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Abstract

Ultra-thin (also known as ultra-flexible) organic photovoltaics (OPVs) repre-
sent a strong contender among emerging photovoltaic technologies. However,
due to the imbalance between the optical and electrical properties of indium
tin oxide (ITO)-free transparent electrodes, the ultra-thin OPVs often exhibit
lower efficiency compared to the brittle yet more balanced rigid ITO coun-
terparts. Here, we design and fabricate an advanced ultra-thin OPV, which
involves a thoroughly optimized silver nanowires (AgNWs) transparent elec-
trode (named AZAT) with excellent optical, electrical and mechanical prop-
erties. Specifically, the high-kinetic energy spray-coating method successfully
yields a curve-shaped, tightly connected and uniformly distributed AgNWs
film, complemented by a capping layer of zinc oxide:aluminum-doped zinc
oxide (ZnO:AZO) to improve charge collection capability. Simultaneously, the
transparency of the electrode is enhanced through precise optical optimiza-
tion. Thus, we implant the AZAT-based devices on 1.3 um polyimide sub-
strates and demonstrate ultra-thin OPVs with a record efficiency of 18.46% and
a power density of 40.31 W g~', which is the highest value for PV technologies.
Encouragingly, the AZAT electrode also enables the 10.0 cm” device to exhibit
a high efficiency of 15.67%. These results provide valuable insights for the
development of ultra-thin OPVs with high efficiency, low cost, superior flex-
ibility, and up-scaling capacity.
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1 | INTRODUCTION

Organic photovoltaics (OPVs) are anticipated as the po-
wer supply to be widely applicable in various fields, such
as flexible electronics, human-computer interaction, and
the Internet of Things."” Due to their distinctive advan-
tages, including high power density, exceptional flexi-
bility and stretchability, semi-transparency, and solution
processability, OPVs attract increasing attention.’ "’
Currently, the highest power conversion efficiency
(PCE) of OPVs has reached the milestone level of more
than 20%, which exhibits the huge potential of OPVs for
commercialization.?®?! However, most of these state-of-
the-art results are achieved based on heavy, rigid, and
brittle Glass/indium tin oxide (ITO) substrates, which
will extremely limit the intrinsic advantages of OPVs
because the flexibility of OPVs enables more versatile
applications in real scenarios.”*** Therefore, developing
flexible even ultra-flexible OPVs with high efficiency is of
great importance for their practical applications.

Despite considerable advancements in commonly
flexible OPVs, ultra-thin OPVs (also known as ultra-
flexible OPVs) with a total thickness of <10 um have su-
perior flexibility, compression ability, ultra-light weight,
and can be attached to items of any shape, which enables a
broader spectrum of applications for example, wearable
electronic devices, biomedical devices and even aerospace
applications.*** For example, specific power (power den-
sity) is one of the key parameters to verify the performance
of space solar panels. Currently, the specific power of state-
of-the-art space solar panels is just over 3 W g~', which
relies on III-V triple-junction GalnP/GaAs/GalnAs solar
cells realizations costing more than $125 per square
centimeter.?® Expensive, heavy and rigid GaAs-based solar
cells will undoubtedly increase the cost of satellite
manufacturing and rocket launch. Therefore, ultra-thin
OPVs with a power density close to 40 W g~" would be a
revolutionary alternative for aerospace applications.’
However, a great challenge for ultra-thin OPVs is the un-
satisfactory flexibility of the device, especially the trans-
parent electrodes. Under actual conditions, ultra-thin
OPVs may experience extreme bending (the bending
radius will be below 20 pm), which harshly requires the
electrodes to have superior flexibility. Currently, there are
only a few transparent electrodes that exhibit excellent
flexibility in ultra-thin OPVs, for example, ultra-thin
metals, nanowires, and conductive polymers.>*’*° But

compared with ITO transparent electrodes, most of them
face the problem of the imbalance between transmittance
and conductivity. Therefore, the development of trans-
parent electrodes with excellent optical and electrical
properties, as well as excellent flexibility is badly needed for
the development of ultra-thin OPVs.

