¥® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

High-efficiency ITO-free organic solar cells

".) Check for updates‘
through top illuminationf

Cite this: Mater. Adv., 2024,

> 24t *30C Chih-Chien Lee,” Yung-Yuan Lee,® Ssu-yung Chung,®°

? Chia-Feng Li® and Shun-Wei Liu (0 *2¢

Yu-Ching Huang,
Hui-Chieh Lin,® Uma Kasimayan,

Organic photovoltaics (OPVs) hold great promise for commercialization due to their potential to
produce high-performance, and flexible products in a cost-effective and scalable way. Beyond achieving
high power conversion efficiency (PCE), the ability to maintain device stability under atmospheric
conditions is important for the practical application of flexible OPVs. Our primary objective is to
significantly enhance the stability of OPVs by incorporating flexible layers, eliminating unstable materials,
and adopting an ITO-free approach. We developed a top-illuminated crumpled OPV architecture by
utilizing parylene and Ag layer as the electrode materials. To enhance the PCE of ITO-free OPVs, we
have incorporated the electron transport layer, PFN-Br, followed by the deposition of the PM6:Y6 active
layer. An intriguing breakthrough emerged in the form of MoOs/Ag/WOs, serving as an innovative
transparent electrode and replacing the conventional ITO electrode. The ultimately crumpled OPV
exhibited superior PCE and attained a high power-per-weight of 31.07 W g~*. Furthermore, the ITO-free
device exhibited excellent stability during dark storage (T95 ~ 1000 hours) and light soaking conditions
(T93 ~ 48 hours). Remarkably, even after 48 hours of continuous light soaking, the freestanding
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Introduction

Organic photovoltaics (OPVs) have garnered significant atten-
tion due to their advantages, including light weight,?
flexibility,* semi-transparency,”® low manufacturing cost,”®
and ease of large-area processing.”'® In recent years, OPVs
fabricated from non-fullerene acceptors (NFAs) have been
extensively studied for their potential to achieve high power
conversion efficiency (PCE)."*™** NFAs can be synthesized by
molecular design engineering to exhibit a broad absorption
range from 400 nm to 900 nm. Moreover, this approach
effectively mitigates radiative and non-radiated energy losses,
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crumpled OPVs maintained the PCE at 93% of its initial value, showcasing excellent photostability.

leading to significantly enhanced short-circuit density ( J;.) and
open-circuit voltage (Vo.)."* The PCE of NFA-based OPVs has
experienced remarkable improvement, surpassing 19%, thus
showcasing substantial potential for commercialization. With
the great progress in OPV technology, leveraging the inherent
advantages compared to other PV systems becomes a strategic
approach in unlocking their commercial success within niche
markets."®> Recently, the portable power supplies have gained
increasing interest for various applications, including electro-
nic skin, internet of things (IoT) sensors, and drones.'®° In
such applications, the key requirements revolve around the
need for light weight and mechanical flexibility, both of which
are the superior advantages offered by OPV over other PV
technologies. Despite the numerous advantages offered by con-
ventional rigid or flexible OPV devices, their full potential is
often hindered by the use of thick glass or plastic substrates,
which add unnecessary weight to the devices. To overcome this
limitation, the emergence of ultra-flexible (or ultra-thin) OPVs
offer a potential solution, as they eliminate the weight issue and
allow the benefits of the technology to be used more efficiently.
The ability of these OPVs to fit seamlessly onto the surface of any
shape of the object makes them ideal for integration into a wide
range of cutting-edge applications, including IoT and aeronautic
devices. A noteworthy example from a previous literature report
demonstrates that by attaching ultra-flexible OPVs to the wings
of drones with minimal added weight, their flight time could
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potentially be significantly extended." As a result, the potential of
ultra-flexible OPVs in revolutionizing diverse industries is gen-
erating high anticipation.

