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Abstract: Organic photovoltaic ( OPV ) devices hold great
promise for indoor light harvesting, offering a theoretical
upper limit of power conversion efficiency that surpasses
that of other photovoltaic technologies. However, the
presence of high leakage currents in OPV devices commonly
constrains their effective performance under indoor
conditions. In this study, we identified that the origin of the
high leakage currents in OPV devices lay in pinhole defects
present within the active layer ( AL). By integrating an
automated spin-coating strategy with sequential deposition
processes, we achieved the compactness of the AL and
minimized the occurrence of pinhole defects therein.
Experimental findings demonstrated that with an increase in
the number of deposition cycles, the density of pinhole
defects in the AL underwent a marked reduction.
Consequently, the leakage current experienced a substantial
decrease by several orders of magnitude which achieved
through well-calibrated AL deposition procedures. This
enabled a twofold enhancement in the power conversion
efficiency (PCE) of the OPV devices under conditions of
indoor illumination.
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0 Introduction

Organic photovoltaic ( OPV ) technology has
significant potential for development in the field of
renewable energy due to its advantages such as simple
fabrication processes, low cost, flexibility and
foldability'®. In particular, OPV technology exhibits
excellent photovoltaic performance under weak indoor
light conditions, with theoretical power conversion
efficiencies ( PCEs) over 50%'*"'. This characteristic
makes OPV devices the optimal choice for passive power
supply in indoor electronic devices, thereby driving the
advancement of emerging electronic technology fields

Received date. 2023-08-25

)\13—18\

including the Internet of Things (IoT

The potential of indoor light OPV devices far
surpasses that of inorganic photovoltaic devices, and this
can be attributed to the unique properties of OPV
materials "**'.  Under weak indoor light conditions,
inorganic  photovoltaic ~ devices  generate  lower
concentrations of charge carriers”'™'. At such
conditions, charge carriers experience significant surface
and interface recombination within the inorganic
semiconductor, due to the presence of high density of
defects in inorganic materials, which greatly limits the
indoor photovoltaic performance of the devices. In
contrast, organic semiconductor materials have fewer
surface and interface defects''®*?". Therefore, under
weak light conditions, the photo-generated free carriers in
OPV devices can still be efficiently collected by the
electrodes, resulting in exceptional photovoltaic
performance. Additionally, of greater importance is the
ability of organic semiconductor materials to be optically
designed specifically for indoor light-emitting diode
(LED) spectra®®'. This enables the matching of the
absorption spectrum of the organic photoactive layer with
the emission spectrum of the LED, further enhancing the
photovoltaic performance of OPV devices under indoor
LED illumination.

Although indoor light OPV devices have the
aforementioned advantages, the devices suffer from
higher leakage currents due to their thin active layer
(AL), which is only a few tens of nanometers thick.
While such leakage issues have a minor impact on the
performance of outdoor OPV devices' ™ | they severely
limit the performance of the devices under indoor weak
light conditions. Therefore, the leakage issue is crucial in
determining the indoor light performance of OPV
devices. The reason for the high leakage current in OPV
devices lies in the presence of numerous pinhole defects
in the AL prepared by solution processing'™**'. These
defects make it easier for the anode and cathode of the
device to come into direct contact, resulting in a small

shunt resistance R, and a high leakage current' ™"’
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Since the density and random distribution of pinhole
defects in the AL are significant, this also leads to poor
reproducibility of the photovoltaic performance of indoor
OPV devices under weak light conditions™*"'. For OPV
devices, the generation of pinhole defects mainly stems
from the complex dynamics of the solution-coating
process. To address this issue, new deposition strategies
need to be developed to suppress the probability of
pinhole defect occurrence and its impact on device
leakage current.

