarding the lower efficiency of 1 or 4 cm®
flexible devices, it is mainly due to the large resistance of the
transparent electrodes.’®*° Meanwhile, the uniformity of the
films*“** and the large contact resistance of different functional
layers are two influencing factors as well.*® The surface of AgNW
network electrodes is much rougher than that of the conven-
tional ITO electrode due to the intricate stacking of silver wires
on the substrate, which may lead to poor reproducibility and
uniformity. Generally, highly conductive PEDOT:PSS is intro-
duced as a sacrificial layer on the top of the AgNWs to fill the gap
of the silver wire and make the electrode surface smooth.*
Using such a modification, reasonable performance has been
reported in previous work.*> However, in inverted OSCs, as
AgNWs were used as the cathode, ZnO with a working function
of around 4-4.4 eV is used as the electron transporting layer
(ETL) of the cathode. When PEDOT:PSS is inserted as a sacrifi-
cial layer between the cathode and ZnO ETL, charge transfer
and collection will be affected, and quick oxidation of Ag elec-
trode existed, which would cause low performance and inferior
device stability.*

Considering the poor interface contact between AgNWs and
ZnO, we developed a bilayer ETL based on sol-gel ZnO and ZnO
nanoparticles as an improvement. Previously, several studies
have reported that the use of a bilayer ETL based on ZnO and
polymer or small molecules could suppress the interfacial
energy barrier,*” form interfacial dipoles,*® regulate the surface
work function,* lead to the formation of well-defined nano-
micro phase separation morphology of the active layer,* etc. In
this work, sol-gel ZnO films were used to cover the surface of
AgNW electrodes® as an alternative instead of PEDOT:PSS, to
solve the problem of unmatching of the energy level and poor
interface contact between PEDOT:PSS and ZnO. Meanwhile, we
focused on 1 and 4 cm” cells in order to solve the critical issue
for high-performance large-area single cells. Through
comparing flexible OSCs of different sizes, a higher sensitivity of
1 and 4 em” devices than the small-area device was observed.
The use of the lower sol-gel ZnO layer effectively filled the
network voids and modified the surface energy of the AgNWs,
which enabled the homogeneous coverage of the upper ZnO
nanoparticle layer and enhanced charge carrier collection.
Thus, the solar cells based on the bilayer ETL can achieve
excellent photoelectric performance. More importantly,
a decrease of performance during upscaling was observed. A
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record performance of 14.29% and 13.08% for the 1 and 4 cm?
cells was achieved with such a bilayer ETL.

Results and discussion

First of all, we investigated the influence of different ETLs on
the electrode properties by testing the transmittance spectra
and sheet resistance of the flexible electrodes. PET/AgNWs,
PET/AgNWs/sol-gel ZnO, PET/AgNWs/ZnO NP, and PET/
AgNWs/sol-gel ZnO/ZnO NP films were fabricated. PET/AgNWs
electrodes were prepared by gravure printing.'” The thickness
and the density of the AgNWs were regulated through changing
the printing times, and printing time related sheet resistance
and Tss, (transmittance at 550 nm) are showed in Fig. 1(a). For
optimization, AgNWs with a sheet resistance of about 10 Q sq "
and a Tss50 of 80% (including the substrate) from two times
printing were selected. Sol-gel ZnO films were prepared
through spin coating a precursor solution containing ethanol-
amine, 2-methoxyethanol, and alcohol acetate dihydrate on the
top of the AgNWs. ZnO NPs were deposited on the top of the
sol-gel ZnO films through spin coating a 15 mg mL ™" ZnO NP
solution. The transmission spectra are shown in Fig. 1(b). The
average transmittance of the PET/AgNW film in the 550-
1000 nm wavelength range is about 80%. The transmittance in
the range of 380-1000 nm remained almost unchanged after
modification with sol-gel ZnO, which is because of the high
light transmission of sol-gel ZnO. In addition, the Tss, of the
AgNWs/sol-gel ZnO film was slightly changed with the increase
of sol-gel ZnO concentration (Fig. S17). For the PET/AgNWs/
ZnO NP films, the transmittance in the region of 350-
1100 nm was significantly reduced. However, in the case of the
PET/AgNWs/sol-gel ZnO/ZnO NP film, though the trans-
mittance from 350-400 nm also decreased, the transmittance in
the region from 550 to 1100 nm was slightly higher than that of
the PET/AgNW films. The UV-vis absorption spectra of the ZnO
NPs and sol-gel ZnO films had been tested (Fig. S21). We found
that the absorption intensity of the ZnO NP film was signifi-
cantly higher than that of sol-gel ZnO films, which led to a low
transmittance of PET/AgNWs/ZnO NPs.