In 2015, Jean et al. demonstrated that the in situ vapor-phase
growth technique could produce ultrathin, flexible solar cells
(2.3 mm) based on perylene-C films with performance compar-
able to solar cells deposited on glass substrates. These flexible
cells can be seamlessly attached to various surfaces for additional
solar power.”" Until now, diverse strategies have been explored to
enhance the stability of flexible OPVs, with the incorporation of
stable materials into the active layer proving effective in increasing
storage stability. Another approach involves the integration of an
ultraviolet (UV) filter film, which has emerged as a crucial method
for boosting the photostability of flexible OPVs.>* A recent notable
breakthrough features a flexible OPV with an impressive PCE of
16.1%.% This device, designed in a biomimetic leaf-like structure
to efficiently capture light, managed to maintain around 75% of
its initial efficiency after being stored for 60 hours in ambient air.
Furthermore, OPVs have achieved remarkable efficiencies of up to
19.76% for singlejunction devices and 20.2% for tandem
devices.***®> These figures essentially meet the threshold for
commercial viability within the photovoltaic industry. The attain-
ment of long-term stability remains a significant challenge
hindering the widespread adoption of OPVs. Recent advance-
ments, exemplified by Xiong et al., ultra-flexible OPV boasting a
15.8% PCE and a remarkable power-per-weight of 33.8 W g™,
demonstrate the potential of this technology.”® Conversely, a
stabilized PCE of 15.5% was attained, along with power-per-
weight of 32.07 W g™ " at a weight of 4.83 ¢ m ™2, demonstrating
notable stability when stored in an N,-filled glove box. This
storage approach led to the PCE retaining over 95% of its initial
efficiency even after an extended duration of 1000 hours.”
A noteworthy contribution by X. Zheng et al. revealed that the
ultra-flexible OPVs maintained 97% PCE throughout 5000 con-
secutive compression-release deformation cycles. This perfor-
mance was accompanied by an excellent power-per-weight of
39.72 W g~ !, achieved at a weight of 4.36 g m™2." Ultra-flexible
OPVs must withstand extreme bending, necessitating electrodes
with superior mechanical flexibility, and their fabrication is
intricate due to the susceptibility of easily wrinkled ultra-thin
substrates. Consequently, although the efficiency of ultra-flexible
OPVs has shown progress, it still trails behind that of conven-
tional flexible OPVs, and there is a relative lack of research into
stability of ultra-flexible OPVs in particular.

The typical structure of the OPVs consists of a transparent
electrode, an electron or hole transport layer (ETL or HTL), an
active layer, an interfacial layer, and a metal electrode. Indium
tin oxide (ITO) is a widely used transparent conductive elec-
trode in OPVs due to its high optical transparency and electrical
conductivity.>®?° However, the realization of ultra-flexible OPVs
faces significant challenges because of several drawbacks asso-
ciated with the commonly used ITO material. These drawbacks
include high manufacturing cost, brittleness, and long-term
stability.>®*" Subsequently, the HTL, typically composed of
poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PED-
OT:PSS) in the device process, often exhibits a limited lifetime.
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This can be attributed to its inclination to interact with the ITO
electrode and its vulnerability to humidity due to its acidic and
high hygroscopic nature. As a result, it can lead to the for-
mation of shunts and defects, particularly when utilized as an
electrode in solar cells.**** While attempts to achieve stability
have been made through thin polymer encapsulation layers,
these efforts are hindered by inadequate barrier properties.
Furthermore, the chemical composition of the metal oxide in
HTLs can undergo alteration during annealing, thereby causing
obvious device degradation. To address this, alternative trans-
parent electrodes to ITO have been broadly studied, such as
metal nanowires, highly conductive polymer, graphene, and thin
metal layer.*>***° Among these technologies, the thin metal
layer exhibits the advantages of low manufacturing cost, high
mechanical flexibility, and high conductivity. In addition to
conventional architecture, the top-illuminated device structure
has emerged as an effective way towards highly efficient and
stable ITO-free OPVs. One of the key challenges in implementing
top-illuminated OPVs lies in the development of transparent top
electrodes capable of facilitating efficient light transmission
while maintaining high electrical conductivity.*'™** This is cru-
cial for advancing the potential of top-illuminated OPVs and
realizing their significant benefits in the field of OPVs.