To date, various transparent electrodes have been
developed to replace ITO.>°*’ Among the ITO-free
transparent electrodes, ultra-thin metal and silver nano-
wires (AgNWs) have been widely studied due to their
excellent flexibility, high conductivity and transmittance.
For example, in our previous work, we reported 0.052
and 1.0 cm? ultra-thin OPVs with PCEs of 17.32% and
17.08%, respectively, by using ultra-thin Ag as trans-
parent electrodes.’ However, the high reflectivity of ultra-
thin Ag endows low transmittance in the 650-1000 nm,
which significantly influences the device's optical
response. Although the optical properties of ultra-thin Ag
electrodes can be enhanced through optical tuning, that
is, anti-reflectivity layer, such improvements are still
limited. By comparison, AgNWs exhibit better trans-
mittance across visible-near infrared regions. Unfortu-
nately, the weak connections between AgNWs will
increase the sheet resistance and weaken the flexibility of
the electrodes.** Several methods have been developed to
improve the film quality of AgNW electrode, such as
adding ionic surfactants, chemical welding, treatment
under high temperature and pressure, etc.”>® For
example, Zeng et al. reported flexible OPVs with 17.5%
PCE achieved by the atomic-level chemical welding of
AgNW electrode, which decreased the sheet resistance
and enhanced the mechanical stability of the electrodes.**
Similarly, Hou et al. reported a flexible OPV with PCE of
18.1% through the hot-nanoimprint processing of AgNW
electrode.”” Though these methods have proven effective
in developing high-performance flexible OPVs, they often
require additional operating steps and facilities.
Furthermore, due to the large pores in the AgNW
network, the charges generated in the flexible OPVs
cannot be collected efficiently by AgNW electrode,
impeding the further improvement of device effi-
ciency.*** In addition, AgNWs still have obvious
reflectivity, which will prevent sunlight from being fully
absorbed by the active layer.*’ Therefore, further opti-
mization of the optical and electrical properties of the
AgNW electrode will further improve the device perfor-
mance of flexible or ultra-flexible OPVs.
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Taking all the above factors into consideration, in this
work, we demonstrate high-performance ultra-thin OPVs
with superior flexibility and wup-scaling ability via
comprehensive optimizations of the AgNW electrode,
from preparation technique to different functional upper
layers. First, the high-kinetic energy spray-coating method
results in a curved nanowire, tightly connected and uni-
formly distributed AgNW electrode, which can effectively
improve the conductive properties and large-area fabrica-
tion capabilities of OPVs. Second, using zinc oxide:
aluminum-doped zinc oxide (Zn0O:AZO) as the capping
layer overcomes the shortcoming of insufficient charge
collection caused by the large pores of the AgNW elec-
trode. At the same time, we demonstrate that the ZnO:
AZO layer can effectively absorb ultraviolet (UV) light,
providing better photostability for OPVs. Third, the
transparency of the electrode is enhanced by depositing an
anti-reflection TeO, layer, more sunlight can be harvested
in OPV devices. Thus, the obtained transparent electrode
(AZAT) exhibits superior optical and electrical properties.
Finally, we implant the AZAT-based ultra-thin OPVs on
1.3 um polyimide (PI) substrates, and realize record PCEs
of 18.46%, 17.83%, and 15.67% for 0.052, 1.00, and 10.0 cm?®
devices, respectively. Encouragingly, the ultra-light weight
devices exhibit a superior power density (also known as
power-per-weight) of 40.31 W g™* at a density of 4.36 gm 2,
which is the best value among all PV technologies.

2 | RESULTS AND DISCUSSION
2.1 | High kinetic energy deposition of
AgNWs

As shown in Figure 1A, the spin-coating method is
widely employed to prepare AgNW electrodes for small-
area flexible OPVs in the laboratory. However, on the
one hand, the shear force induced by spin-coating pro-
duces an aligned arrangement and even aggregation of
AgNWs, reducing the optical and electrical properties of
the AgNW electrode. On the other hand, it is a challenge
to fabricate large-area AgNW electrodes through the spin-
coating procedure. Therefore, the development of a sim-
ple processing method capable of producing high-
performance and up-scalable AgNW transparent elec-
trodes is crucial. In this regard, as shown in Figure 1B, we
employed a high kinetic energy deposition method by
spray-coating to increase the optical and electrical prop-
erties of the AgNW electrode and realized large-area
production ability. According to the different shapes of
AgNW caused by the two deposition methods, we termed
the spin-coating AgNWs “Linear-AgNWs,” and the spray-
coating AgNWs “Curved-AgNWs.”