The sheet resistances of these different films are shown in
Fig. 1(c). The sheet resistance of PET/AgNWs was about 10 Q
sq~'. When the AgNWs were covered by sol-gel ZnO, a slight
decrease in the sheet resistance was found, which was because
the thin sol-gel ZnO layer could not completely cover the AgNWs.
In contrast, sol-gel ZnO would mostly fill in the interspace of the
nanowire networks, which is beneficial to smooth the surfaces
(proved by the AFM and SEM images, vide infra) and improve the
connection of AgNWs. So, it was reasonable to observe the slight
improvement of conduction. Such a result was observed in both
the AgNWs/sol-gel ZnO films with low sol-gel ZnO concentration
(0.05 and 0.1 M, shown in Fig. S37). As the concentration of sol-
gel ZnO further increased to 0.2 M, the sheet resistance slightly
increased, which was because the excess ZnO covered the top of
AgNWs. The SEM images (vide infra) of AgNWs/ZnO NPs showed
the ZnO NPs completely covered the top of AgNW networks
rather than enter into the interspace of AgNWs. Thus, increases
of the sheet resistance to around 20-25 Q sq~* for the AgNWs/

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 (a) The sheet resistance and Tsso of PET/AgGNW electrodes
fabricated by gravure printing for different times, (b) UV-vis absorption
spectra and (c) the sheet resistance of the PET/AgNW, PET/AgNWs/
sol-gel ZnO, PET/AgNWs/ZnO NP, and PET/AgNWs/sol-gel ZnO/
ZnO NP films.

ZnO and AgNWs/sol-gel ZnO/ZnO NP films were observed.
However, the cover of the bilayer film led to a lower sheet resis-
tance compared to the film with only ZnO NPs. These results
might imply that the sole ZnO NPs could not effectively enter the
interspace of the nanowires due to unfavorable surface energy or
the incompatibility between ZnO NPs and the surfactant of
AgNW PVP (vide infra). Therefore, the thick ZnO NP layer piled on
the top of AgNWs and resulted in a more obvious decrease of
conduction. For the AgNWs/bilayer films, the precoated sol-gel
ZnO layer has regulated the surface energy. In addition, the
interspace of the AgNWs has been already filled. Because of these
two reasons, the ZnO NPs could be much easier to fill into the

This journal is © The Royal Society of Chemistry 2021
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residual AgNW interspaces and form more uniform films. As
a consequence, the conduction of AgNWs/bilayer was better than
that of the AgNWs/ZnO NPs.

To study the reason of conduction variation with different
ETLs, the contact angle between the ZnO solution and the PET/
AgNW electrode was firstly tested. As shown in Fig. 2(a) and (b),
the contact angle between sol-gel ZnO solution and the pristine
AgNW electrode was about 23.7°, and the contact angle of ZnO
NP solution on the top of the AgNWs was about 36.5°. This
result showed that sol-gel ZnO had a better compatibility with
AgNWs than ZnO NPs, which would enable better film quality of
the AgNWs/sol-gel ZnO films. In addition, the contact angle of
ZnO NPs on the top of AgNWs/sol-gel ZnO was also tested
(Fig. 2(c)). It was obvious that the modification of the AgNW
electrode with sol-gel ZnO increased the wettability between the
electrode and ZnO NP solution, making ZnO NPs easier to be
spread on the top of the electrode during the spin coating
process. The surface morphology of AgNWs, AgNWs/sol-gel
ZnO, AgNWs/ZnO NPs, and AgNWs/sol-gel ZnO/ZnO NPs was
also investigated by using the scanning electron microscope
(SEM) images and is shown in Fig. 2(d) and (g). For the AgNWs/
ZnO NP films, a circular area (in the 35-magnification image, as
shown in Fig. 2(f)) can be observed, which was the aggregation
of ZnO NPs due to the poor wettability of ZnO NP solution on
the AgNW electrode. In these ripple regions, the ZnO NPs might
be thicker and rougher. Meanwhile in the thin region, some
obvious cavities were observed in the ZnO films (as shown in the
20 K and 50 K magnification images). The ZnO NPs on the top of
AgNWs/sol-gel ZnO films were much homogeneous as shown
by the SEM images (Fig. 2(g)). Nearly no cavities and large
particles were found. The improved homogeneity of ZnO NPs on
the top of AgNWs/sol-gel ZnO could be ascribed to the better
compatibility between ZnO NPs and sol-gel ZnO, which
enhances the spreading of ZnO NPs during spin-coating.