In this study, we present a top-illuminated ITO-
free crumpled OPV structure, utilizing flexible parylene and
an Ag layer serving as the electrode. To achieve lightweight
characteristics, incorporated the poly(9,9-bis(3’-(N,N-
dimethyl)-N-ethylammoinium-propyl-2,7-fluorene)-ait-2,7-(9,9-
dioctylfluorene))dibromide polymer (PFN-Br) as the ETL, with
the active layer subsequently deposited on it. Addressing the
challenge of replacing the conventional ITO transparent electrode,
we employed MoOs/Ag/WO; as the alternative transparent elec-
trode. In order to enhance the stability of the crumpled OPV, we
applied a deposition of Al,O; fully covering the entire crumpled
OPV. Remarkably, this crumpled OPV demonstrated impressive
properties, boasting a high power-per-weight ratio of up to
31.07 W g " and excellent stability with respect to under dark
(T95 ~ 1000 hours) and light illumination (T93 ~ 48 hours)
conditions.

we

Experimental section
Materials

The flexible parylene substrate was purchased from Taiwan
Innova Efficiency Inc. The ETL, PFN-Br, was obtained from
Sigma-Aldrich. Additionally, the donor materials, poly[(2,6-(4,8-
bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)}-benzo[1,2-b:4,5-b"dithio-
phene))-alt-(5,5-(1,3’-di-2-thienyl-5’,7'-bis(2-ethylhexyl)benzo[1’,2'-
c:4',5'-c'|dithiophene-4,8-dione)] (PM6), and NFA material, 2,2'-
(22,2’ 2)(12,13-bis(2-ethylhexyl)-3,9-diundecyl-12,13-dihydro-1,2,
5]thiadiazolo[3,4-e]thieno[2”,3":4',5 thieno[2’,3":4,5]pyrrolo[3,2-g]
thieno[2/,3":4,5]thieno[3,2-b]indole-2,10-diyl)bis(methanylylidene))
bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-indene-2,1-diylidene))dimal-
ononitrile (Y6), were supplied by 1-Materials. The solvents, MoOs
and WO; were purchased from Sigma-Aldrich.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) The lightweight and crumpled device layout and structure of this work. (b) J-V curves of OPV performance different annealing conditions for

PFN-Br and PM6:Y6 Layers. The PM6:Y6 layer is examined without (PN6N) and with (PN6A) thermal annealing of 100 °C for 10 min, while the PFN-Br layer
maintains a constant temperature of 100 °C for 1 min with (PA6N) and without (PA6A) annealing of PM6:Y6 of 100 °C at 10 min.

Device preparation

We fabricated the OPV devices using an inverted structure.
Fig. 1a shows the crumpled device layout and structure. The
preparation of our crumpled OPV involved the following device
structure: parylene (2 pm)/Al,O; (30 nm)/Ag (100 nm)/PFN-Br
(10 nm)/PM6:Y6 (100 nm)/MoO; (10 nm)/Ag (12 nm)/WO;
(30 nm)/Al,0; (30 nm). The parylene films are commonly used
for crumpled OPV substrates, where they are deposited on the
glass substrate and subsequently peeled off after the entire
device has been fabricated. Firstly, the glass was ultrasonically
cleaned with acetone and isopropanol in a sequence. Parylene
films were grown on clean glass by chemical vapor deposition
(CVD). Then, atomic layer deposition (ALD) was used to deposit
Al,O; on the parylene films. A 100 nm thick silver film was
deposited on the Al,O; as the bottom electrode using thermal
evaporation. The ETL solution composed of PFN-Br (1 mg ml™*)
obtained by dissolving in methanol and spin-coating at
3000 rpm for 30 s. The photoactive layer solution consisted of
PM6 and Y6 (1:1.5, w/w) dissolved in chloroform, which was
spin-coated at 1500 rpm for 60 s in a glove box. PFN-Br and the
active layer were annealed under different annealing condi-
tions. Then, MoOs3, Ag, and WoO; were sequentially deposited
as a rear transparent electrode onto a photoactive layer through
thermal evaporation, and Al,O; was deposited as the encapsu-
lation layer for crumpled OPVs by using ALD. In this study, we