For the curved-AgNW electrode, the high-kinetic
energy deposition using the spraying process complies
with two fluid dynamics principles, namely the Bernoulli
principle and the Venturi effect, which are presented in
Supporting Information S1. According to the two prin-
ciples, the working mechanism of high-kinetic energy
deposition (Figure 1C,F) is illustrated as below: Air enters
the air chamber and undergoes compression while pass-
ing through an orifice surrounding the material nozzle.
Upon exiting the air chamber, the air expands, and sub-
sequently creates a zone of low pressure. This low pres-
sure draws the AgNW solution forward down the paint
passage. The solution’s flow accelerates as it is forced
through the narrow opening of the tapered nozzle. As the
airflow aligns with the needle, the AgNW solution ad-
heres to the surface of the tapered needle. Upon exiting
the needle tip, the AgNW solution atomizes into the
airflow.

To verify the effect of the high-kinetic energy depo-
sition process on the morphologies of the AgNW films,
we measured scanning electron microscopy (SEM) im-
ages of AgNW films with spin-coating and spray-coating
methods. We uniformed the sheet resistance (Ry,) of the
two electrodes to around 15.0 Q sq™' to make a clearer
comparison of morphology and optical properties. As
shown in Figure 1D and Figure S1, linear-AgNW films
exhibit an obvious radial alignment and even aggrega-
tion. However, as shown in Figure 1E, with the spray-
coating process, the curved-AgNWs are almost
randomly aligned, which is beneficial to the charge
transport of AgNWs in all directions. As shown in
Figure 1G,H, to quantitatively analyze the alignment
behavior of the AgNW films, we analyzed the orientation
degrees of the corresponding AgNW films using the Im-
age J software (the coloring basis is shown in Figure S2),
the detail methods are presented in Supporting
Information S1. As shown in Figure 1I, we plotted the
distribution densities of the orientation angles of the
linear-AgNW and curved-AgNW films. The proportion of
linear-AgN'Ws from the main alignment direction (17°) is
as high as 46.4%, while, the orientation of curved-AgNWs
is almost balanced. Moreover, the high-kinetic energy
deposition method makes the AgNWs more tightly con-
nected,** leading to improved electrical properties of the
electrode, that is, better transmittance at the same Rg;,. To
prove this, we analyzed the coverage area ratio of linear-
AgNW and curved-AgNW films under the same Rg,.
Figure S3 demonstrates that the spray-coating process
results in a lower AgNW coverage area of 32.6%,
compared to 41.0% achieved by the spin-coating method,
and the reduced coverage area is expected to enhance the
transmittance of the curved-AgNW electrode. Subse-
quently, we measured the transmittance of the two
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FIGURE 1 High kinetic energy deposition of AgNWs. (A) The schematic diagram of the spin-coating AgNWs. (B, C, and F) The
schematic diagram of the spray-coating AgNWs. The SEM images of (D) linear-AgNWs and (E) curved-AgNWs. The Image J analysis
results for orientations of (G) linear-AgNWs and (H) curved-AgNWs. (I) The distribution density of the orientation angles of AgNWs films
by spin-coating and spray-coating. AgNWs, silver nanowires; SEM, scanning electron microscopy.

electrodes (Figure S4). As expected, the high-kinetic en-
ergy deposition process can make the curved-AgNWs
more uniform, with tighter connections and a lower
coverage area, resulting in the film having a better optical
transmittance.

Schematic Figure 2A shows the curving process of
AgNWs during spraying: at the nozzle, a large volume of
high-pressure airflow expels rapidly, creating and
encapsulating blobs containing AgNWs. Substantial dis-
parities in velocities between these blobs and the sur-
rounding gas flow induce a Kelvin-Helmholtz instability,
causing the blobs to fragment into micron-sized droplets.
As the droplet size diminishes to approximate the length
of the AgNWs, the surface energy of the droplet becomes

comparable to the elastic properties of the nanowires.
However, as the droplet size further decreases to a regime
smaller than the length of AgNWs, the curvature of the
AgNWs occurs due to the capillary force of the droplet.*®
Furthermore, smaller droplets contribute to increased
curvature of the AgNWs. Therefore, the degree of cur-
vature of AgNWs can be tuned by adjusting the size of the
droplets.

For airbrushes, droplet size is controlled by the
pressure of the liquid (Pj;q) and gas (Pg,s) at the nozzle,
and the Pjq/Pg, ratio is used as the experimental
parameter to control the droplet size. It has been reported
that when the Pyq/Pg, ratio increases, the droplet size
also increases.** Subsequently, we manipulated three
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FIGURE 2 Curved AgNWs. (A) The schematic diagram of the curving process of AgNWs during spraying. The schematic diagram of
the velocity and distribution of AgNWs at the nozzle with (B) solution flow rate of 400 uL/min and Pg,g of 30 PSI, (C) solution flow rate of
700 uL/min and Pg, of 30 PSI, and (D) solution flow rate of 700 uL/min and Pg, of 18 PSL. The illustration shows authentic pictures of the
spray-coating process. The SEM images of (E) highly curved, (F) moderately curved, and (G) slightly curved AgNW electrodes. AgNWs,

silver nanowires; SEM, scanning electron microscopy.