Furthermore, the atomic force microscopy (AFM) images of
the AgNW, AgNWs/sol-gel ZnO, AgNWs/sol-gel ZnO/ZnO NP,
and AgNWs/ZnO NP films were studied. The topography and
phase diagram from AFM are shown in Fig. S4.f There were
enormous gaps between Ag nanowire networks in the bare
AgNW electrode and the root-mean roughness (RMS) of the
AgNW electrode was 8.9 nm. The introduction of a sol-gel ZnO
modification layer on the top of AgNWs leads to a decreased
RMS of 6.36 nm. The RMS of the AgNWs/sol-gel ZnO/ZnO NP
and AgNWs/ZnO NP film was 7.5 and 7.7 nm, respectively. From
these results, we found that the depositing of sol-gel ZnO leads
to the decrease of RMS because the gap of the AgNW network
was filled by the sol-gel ZnO, which could be proved by the
phase images of AgNW and AgNWs/sol-gel ZnO films. Despite
the imperfect coverage of ZnO on AgNWs, sol-gel ZnO pene-
trated the interspace of the AgNW network and improved the
charge collection in the horizontal direction. The covering of
AgNWs both by ZnO NPs and sol-gel ZnO/ZnO NPs showed
a similar surface roughness. However, the phase diagram
showed that the films modified with sol-gel ZnO/ZnO NPs are
more uniform than the sole ZnO NP-based films though the two
films have nearly the same roughness. Thus, the improved
uniformity might be the underlying reason for performance and

J. Mater. Chem. A, 2021, 9, 16889-16897 | 16891
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Fig. 2 Photographs of a drop of sol—gel ZnO inks on the top of (a) the AQNWs, photographs of a drop of ZnO NP nanoinks on the top of (b) the
AgNWs, and (c) AgNWs/sol-gel ZnO films, SEM images of (d) the AgNW, (e) AgNWs/sol—gel ZnO, (f) AQNWs/ZnO NP, and (g) AgNWs/sol-gel
ZnO/ZnO NP films, and CAFM images of (h) AgNWs/sol-gel ZnO and (i) AgNWs/sol-gel ZnO/ZnO NP films.

reproducibility improvement of 1 cm? solar cells. Then in order
to study the current uniformity of different films, we tested the
C-AFM current of the AgNWs/sol-gel ZnO/ZnO NP and AgNWs/
ZnO NP films. The topography and current of C-AFM are shown
in Fig. 2(h) and (i). The inhomogeneous area (the part of the red
circle) of the topography and the current mapping of the
AgNWs/ZnO NP film were consistent. Darker contrast indicated
less current flowing in the large ZnO NP particle region in the
AgNWs/ZnO NP films. Based on the AFM and SEM images of
these films, we knew that modifying the AgNWs with sol-gel
ZnO with a low concentration caused a slight decrease of the
sheet resistance, which was due to the improved interconnec-
tion of the AgNWs. The metal oxides could penetrate into the
interspace of the AgNW network and improve the charge
collection. Similar results had been reported in previous

16892 | J Mater. Chem. A, 2021, 9, 16889-16897

work.”*"** Such a modification also significantly improved the
electrical homogeneity as proved by the CAFM result.

With the flexible AgNW electrodes, 1 cm’-flexible OSCs with
a structure of PET/AgNWs/ETL/active layer/MoOz/Al were
fabricated. A PBDB-T-2F(PM6):Y6 heterojunction was used as
the non-fullerene photoactive layer. Three kinds of ETLs, ie.
ZnO nanoparticle (ZnO NP) ETL, sol-gel ZnO ETL, and sol-gel
ZnO/ZnO NP bilayer ETLs, were used, and the device perfor-
mances were compared. Sol-gel ZnO solutions with three
different concentrations, i.e. 0.05 M, 0.1 M, and 0.2 M, were
used. On the top of sol-gel ZnO films, ZnO NPs, an active layer,
MoO; and Al were deposited. Fig. 3 shows the device structure,
photographs, energy levels, -V characteristics, and EQE spectra
of the flexible solar cells. The device efficiency is shown in Table
1. From the energy level of the flexible solar cells,** we found

This journal is © The Royal Society of Chemistry 2021
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Fig.3 (a) Device structure, (b) energy levels of the device, (c) photographs and J-V characteristics, (d) EQE spectra, and (e) the histogram of the 1

cm? flexible OSCs.