Table 1 Performance of OPVs prepared using PFN-Br and PM6:Y6 layers
under different annealing conditions (Device 19). These values are for the
highest PCE of the devices, and the average data are obtained from 20
devices in the brackets

Device V. (V) Jse (MA cm ™)  FF (%) PCE (%)
PN6N  0.83 18.03 74.11 11.03

(0.82 £ 0.00) (17.9 £ 0.22)  (72.06 &= 1.71) (10.59 + 0.27)
PN6A  0.80 19.15 72.12 11.05

(0.79 £ 0.01) (19.03 & 0.30) (71.55 £ 0.69) (10.74 + 0.24)
PA6N  0.82 18.68 74.27 11.45

(0.82 £ 0.00) (18.26 £ 0.29) (73.37 &+ 1.07) (11.03 £ 0.31)
PA6A  0.79 19.80 73.52 11.48

(0.79 £ 0.01) (19.38 + 0.41) (71.35 & 2.42) (10.92 + 0.48)

“ Device structure (Device 1): glass/parylene/Al,03/Ag/PFN-Br/PM6:Y6/
MoO;/Ag/WOs;.

© 2024 The Author(s). Published by the Royal Society of Chemistry

have listed the structure and name of the used devices as
follows:

Device 1: glass/parylene/Al,O3/Ag/PFN-Br/PM6:Y6/Mo0O;/Ag/
WO,

Device 2: glass/parylene/Al,03/Ag/PFN-Br/PM6:Y6/Mo0O;/Ag/
WO,/ALO;

Device 3: parylene/Al,0;/Ag/PFN-Br/PM6:Y6/M0O;/Ag/WO;/
Al O

Device 4: glass/parylene/Al,03/Ag/PFN-Br/PM6:Y6/Mo0O;/Ag/
WO;/glass

Characteristic analysis

The PCE of devices was measured under AM 1.5G illumination
(100 mW cm ™ ?) by using a solar simulator (SS-X100R, Enlitech),
and the external quantum efficiency (EQE) was measured by
solar cell spectral response measurements (QE-R3011, Enli-
tech). The thin film morphology was characterized using
atomic force microscopy (AFM) measurements (Innova, Bru-
ker). The optical properties, including absorption and trans-
mission, were evaluated using a UV-Vis spectrometer (JASCO, V-
770). The charge extraction time and charge recombination
time were determined through transient photovoltage (TPV)
and transient photocurrent (TPC) measurements using a Paios
4.0 instrument (FLUXiM AG, Switzerland). Device stability
measurements were conducted using a voltage source meter
(Keithley 2410) under a simulated AM 1.5G illumination solar
simulator (Newport LSH-7320) with an irradiance of 100 mW
cm 2. The testing environment was maintained at 25 °C with
humidity between 40 and 50%.

Results and discussion

To achieve flexibility and lightweight device, a parylene film is
widely utilized as the flexible substrate. However, the weak
thermal tolerance of flexible substrate limits the choice of
materials. To overcome this thermal limitation, we have
adopted PFN-Br as the ETL for our flexible devices. PFN-Br is
characterized by its solubility in methanol, with the significant
advantage of processing temperature below 100 °C. Addition-
ally, improving wettability by utilizing solvent systems with low
surface tension is important to reduce the interfacial defects.**

Mater. Adv, 2024, 5, 2411-2419 | 2413
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Fig. 2 AFM images of (a) PN6N, (b) PN6A, (c) PA6GN, and (d) PA6A films using PFN-Br and PM6:Y6 layers under different annealing conditions.

Moreover, we also used different thermal treatments for PFN-Br
and active layer to improve the PCE of the devices. Table 1

Fig. 3
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PABN, PN6A, and PN6N films using PFN-Br and PM6:Y6 films under different annealing conditions.
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PM6:Y6 layers. Specifically, we examined the PM6:Y6 layer in
two conditions: one without thermal annealing (PN6N) and
another with thermal annealing at 100 °C for 10 minutes
(PN6A). In parallel, the PFN-Br layer was maintained at a
constant temperature of 100 °C for 1 minute for two different
configurations: one without annealing (PA6N) and another
with annealing of the PM6:Y6 layer at 100 °C for 10 minutes
(PA6A). Fig. 1b depicts the J-V curves, while Table 1 provides a
summary of the corresponding PCE performance enhance-
ments resulting from various thermal annealing processes
applied to PFN-Br and PM6:Y6, respectively.