Pyig/Pgas parameters to alter droplet size. In the first case
(Figure 2B), we controlled the flow rate of the AgNWs
solution at approximately 400 yL/min to reduce the Pjq
value, and at the same time, the Pg,s value was set to 30
PSI. In the second case (Figure 2C), we increased the flow
rate of the AgNWs solution to approximately 700 uL/min
to increase the Pj;q value, while keeping the Pg, value at
30 PSL In the third case (Figure 2D), we kept the flow
rate of the AgNWs solution constant (approximately
700 uL/min), while the Pg, value was reduced to 18 PSI.
In all three scenarios, the Pyq/Pg,s ratio gradually
increased, resulting in a corresponding increase in
droplet size. Subsequently, we conducted SEM imaging to
examine the impact of droplet size on the curvature of
AgNWs. As shown in Figure 2E-G, the curvature of
AgNWs diminishes progressively with increasing Piiq/Pgas

values. Finally, by adjusting the spraying process, we
obtained highly curved, moderately curved, and slightly
curved AgNW electrodes.

Figure 3A illustrates the top-illuminated device struc-
ture employed in this work, with optimized curved-AgNWs
asatransparent electrode. The specific optimization details
will be analyzed in the below section. Figure 3B shows the
chemical structures of active layer materials, that is, PM6
and L8-BO. In the beginning, we fabricated rigid devices
with a structure of glass/Ag/PCP-2F-Li/PEDOT:PSS/PM6:
L8-BO/ZnO nanoparticles (NPs)/AgN'Ws to investigate the
effects of the linear and curved AgNW transparent elec-
trodes on the photovoltaics performance. The device based
on the linear-AgN'W electrode delivers a PCE of 15.26%,
with an open-circuit voltage (Vo) of 0.875 V, a short-
circuit current density (Jsc) of 24.09 mA cm ™2, and a fill
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FIGURE 3 Basic characteristics of the different AgNWs-based OPVs. (A) The device structure of rigid and flexible OPVs. (B) Chemical
structures of the active layer (PM6 and L8-BO). (C) J-V characteristics of rigid devices based on linear and curved AgNW electrodes. (D) J-V/
characteristics of rigid devices based on highly curved, moderately curved, and slightly curved AgNW electrodes. AgNWs, silver nanowires;

OPVs, organic photovoltaics.

factor (FF) of 72.38%. Surprisingly, the device based on the
curved-AgNW electrode exhibits a better PCE of 16.09%,
with a Vo 0f 0.876 V, a Jsc of 24.21 mA cm ™2, and a much
higher FF of 75.88%. The J-V and external quantum effi-
ciency (EQE) curves are shown in Figure 3C and Figure S5,
with device parameters summarized in Table S1. The re-
sults demonstrate that the high-kinetic energy deposition
process is an effective way to increase the performance of
the devices.

In addition, we also measured the photovoltaic per-
formances of the highly curved, moderately curved, and
slightly curved-AgN'W electrode-based devices. As shown
in Figure 3D and Table S2, the PCEs of the corresponding
devices are 15.83%, 16.09%, and 15.51%, respectively. For a
slightly curved-AgNW electrode, the reduction in Pg,
resulted in larger droplet sizes, causing only minimal
curvature of the AgNWs. However, the diminished kinetic
energy also led to looser connections among the AgNWs,
hindering efficient charge transfer. Consequently, the de-
vice performance based on a slightly curved-AgNW elec-
trode closely resembled that of linear-AgNWs. Conversely,
highly curved-AgNWs, although tightly connected due to
the high-kinetic energy deposition method, exhibited
numerous rounded AgNWs that could form a “closed
loop” during charge transportation. This configuration
hindered the movement of charges in the horizontal di-
rection, affecting device performance unfavorably. In
contrast, moderately curved-AgN'Ws displayed a balanced

configuration-tightly connected to ensure efficient charge
transfer while avoiding the formation of closed loops. This
balanced morphology resulted in superior photovoltaic
performance.