Table 1 Device performance of the 1 cm? flexible solar cell with different ETLs

Area ETLs Voc (V) Jsc (mA cm™?) FF PCEmax (%) PCEqye (%) Rs (Q cm?) Rgp (Q cm?)

1 cm? ZnO NPs 0.82 22.70 0.63 11.73 11.61 + 0.27 9.0 564.3
Bi-layer 0.05 M 0.82 24.49 0.66 13.25 13.23 + 0.03 5.2 750.4
Bi-layer 0.1 M 0.82 24.89 0.70 14.29 14.00 + 0.28 4.9 648.8
Bi-layer 0.2 M 0.82 24.31 0.65 12.95 12.90 + 0.04 5.6 402.9

that the work functions of the three kinds of ETLs were all
suitable for inverted PM6:Y6 solar cells.

The current density-voltage (J-V) curves of the devices are
shown in Fig. 3(c), and the optimized device performance
parameters are listed in Table 1. We can see that the optimized
device with a sole ZnO NP ETL showed an open circuit-voltage
(Voc) of 0.82 V, a short-circuit current density (Jsc) of 22.70
mA cm 2, a fill factor (FF) of 63%, and a power conversion
efficiency (PCE) of 11.73%. The device with a 0.2 M sol-gel ZnO
ETL nearly can't work, which was attributed to the unsuitable
photoelectric properties of the amorphous ZnO layer that was
fabricated through low-temperature annealing at 150 °C. We
know that the sol-gel ZnO ETL is widely used in rigid OSCs and
presented excellent device performance. But, the sol-gel ZnO
ETL should be fabricated by thermal annealing at 200 °C.** The
PET/AgNWs/sol-gel ZnO/ZnO NP devices showed a similar Voc
of 0.82 V to the ZnO NP ETL device. In the sol-gel ZnO/ZnO NP
bilayer, ZnO NPs directly contacted with the active layers and
served as the carrier collection layer, while the sol-gel ZnO layer
was the modification of the AgNW electrode and provided
a guarantee for excellent deposition of the ZnO NP layer in these
devices. Though the work functions of the sol-gel ZnO and ZnO

This journal is © The Royal Society of Chemistry 2021

NPs have a slight difference, the final surface work function of
the sol-gel ZnO/ZnO NP bilayer ETL was the same as that of the
ZnO NPs since the surface work function was decided by the
upper layer. With the modification of sol-gel ZnO, the bilayer
ETL devices presented an improved performance. In addition,
the performance showed slight dependence on the concentra-
tion of sol-gel ZnO. Specifically, with the increase of sol-gel ZnO
concentration, the PCEs of the device increased first and then
decreased, with 0.1 M as a saturation point. As an optimized
performance, a PCE of 14.29% with a Vo, Jsc, and FF of 0.82 V,
24.89 mA cm ™2, and 70% was observed. The external quantum
efficiency (EQE, Fig. 3(d)) spectra of the OSCs showed an inte-
grated current of 24.43 mA cm 2 for the optimized device, in
good agreement with the value obtained from J-V curves. In
addition, from Table 1, we found that the concentration of the
sol-gel ZnO films impacted Jsc and FF. According to the series
resistance (Rs) and shunt resistance (Rgy,) of these devices, we
know that the devices based on bilayer ETLs have smaller Rg
than the device with a ZnO NP ETL. Additionally, among these
devices with bilayer ETLs, the optimized device (with 0.1 M sol-
gel ZnO) had the lowest Rg. The decreased Ry might be due to
the smaller contact resistance due to the improvement of

J. Mater. Chem. A, 2021, 9, 16889-16897 | 16893
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Fig. 4 (a) Light intensity dependent Jsc, (b) Ve, (c) dark J-V curves,
(d) impedance, (e) normalized TPC, and (f) TPV of the 1 cm? flexible
OSCs with ZnO NP and sol-gel ZnO/ZnO NP bi-layer ETLs.

interface contact between the Ag nanowires and the buffer layer
by the use of the bilayer ETL. From the performance histogram
(Fig. 3(e)) of the optimized performance, we observed that the
statistical PCE of the ZnO NP ETL-involving device was between
10.86% and 11.73%, while the efficiency of the device based on
the sol-gel ZnO/ZnO NP bilayer ETL improved to 12.87-14.29%.