Fig. 2 shows the AFM images of the active layer under
different thermal annealing conditions of (a) PN6N, (b) PN6A,
(c) PA6N, and (d) PA6A, respectively. The results show that the
thermal annealing conditions did not have much effect on the
surface morphology of the active layer films, with little dis-
cernible alteration in the surface roughness. Based on the
thermal annealing treatment, it appears that the PCE perfor-
mance did not change significantly, achieving average values of
10.59%, 10.74%, 11.03%, and 10.92% for PN6N, PN6A, PA6N,
and PAGA, respectively as illustrated in Table 1. Regarding the
performance, the average PCE of PN6N devices increased from
10.59% to 11.03% after thermal annealing of PFN-Br at 100 °C
for 10 min. This enhancement in the PCE can be attributed to
the improvement of J,. from 17.9 mA cm ™2 to 18.26 mA cm 2.

Fig. 3a shows the absorption spectra of PA6A, PA6N, PN6A,
and PN6N, respectively. Compared to the PN6N film, there is no

~
Qo
N

5 T T T r
§ o
< — Device 2
(S .
— 5| |== Device 3 _
> g
= — Device 4
c
$-10 k
5
c-15 4
=}
(&)

-20 . .
0.0 0.2 0.4 0.6 0.8
Voltage (V)

Fig. 4

View Article Online

Paper

significant difference in the absorption of either annealed
layer, except for the PN6A film showing a slight red shift. This
result implies that the absorption behavior of the active layers
is not significantly changed by the annealing. In Fig. 3b, EQE of
the PN6A device was red-shifted and slightly increased at
900 nm, consistent with the results from the absorption spectrum.
According to the UV-Vis and EQE results, the slight improvement
in Js. implied that the annealing process probable enhancing the
light-harvesting ability of the devices. However, the increase in Js.
does not bring about a significant benefit in terms of PCE, as
other photovoltaic parameters, especially V,., decrease accord-
ingly. Notably, the average PCE of the PA6A devices reached a
value of 10.92%, and the highest PCE of 11.48% was achieved
using the thermal-annealed ETL and active layer. To examine the
impact of the annealing effect of PFN-Br on charge extraction,
TPC measurements were carried out, and the results are pre-
sented in Fig. 3c. The charge extraction time for the PA6N device
was slightly lower, around 13 ps compared to the PN6N device,
which had a charge extraction time of approximately 14 ps. This
indicates that the extraction ability of PFN-Br did not change
significantly during thermal annealing. In Fig. 3d, TPV measure-
ment was examined to assess the suppressing effect of the ETL on
the charge recombination. The PA6A device exhibited an extended
charge recombination lifetime of 25 pus, while the PN6A device had
a charge recombination of lifetime of 13 ps. This implied a
reduction in the charge loss at the interface between thermal-
annealed PFN-Br and PM6:Y6, contributing to the improved
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(a) J-V characteristic and (b) external quantum efficiency of OPV devices based on the structures of Device 2, Device 3, and Device 4. (c) The

demonstration photos illustrate the step-by-step process of using the peeling method to obtain lightweight and crumpled OPV devices.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Device performances of OPVs based on PM6:Y6 active layer with different device structures. The standard deviation values for each parameter

are calculated based on measurements from five devices

Device type Voe (V) Jse (MA cm™?) FF (%) PCE (%) Int. J. (MA cm™?) Ppnax (MW)
Device 2 0.79 18.17 66.79 9.70 18.18 0.39

(0.78 £ 0.00) (17.79 + 0.14) (64.22 + 2.96) (8.95 + 0.54) 17.89 0.36 + 0.02
Device 3 0.80 18.36 61.99 9.26 18.37 0.37