2.2 | Optimization of optoelectronic
properties of AgNWs

As discussed above, although the high-kinetic energy
deposition process is an effective way to increase the
conductivity of curved-AgNW electrode, due to the large
number of pores between the AgNWs, the charges
generated in the flexible OPVs cannot be wholly collected
in a vertical direction, resulting in a lack of significant
improvement in device efficiency. Therefore, it is neces-
sary to further optimize the optoelectronic performance
of curved-AgNW electrode. Herein, different functional
layers, that is, ZnO, AZO, and TeO, have been explored
to optimize the charge transport, collection and trans-
mittance of curved-AgNW electrode. Among them, AZO
and ZnO act as commonly used transparent electrode and
electron transport layer materials, respectively, and TeO,
is an effective anti-reflection layer. We adopt AZO:ZnO
composite capping layer with two objectives: Firstly, the
high electron mobility of ZnO and high conductivity of
AZO synergistically decrease the possibility of charge
recombination, and enhance charge transport capability
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of the electrode. Secondly, the ZnO:AZO layer can
passivate the surface of the AgNWs and provide a
smoother interface between active layer and AgNW
transparent electrode, thereby improves significantly
charge collection efficiency of the device.*>*> While the
deposition of TeO, is expected to improve the optical
performance of the electrode (The optimization data is
shown in Table S3). The corresponding structures of
different electrodes are shown in Figure 4A. According to
the different electrode structures, we named them
curved-AgNWs, AZ (curved-AgNWs@ZnO), AZA
(curved-AgNWs@Zn0O:AZO) and AZAT (curved-
AgNWs@ZnO:AZO (1:1)@TeO,), respectively.

Further, we investigated the morphologies of elec-
trodes by atomic force microscopy (AFM) (Figure 4B) and
SEM (Figure S6). As shown, the ZnO or ZnO:AZO NPs
layers completely cover the pores between AgNWs. The
ZnO layer drastically reduces the roughness to around

a
ZnO NPs
‘Curved-AgNWs ‘Curved-AgNWs
ZnO NPs ZnO NPs
Curved-AgNWs AZ

FleXMat-WiLEYy——2

5.0 nm of the AZ electrode, and with the ZnO:AZO NPs as
the capping layer, the roughness of the AZA electrode
slightly increases to around 5.3 nm. With the deposition of
TeO,, the roughness of the AZAT electrode further in-
creases to 10.9 nm, which may be ascribed to the larger
grain size of TeO,. At the same time, as shown in Figure S7,
the cross-sectional SEM image of AZAT shows that ZnO,
AZO and TeO, can cover AgNWswell. Then, we conducted
conductivity tests on these electrodes. Illustrated in
Figure S8, both AgNW and AZ electrodes exhibited similar
Ry values, approximately 15.0 Q sq . Upon the addition of
AZO, the Ry, slightly decreased to 14.3 Q sq™" for AZA and
AZAT. Despite the moderate decrease in Ry,, it is antici-
pated that AZO effectively fills the pores within the AgNW
network, and this alteration undoubtedly enhances the
ability to transport and collect charges from the electrode.
Subsequently, we measured the transmittance of these
electrodes, as shown in Figure 4C. Due to the UV light
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FIGURE 4 Optimization of optoelectronic properties of curved-AgNWs. (A) The structure of curved-AgNWs, AZ, AZA and AZAT
transparent electrodes. (B) AFM images of the morphologies of corresponding electrodes. The transmittances of (C) corresponding
electrodes and (D) the whole devices except thick Ag. (E) J-V characteristics of devices with various transparent electrodes. AFM, atomic