The light intensity dependent V¢ and Jsc of the two devices
were analyzed. Fig. 4(a) shows the light intensity dependent J-V
characteristics of the 1 ecm” solar cells with different ETLs.

PET/AgNWs/ZnO NP/BHJ
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Among them, Jsc is linearly related to light intensity, and the
slope « is about 0.985 and 0.986, which indicated that the effect
of bimolecular charge recombination and the space charge
effect on the device was negligible in these devices. At the same
time, Voc also has a linear relationship with light intensity in
Fig. 4(b). The ideal factor n could be calculated using the
equation of Voc = (nkgT/g)In(Jon/jo + 1), where kg is the Boltz-
mann constant, T is the temperature and J, is the reverse
saturation current density.*® The n value was 1.40 and 1.36 for
the ZnO NP and sol-gel ZnO/ZnO NP ETL-based devices. The
dark j~V curve and the electrochemical impedance spectroscopy
(EIS) spectra of the 1 cm” flexible solar cells were further
recorded. From Fig. 4(c), we found that the device with a bilayer
ETL showed a higher rectification ratio than the device with
a sole ZnO NP ETL, suggesting improved charge selectivity of
the solar cells with a bilayer ETL. Such a result was in good
agreement with the improved FF of the device with a bilayer
ETL. In addition, we found that all the semicircles of the EIS
spectra could be simulated using the same circuit model (as
shown in the analog circuit in the inset of Fig. (d)). In this
model, the series resistance was composed of sheet resistance
of the electrode (Ry) and charge transfer resistance between the
electrode and the active layer (Rcr) and C is a capacitor. The
calculated results of the resistor and capacitor are shown in
Table S1.f Chen et al* also reported the same impedance
circuit model. The results showed that the bi-layer ETL-based
device has a lower charge transfer resistance (Rcr) of 84.2 Q
than the sole ZnO NP ETL-based device (690.0 Q), thereby
improving the interface charge transport capability, making the
devices have a lower series resistance. The transient photocur-
rent (TPC) and transient photovoltage (TPV) of the devices are
shown in Fig. 4(e) and (f) to analyze the charge extraction and
recombination process. The charge extraction time of the ZnO
and bilayer ETL-based devices was calculated to be 6.02 and
3.15 ps. The shorter charge extraction time of the bilayer ETL
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Fig. 5 (a) Schematic diagram of sol—gel ZnO modified AgNWSs, (b) photographs of 0.09 cm?, 1 cm?, and 4 cm? flexible OSCs, (c) J-V char-
acteristics of 0.09 cm? and 4 cm? flexible OSCs, (d) EQE spectra of 4 cm? flexible OSCs, and (e) statistics of device efficiency in different areas.
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Table 2 Device performance of the 0.09 and 4 cm? flexible solar cells
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Area ETLs Voc (V) Jsc (mA ecm™?) FF PCEmax (%) PCE,ye (%)

0.09 cm? ZnO NPs 0.82 23.64 0.70 13.56 13.42 + 0.05
Bi-layer 0.1 M 0.82 25.39 0.72 14.97 14.65 + 0.31

4 cm? ZnO NPs 0.80 20.92 0.61 10.21 9.95 £+ 0.27
Bi-layer 0.1 M 0.81 24.85 0.65 13.08 13.03 £+ 0.04

device revealed improved carrier extraction at the cathode
interface. From the TPV curves, the carrier lifetime in the bilayer
ETL-based cells was determined to be 38.4 ps, which was
slightly longer than that of the ZnO devices (31.3 ps). This result
indicated that the use of the sol-gel ZnO/ZnO NP bilayer ETL
has reduced the interface recombination.