(0.81 + 0.00) (17.84 + 0.53) (60.08 + 1.91) (8.75 + 0.51) 17.85 + 0.74 0.35 + 0.02
Device 4 0.81 16.70 71.82 9.75 16.73 0.39

(0.81 + 0.00) (16.30 + 0.16) (71.19 + 0.83) (9.42 + 0.21) 16.45 0.38 + 0.01

performance observed in the PA6A device. In addition, the PA6A
devices had a shorter recombination lifetime than the PA6N,
suggesting that the annealing of the photoactive layer may lead
to a deterioration of the charge recombination at the interface,
thus leading to a lower V,.. Both PA-based devices showed longer
recombination lifetimes compared to the PN-based devices, sug-
gesting that ETL annealing is clearly beneficial in reducing charge
recombination losses.

Fig. 4a displays the J-V curves of the Device 2, Device 3 and
Device 4, and the corresponding photovoltaic characteristics are
listed in Table 2. The reference device has a structure of Device 4,
with a PCE is 9.42%, a Ve of 0.81V, a J. of 16.30 mA cm ™2, and
FF of 71.19%. The electrode, Al,0;/Ag, was deposited on the
parylene/Glass. Additionally, the top transparent electrode,
Mo0;/Ag/WO3/Al,0; were deposited on the active layer for light
illumination. The resulting PCE of the top-illuminated device is
8.95%, with a V. of 0.78 V, a Js. of 17.79 mA cm 2, and FF of
64.22%. The multi-layer stack configuration of this device may
introduce additional interfacial impedance and hinder carrier
transportation, leading to a reduction in FF from 71.19% to
64.22% compared to the device with the configuration of Glass/
OPV/Glass. However, the increasing J;. of the top-illuminated
devices suggests that the alternative top electrode of WO;/Ag/
MoO; may exhibit good transparency or conductivity comparable
to that of ITO. We further peeled the devices deposited on the
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Fig. 5 The transmittance spectra and absorption coefficient for MoOs,
MoOs (10 nm)/Ag (12 nm), MoOs3 (10 nm)/Ag (12 nm)/WOs3 (30 nm), MoOs3
(10 nm)/Ag (12 nm)/WOs3 (30 nm)/Al,O3z (30 nm) and PM6:Y6 observed
across the wavelength range from 300 to 900 nm.
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parylene and measured the PCE of the flexible top-illuminated
devices resulting in a PCE is 8.75%, with a V. of 0.81 V, a J;. of
17.84 mA cm™ >, and an FF of 60.08%. The EQE spectrum of
these devices are shown in Fig. 4b, where the EQE profiles and
simulated J;. from EQE are consistent with the transmittance
results and J-V curves of the devices. Fig. 4c depicts the peeling
process, with a detailed visual representation available in the
accompanying supplementary video (S2, ESIf). The stand-
alone peeling devices (Device 3) exhibit a PCE similar to that
of Device 2, indicating that the devices retain good structural
integrity after peeling and are not damaged during the peeling
process. In addition, the total thickness and weight of the
crumpled OPV are approximately 2.0 pm and 1.5 mg respectively,
resulting in an impressive high power-per-weight of 31.07 W g™ .
The detailed calculation of the power-per-weight of all the
synthesized devices are presented in the ESIT (S1).

Fig. 5 illustrates the variation in the transmittance of
different devices of MoOj3; (10 nm)/Ag (12 nm), MoOj3 (10 nm)/
Ag (12 nm)/WO; (30 nm), and MoO; (10 nm)/Ag (12 nm)/WO;3
(30 nm)/Al,05 (30 nm) as well as the absorption coefficient for
the active layer of PM6:Y6. The absorption region of the active
layer (PM6:Y6) primarily spans 400-850 nm, with absorption
peaks for PM6 and Y6 located at approximately 600 nm and
800 nm, respectively. Pristine MoO; (10 nm) demonstrates a
high transmittance of 95% and the deposition of a 12 nm thin
Ag layer significantly reduces the transmittance to 50% due to
metal scattering. Incorporating a 30 nm WO; layer as a reso-
nance cavity, increases the transmittance within this range to
approximately 70%. Furthermore, depositing an additional
30 nm Al,O; layer can further enhance the overall transmit-
tance, reaching 80%. It is important to note that, despite
offering advantages over ITO electrodes, this alternative elec-
trode exhibits a modest reduction approximately 10% transmit-
tance. However, while the MoO;/Ag/WO; alternative electrode
may exhibit a lower sheet resistance of 5.35 Q (1, compared
to the resistance of ITO electrodes, which is typically 15 Q O~
This low sheet resistance is a substantial advantage as it
enhances carrier conduction and collection efficiency, effec-
tively compensating for the limitations in transmittance asso-
ciated with alternative electrodes.