force microscopy; AgNWs, silver nanowires.
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absorption ability of ZnO and AZO, the transmittance of
AZ and AZA electrodes decreases in the range of 400-
500 nm. While they exhibit a transmittance close to that of
the AgNW electrode in the range of 600-1000 nm, and they
showed the highest light transmittance of about 88.5% at
600 nm. Encouragingly, the transmittance of AZAT
significantly increases in the near-infrared region, reach-
ing an average of nearly 92.0% in the 800-1000 nm range
after the deposition of 30 nm TeO,. This enhancement
proves highly advantageous for sunlight absorption by
narrow bandgap materials, particularly benefiting high-
performance Y-series acceptors. To demonstrate the
impact of these electrodes on the optical performance of the
device, we further conducted additional tests to measure
the light transmittance of the Glass/PEDOT:PSS/PM6:L8-
BO/ZnO NPs/electrodes structure, as shown in Figure 4D.
The results indicate a considerable enhancement in
transmittance within the 600-1000 nm wavelength range
for the AZAT electrode in comparison to curved-AgNWs,
AZ,and AZA electrodes. Higher light transmittance means
that more sunlight will be reflected by the bottom silver
electrode, which will increase the light absorption capacity
of the active layer, and is expected to increase Jg..
Subsequently, we fabricated rigid OPV devices with a
structure of glass/Ag/PCP-2F-Li/PEDOT:PSS/PM6:L8-
BO/ZnO NPs/electrodes to investigate the effects of these
transparent electrodes on the PV performance. As dis-
cussed above, the OPVs based on curved-AgNW electrode
deliver a PCE of 16.09%. As shown in Figure 4E and
Table 1, with the ZnO and ZnO:AZO as capping layer, the
PCEs of AZ and AZA electrodes-based OPVs exhibit a
significant improvement to 16.41% and 16.78%, respec-
tively. Among them, the AZA-based electrode showed the
highest FF of 78.37%, which demonstrates the effective-
ness of using ZnO:AZO as a capping layer to improve the
electrical properties of the electrode. Impressively, after
the deposition of 30 nm TeO,, the device based on AZAT
electrode exhibits a high PCE of 18.44%, with a Voc of
0.881V, aJsc of 26.70 mA cm ™2, and a FF of 78.41%, which
is the best result among OPVs based on AgNW as trans-
parent electrodes. Further, we measured the charge
dissociation/collection efficiencies of these devices. As

shown in Figure S9, the overall charge dissociation/
collection probability (p) of the devices based on curved-
AgNW, AZ and AZA electrodes are 93.05%, 96.61% and
97.43%, respectively. The higher p value indicates an
improved capacity of the AZA electrode to collect charges.
These results demonstrate that the optimized optical and
electrical properties of the AgNW transparent electrode
could largely increase the PV performance of the devices.

The optical optimization of the curved-AgNW elec-
trode has significantly enhanced device performance,
primarily attributed to the increased Jsc induced by the
strong optical interference effect of TeO,. In contrast to
devices relying on AZA electrodes, those with AZAT
electrodes exhibit elevated EQE (Figure 5A), showcasing
an integrated current increase surpassing 2.0 mA cm>.
Notably, the photo-responsive region around 650 nm,
undergoes a notable transition from “valley” to “peak.”
Combining experimental results and optical simulations,
we analyzed the reasons for this noteworthy change in
detail. First, we investigated the impact of varying TeO,
thicknesses on device performance. Illustrated in
Figure S10 and detailed in Table S4, device performance
exhibits sensitivity to the thickness of TeO,. The optimal
results are achieved with a TeO, thickness of 30 nm. As
demonstrated in Figure 5B, the deposition of TeO, sub-
stantially enhances the light absorption capacity across the
whole device, resulting in a significant increase in Jsc.
However, as shown in Figure S11, once the TeO, thickness
surpasses 30 nm, the electrode’s transmittance is adversely
affected, thus inducing a gradual reduction in overall de-
vice performance. Then, we performed comprehensive
optical simulations to verify the experimental results.
Considering that ZnO and AZO have similar optical
properties, we conducted optical simulations based on
ZnO. Figure 5C illustrates the dependence of Jsc on the
active layer and TeO, thicknesses for AZAT-based OPV,
with a fixed AgNWs thickness of 100 nm, and a ZnO
capping layer of 40 nm. The results reveal a consistent
trend where, at any active layer thickness, Jsc initially in-
creases with TeO, thickness, reaching a peak at 25-35 nm,
then drops in the range of 70-80 nm before gradually rising
again. This periodic trend aligns with the optical

TABLE 1 Photovoltaic performances of the rigid OPVs with different transmittance electrodes.

Transparent electrode Voc [V] Jsc [mA cm™?]
Curved-AgNWs 0.876 24.21
AZ 0.876 24.31
AZA 0.880 24.38
AZAT 0.881 26.70

Note: The + refers to the standard deviation.