On the basis of the above results, the different interface
contact properties in the sole ZnO NP and sol-gel ZnO/ZnO NP
ETL-based devices could be described in Fig. 5(a). In the case of
sole ZnO NP ETLs, the nanoparticles tended to accumulate
around the AgNWs, while being less filled in the voids within
the networks. The redeposition of a sol-gel ZnO layer could on
one hand modify the surface of AgNWs, and on the other hand
effectively fill these voids. Both the aspects could enable the
formation of a homogeneous ZnO NP layer and improve inter-
face contact and charge extraction ability between the electrode
and the active layer. Therefore, enhanced device performance
was obtained. Previously, we found a higher sensitivity of large-
area doctor-blade OSCs to the interface contact than small-area
devices.” In large-area OSCs, there are higher possibilities of
poor interface charge transport or even current leakage caused
by interface nonuniformity and defects.*” That is a reason for
the higher sensitivity of large-area devices to interface contact.
Thus, in the case of large-area flexible OSCs, a higher sensitivity
of performance to the interface contact would also occur. On the
basis of this speculation, we fabricated 0.09 and 4 cm? flexible
OSCs for comparison, and Fig. 5(b) shows the photographs of
these devices. The J-V characteristics and EQE spectra of these
devices are shown in Fig. 5(c) and (d). Table 2 lists the device
performance of these cells. In the case of 0.09 cm” small area
devices, we found that the cells with the ZnO NP ETL showed an
optimized performance and an average performance of 13.56%
and 13.42%. With a bilayer ETL, the best performance improved
to 14.97%, and the average performance increased to 14.65%.
These results showed that the devices with the bilayer ETL have
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Fig. 6 (a) Long-term stability of the 1 cm? flexible solar cells during

1000 h storage in a N, filled glove box and (b) PCE degradation of 1

cm? flexible OSCs during 4000 bending cycles with a bending radius

of 7.5 nm.
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slightly higher efficiencies relative to the device with the sole
ZnO NP ETL. As discussed above, the 1 cm? device with the
bilayer ETL exhibited much higher performance than the sole
ZnO NP ETL device. Such results indicated different sensitivities
of performance to the ETL for the small-area and 1 cm?” devices.
As the size increased to 4 cm®, an optimized performance of
10.21% was achieved with the ZnO NP ETL. The devices with the
sol-gel ZnO/ZnO NP bilayer ETL showed an optimized efficiency
of 13.08%. Fig. 5(e) exhibits the statistics of the device perfor-
mance of 0.09, 1, and 4 cm? flexible solar cells. As shown by this
figure, the device efficiency decreased 1.83% and 3.35% (from
13.56% to 11.73% and 10.21%) for the ZnO NP ETL devices with
different sizes, and the efficiency decreased 0.68% and 1.89%
(from 14.97% to 14.29% and 13.08%) for the sol-gel ZnO/ZnO
NP ETL devices. Such a tendency implied the importance of
interface contact for large-area flexible OSCs.

Simultaneously, the long-term stability of the devices was
tested and is shown in Fig. 6(a). We can find that the efficiency of
the ZnO NP ETL-based device was attenuated to about 80% of the
original efficiency after 1000 h. The sol-gel ZnO/ZnO NP bilayer
ETL cell maintained over 90% of the original device perfor-
mance. Fig. S5 shows the normalized Vo, Jsc, FF, and PCE of
the devices during the storage for 1000 hours in a glove box. It
showed that the performance degradation of the ZnO NP ETL-
based device was mainly originated from the decrease in FF,
indicating that the long-term stability was influenced by the
interface degradation. A possible reason might be the quicker
degradation of the ZnO NPs/active layer interface due to the
photocatalytic effect of ZnO.*>** The existence of polyvinyl pyr-
rolidone (PVP) in the Ag networks would induce more interface
defects in ZnO NP ETLs, and then accelerated the interface
degradation. With a middle sol-gel ZnO layer between the
AgNWs and ZnO NPs, these PVP components would not directly
contact with the ZnO NP layer. Thus, the stability of the AgNW
electrode was improved after the modification of AgNWs with
sol-gel ZnO. An improved stability of the flexible AgNW electrode
and OSCs was also reported,* which was similar to this result. In
addition, the PCE degradation of the 1 cm” flexible OSCs during
continuous bending with a bending radius of 7.5 mm is shown in
Fig. 6(b). After 4000 bending cycles, both the two kinds of devices
retained 90% of the original efficiency, indicating that the
introduction of an additional sol-gel ZnO layer would not impact
the mechanical properties of the flexible OSCs.