We conducted stability tests on the relevant devices, which
included evaluations under both dark and light illumination
conditions. The results of the stability test under dark condi-
tions are presented in Fig. 6. Remarkably, the PCE of the Device
2 remained nearly unchanged even after 1000 hours of storage
in a dark environment. However, comparing the devices with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(Jse). (c) fill factor (FF), and (d) power conversion efficiency (PCE) observed at various time intervals.

Glass/OPV/Glass and crumpled OPVs a reduction in efficiency
by 5% was seen. Notably, the V,. of these devices was not
affected during 1000 hours of storage in a dark environment
indicating that the reduction in 5% PCE was primarily attrib-
uted to the respective decreasing /. and FF. Furthermore, the
evaluation was conducted under an LED lamp with an illumi-
nation of 100 mW cm 2. Fig. 7, demonstrate the V,. remained
at the stable over 96 h under light conditions. However, the

(a ©

~

photovoltaic characteristics mainly affected by light condition,
resulting in low J;. and FF, due to probable high-energy
photons inducing photodecomposition of NFA degradation.*®
After subjecting the device to 96 h of light exposure, both
Device 4 and Device 2 devices managed to retain about 90%
of their initial PCE. This result indicates that the deposition of
Al,O3 by ALD can effectively protect the underneath organic
films, which is consistent with previous literature reports.*®*”
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Fig. 7 Device performance vs. operation time for the device configurations of (a) Device 2 and (b) Device 4 under one sun illumination with 96 h. (c)
Device performance vs. operation time for our proposed lightweight device and Device 3 under one sun illumination. After 48 h, the proposed device
maintains its PCE with T93 comparable to the fresh device.
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Notably, Device 2 exhibited more severe FF degradation com-
pared to Device 4, suggesting the potential for significant
carrier accumulation at the interfacial layer between the OPV
layer and Al,O; under prolonged light exposure. Finally, our
crumpled OPV devices, maintaining 93% of the initial PCE
value after 48 hours of light illumination. This excellent per-
formance highlights the potential of the crumpled OPV devices
for enhancing OPV durability and longevity.

Conclusions

A top-illuminated ITO-free crumpled OPV structure was pre-
pared with an ITO-free alternative, utilizing a flexible parylene
substrate. In this device design, a polymer PFN-Br was chosen
as the ETL to achieve a flexible and lightweight goal. The
traditional ITO transparent electrode was replaced with the
MoO;/Ag/WO; as an alternative transparent electrode. This
device demonstrated an increase in J,., indicating improved
transparency and conductivity comparable to ITO. Moreover,
the MoO3/Ag/WO; alternative electrode offers a lower sheet
resistance of 5.35 Q [0, outperforming the 15 Q [0~ * sheet
resistance of ITO. The strong absorption observed in the PN6A
film, especially at a wavelength of 900 nm, suggests the
rearrangement of the PM6 and Y6 mixture during thermal
annealing. This strong absorption and advantageous low sheet
resistance enhances carrier conduction and collection effi-
ciency, effectively compensating for any potential stability con-
cerns of the device. Device 2 exhibits a PCE similar to that of
Device 3, indicating that it retains a robust structure and is not
negatively influenced by the peeling process. Additionally,
the total thickness and weight of the crumpled OPV are
approximately ~2 pm and 1.5 mg, respectively and it boasts
remarkable characteristics with a power-per-weight of up to
31.07 W g ' and exhibits remarkable stability during dark
storage (T95 ~ 1000 hours) and light soaking (T93 ~ 48 hours).
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