Johs ca1 [MA cm™?] FF [%] PCE [%]

22.99 75.88 16.09 (15.84 + 0.13)
23.15 76.90 16.41 (16.28 + 0.08)
23.06 78.37 16.78 (16.6 & 0.12)
25.66 78.41 18.44 (18.27 + 0.12)

Abbreviations: FF, fill factor; OPV, organic photovoltaic; PCE, power conversion efficiency.
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thickness-dependent Jsc. (D-F) Optical simulation results of optical micro-cavity in the device chambers with different transparent

electrodes. EQE, external quantum efficiency.

interference effect. Similarly, the Jsc variation trend with
active layer thickness follows a comparable pattern. The
Jsc reaches the highest value with an active layer thickness
around of 80-90 nm. Figure S12 illustrates the dependence
of Jsc on the active layer and ZnO thicknesses for AZAT-
based OPV. The result suggests that the thickness of ZnO
will not affect the variation trend of Jgc with active layer
thickness. Consequently, optimal Jsc is attained with an
active layer thickness of 80 nm and a TeO, thickness of
30 nm. Further, as shown in Figure 5D,E, we simulated the
optical microcavities inside the device, and the results
indicate a strong light response around 450 nm for devices
with curved-AgNW and AZA electrodes. After the depo-
sition of TeO,, a strong light response range appeared
around 650 and 880 nm. These simulation results are
consistent with experimental findings, that is, the light
response of curved-AgNW and AZA electrodes is greater
than that of AZAT electrodes before approximately
450 nm. However, as shown in Figure 5F, after depositing
TeO,, the light response region shifts, and the light
response of the AZAT electrode remains stronger than that
of curved-AgN'W and AZA electrodes beyond 450 nm, with
peaks occurring around 650 nm and in the 800-900 nm
range. Furthermore, as shown in Figure S13, the shape of
the simulated EQE (by assuming 100% internal quantum
efficiency) matches well with the experimental results,
validating the reliability of optical simulations.

2.3 | Ultra-thin OPV device

Ultra-light weight and ultra-flexibility are among the most
valuable features of OPVs. One outstanding advantage of
the top-illuminated device structure is that the incident
light need not transmit the substrate to get absorbed by the
photoactive layer, which relieves the dependence of the
device performance on the optical property of the sub-
strate, rendering more freedom in substrate selection.
Thus, after obtaining high-efficiency rigid top-illuminated
devices, we have further fabricated ultra-thin OPV devices
on 1.3 um PI substrates to expand the application scenarios
(as shown in Figures 3A and 6A). The detailed preparation
process for ultra-thin OPVs is shown in the Experimental
Section. The corresponding J-V characteristics of small-
area ultra-thin OPV devices are depicted in Figure 6C,
and Table 2 summarizes the device parameters. As shown,
the 0.052 cm? ultra-thin OPV device exhibits a record PCE
of 18.46%, with a V¢ of 0.882 V, a Jsc of 26.62 mA cm 2,
and a FF of 78.59%, which is the highest result for ultra-thin
OPVs (statistical data as shown in Figure 6D and Table S5).
Subsequently, as depicted in Figure S14, we peeled the
ultra-thin device from the glass substrate, resulting in
“freestanding OPVs.” This design advantage allows easy
attachment of ultra-thin OPVs to items of various shapes.
Asshown in Figure S15 and Table 2, the freestanding OPVs
exhibit a marginal drop in PCE to 18.10%, indicating the
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TABLE 2 Photovoltaic performances of the various ultra-flexible OPVs.

Device area [cm?] Voc [V] Jsc [mA cm™?] FF [%] PCE [%]

0.052 0.882 26.62 78.59 18.46 (18.24 + 0.13)
0.052 (peel off) 0.869 26.58 78.35 18.10 (17.91 + 0.12)
1.00 0.875 26.49 76.90 17.83 (17.64 + 0.13)
10.0 (GFF: 97.4%) 0.866 25.84 70.20 15.67 (15.46 + 0.19)

Note: The + refers to the standard deviation.

Abbreviations: FF, fill factor; OPVs, organic photovoltaics; PCE, power conversion efficiency.
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robustness of the device structure. As the thickness of the
PIsubstrateisas thin as 1.3 um, as shown in Figure S16, the
combined weight of five ultra-thin OPVs with 1.5 cm by
1.5 cm sizes, totals only 3.44 mg. Equally, a 1 m* device has
aweight of4.58 gand a maximum power output of 184.6 W.
Consequently, the calculated power density for the ultra-
thin OPVs stands at an impressive 40.31 W g%, surpass-
ing all other PV technologies (statistical data as shown in
Figure 6E and Table S6).*"* To demonstrate the scal-
ability of the device, especially the AZAT transparent
electrode, as illustrated in Figure 6C, Figure S17 and
Table 2, we fabricated a 1.00 and 10.0 cm? large-area ultra-
thin OPVs and yielded high PCE of 17.83% and 15.67%,
respectively. This confirms the up-scaled potential of our
ultra-thin OPVs.