Conclusions

In summary, with the aim to achieve high-performance large-
area flexible OSCs, we focused on the optimization of the
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performance of 1 and 4 cm” single cells. With an Ag nanowire as
the conducting electrode, we found that the performance of 1
and 4 cm® flexible OSCs is more sensitive to the interface
contact, while that of small area solar cells is relatively less
sensitive. With the traditional ZnO NPs or sol-gel ZnO films as
the ETLs, inferior performance was obtained. The introduction
of a bilayer ETL based on a thin sol-gel ZnO layer and a ZnO NP
layer would improve the interface contact between the AgNW
electrode and buffer layer, and greatly improve the optimized
performance and the reproducibility of the solar cells. With the
bilayer ETLs, a highest performance of 14.29% for the 1 cm” and
13.08% for the 4 cm” cells was obtained.

Experimental sections
Materials

Silver nanowires dispersed in deionized water and diluted with
isopropanol (IPA) were purchased from H&C Advanced Mate-
rials Ltd. PBDB-T-2F and Y6 were purchased from Solarmer
Materials Inc, Beijing. Zinc acetate was supplied by Aladdin Ltd.
2-Methoxyethanol was purchased from J&K Scientific. Ethanol
amine was purchased from Sigma Aldrich.

Preparation of sol-gel ZnO

The ZnO sol-gel precursor was prepared through dissolving zinc
acetate in dimethoxy ethanol, with a small amount of ethanol-
amine as the stabilizer, followed by stirring overnight. In this
way, we prepared a series of sol-gel ZnO films on the top of
AgNWs with different concentrations of sol-gel ZnO solutions.*

OSC fabrication

PET/AgNW electrodes are prepared by gravure printing."> The
detailed fabrication process is described as follows: the sol-gel
ZnO precursor solution with different concentrations was
deposited on the top of AgNWs through spin-coating at
2000 rpm for 50 s, and after that the film was annealed at 150 °C
for 0.5 h. Afterward, ZnO NPs with a concentration of 15 mg
mL " were spin-coated at 1000 rpm for 60 s, and the film was
annealed at 130 °C for 15 min in an air atmosphere and
transferred into a N,-filled glove box to deposit the active layer
film. The active layer solution was prepared by dissolving the
polymer donor PBDB-T-2F and the small molecular acceptor Y6
in chloroform with a weight ratio of 1:1.2 and 0.5 vol%
chloronaphthalene (CN). The mixed solution was stirred
continuously at 50-60 °C for at least 2 hours. The active layer
solution (7 mg mL™" in chloroform) was dynamically spin-
coated onto the ZnO NP film at 1000 rpm for 60 s, and after
that the active layer was annealed at 100 °C for 10 min. Finally,
15 nm MoO; and 200 nm Al were deposited on the active layer
film through a shadow mask under a vacuum of 1 x 10~ * Pa.

Characterization

We used a Park XE-120 microscope (NSC18, Mikromasch, Tal-
linn, Estonia) coated with a Cr/Au conductive tip to record the
atomic force microscope (AFM) image of the film. The trans-
mittance spectra were recorded by using a Lambda 750 UV-vis-
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NIR Spectro-photometer (PerkinElmer). The micrograph was
investigated by using a cold field emission Scanning Electron
Microscope (SEM, S-4800). The current density-voltage (J-V)
measurement was conducted under a Newport solar simulator
(100 mW cm ™ ?) and in a nitrogen glove box with a Keithley 2400
source instrument. The external quantum efficiency (EQE) of
the cell was measured as a function of wavelength, under
simulated one sun operating conditions. We use a 150 W
halogen tungsten lamp (Osram 64610), and use a mono-
chromator (Zolix, Omni-A300) to select the wavelength required
for the test. At the same time, we use a silicon solar cell for
calibration. For the long-term stability, we stored the devices in
a N,-filled glove box and made the j-V measurement after
a period of time. The transient photocurrent (TPC) and tran-
sient photovoltage (TPV) of the devices were measured (100 Q
input impedance for transient photocurrent and 5 KQ for
transient photovoltage) by exposing the devices to an excitation
pulse from a LED lamp with a wavelength of 520-530 nm and
a pulse duration of 100 ps.
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