Then, as shown in Figure 6F, we conducted mechani-
cal durability tests involving compression-stretching cy-
cles. As observed in Figure 6G and Figure S18, the ultra-
thin OPV displayed 95.2% PCE retention after enduring
5000 compression-stretching cycles at 30% compression.
Detailed photovoltaic parameters are available in Table S7.
Figure 6F illustration demonstrates that when the ultra-
thin OPV underwent a 30% compression, it exhibited
wrinkling with a bending radius of approximately 20 pm,
meeting the stringent standards for ultra-thin OPVs. The
reduction in efficiency primarily stems from substrate
deformation during compression, resulting in an irre-
versible decrease in device area and subsequent decline in
Jsc, while Vo and FF remain nearly unchanged. For a
clearer illustration of the ultra-light weight characteristics,
we placed the large-area ultra-thin OPVs on a dandelion,
as depicted in Figure S19. Remarkably, the dandelion
effectively supports the devices without any signs of
deformation. Furthermore, as shown in Figure 6B, to
showcase the adaptable fitting capability of the ultra-thin
OPVs, we attached the device to the human wrist,
demonstrating its excellent conforming ability. This
characteristic holds significant potential for advancing
power supplies tailored for wearable devices.

Moreover, we studied the effect of the electrodes, that
is, linear-AgNW, curved-AgNW, and optimized curved-
AgNW (AZAT), on the flexibility of ultra-thin OPVs. As
shown in Tables S7-S9, and Figure S20, after enduring 5000
compression-stretching cycles at 30% compression, the
PCEs retention of corresponding electrodes are 88.3%,
93.4%, and 95.2% for linear-AgNW, curved-AgNW, and
AZAT, respectively. Due to the smaller gaps and tight
connections in the curved-AgNWs, they are less prone to
loosening during bending, resulting in superior electrical
performance retention. Simultaneously, the spraying pro-
cess has induced pre-existing bends in the curved-AgNW.
These inherent curved structures effectively disperse
stress, enhancing the stability of the curved-AgNW during

deformation and demonstrating commendable adapt-
ability. Then, after optimization of the ZnO:AZO capping
layer, the electrode will become more robust, and the
flexibility of the AZAT electrode is further improved.
Considering that UV light is one of the important factors
damaging device performance, and that the UV light ab-
sorption capabilities of curved-AgNW, AZA, and AZAT
electrodes increase gradually (Figure 4C), we investigated
the UV light stability of these electrode-based devices.
Ilustrated in Figure S21a, after 20 h of exposure to 365 nm
UV light, the efficiencies of ultra-thin OPV devices using
curved-AgNW, AZA, and AZAT electrodes decreased to
57.8%, 69.8%, and 71.2%, respectively. This highlights the
potential superiority of the AZAT electrode in UV light
stability. Furthermore, as shown in Figure S21b, we
confirmed that the deposition of the capping layer can
significantly improve the thermal stability of the device.
After 4 days thermal treatment at 85°C, the PCEs of ultra-
thin OPV devices using curved-AgNW, AZA, and AZAT
electrodes remained 37.8%, 70.0%, and 68.5% of initial
values, respectively. These results underscore the signifi-
cance of optimized transparent electrodes for flexible
OPVs, validating the substantial advantage of AZAT as a
transparent electrode.

3 | CONCLUSIONS

In summary, we developed an ultra-thin OPV device with a
fully optimized AgNW transparent electrode that is,
AZAT, and demonstrated that the ultra-thin OPV device
simultaneously delivered the merits of a high perfor-
mance, superior flexibility and excellent scalability. First,
the high-kinetic energy spray-coating method has ach-
ieved a curved shape, tightly connected and uniformly
distributed AgNW films. Second, using AZO:ZnO as the
capping layer further improves the conductive properties
and charge collection capabilities of AgNWs. Third, the
optical properties of the transparent electrode are further
improved by depositing an anti-reflection layer, that is,
TeO,. This enables the ultra-thin OPVs to show bench-
mark PCEs of 18.46% for 0.052 cm?, 17.83% for 1.00 cm”,
and 15.67% for 10.0 cm® devices. Encouragingly, the ultra-
thin OPVs exhibit an excellent power density of
4031 W g‘l, which is the best result among PV technolo-
gies. These results offer valuable insights for advancing the
development of ultra-thin OPVs with high efficiency,
ultra-lightweight, superior flexibility, and scalability.
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