In this work, we improved the reproducibility of
solution-processed organic ALs by developing an
automated spin-coating strategy. By combining the
automated spin-coating strategy with sequential deposition
processes, we significantly enhanced the compactness of
the AL and reduced the density of pinhole defects in the
AL. Experimental results showed that as the number of
depositions increased, the density of pinhole defects in
the AL decreased significantly. When the number of
depositions exceeded three, no apparent pinhole defects
were observed in the AL, leading to an increase in R of
the devices with an increasing number of depositions.
Thus, the automated sequential deposition strategy greatly
improved the performance of the devices under weak
indoor light conditions. These results emphasize the
significance of AL processing conditions in suppressing
device leakage current, thereby enhancing the
performance of indoor OPV devices.

1 Materials and Methods

1.1 Materials

Polymer donor PM6 ( poly[ (2, 6-(4, 8-bis(5-(2-
ethylhexyl-3-fluoro ) thiophen-2-yl ) -benzo [ 1, 2-b:4, 5-
b’ ]dithiophene) ) -alt-(5, 5-(1', 3’-di-2-thienyl-5", 7'-
bis( 2-ethylhexyl) benzo[ 1’, 2'-c:4’, 5’-¢’ ] dithiophene-
4, 8-dione ) ]) was synthesized following the method
reported in Ref. [ 35]. The non-fullerene electron
acceptor Y6 (2, 2'-((2Z, 2'Z)-((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-3-0x0-2, 3-dihydro-1H-indene-2,
1-diylidene ) ) dimalononitrile ) was purchased from Suna
Tech. Inc., China. 1-Chloronaphthalene, chloroform and
other routine chemicals were purchased from Sigma-
Aldrich, China.
1.2 Device fabrication

The OPV devices in this work were fabricated using
an indium tin oxide (ITO )-free device architecture of
glass/Ti (2 nm)-Al (100 nm)-Ti (2 nm)/PM6 : Y6/
MoO,(10 nm)/Ag (5 nm). The glass substrates were
firstly cleaned using TL-1 for 40 min at 90 C, where
TL-1 was the mixture of NH, - H,O ( mass fraction;
25%) , H,0,( mass fraction: 30% ) and ultra-pure water
in a volume ratio of 1 :1 :5. The Ti-Al-Ti multilayer

electrode was successively deposited through a shadow
mask under a vacuum pressure of 2 x 107" Pa. The
PM6:Y6 solution was prepared utilizing chloroform as
host solvent mixed with 1-chloronaphthalene in a volume
fraction of 0.5% as an additive. The mass ratio of the
donor PM6 to the acceptor Y6 was 1 @ 1.2. The mass
concentrations of the active materials were 16, 12, 10,
8, 6 and 4 mg/mL in total for the ALs obtained from 1,
2,3, 4, 5 and 15 spin-coating times, respectively. The
ALs were deposited on top of the Ti-Al-Ti coated glass
substrates by spin-coating method with a spin speed of
3 000 r/min. The thicknesses for all the ALs were about
100 nm. After that, the substrates were transferred into a
vacuum chamber located in a glove box filled with
nitrogen. Finally, MoO, (10 nm) and Ag (5 nm)
layers were deposited under a vacuum pressure of 2x107"
Pa through a shadow mask. The active area for the OPV
devices was 0. 04 cm®.

1.3 Device characterizations

The current density-voltage ( J-V) curves were
recorded with a Keithley 2450 source meter ( Tektronix,
USA) under different illumination conditions. For the
outdoor performance of the OPV devices, a simulated
solar illumination (100 mW/cm®, AM 1.5 G) from a
solar simulator (Newport-Oriel® Sol, class AAA, USA)
was used as the illumination source. The indoor
photovoltaic performance of the OPV devices was
determined using a white LED lamp (6 500 K) as the
illumination, the spectral of the LED lamp was calibrated
by a spectrometer ( KYMERA-3281-B2, coupled with a
charge-coupled device (CCD) camera, DU970P-BVF,
Andor, UK) , with the spectral irradiance varied by using
neutral density filters.

External quantum efficiency ( EQE) spectra were
obtained using a homebuilding setup, with a halogen
lamp ( 150W, LSP-T75, Newport, UK), an optical
chopper ( Newport, USA), a monochromator ( CS260-
RG-3-MC-A, Newport, USA ) and a pre-current
amplifier (Model SR570, Stanford, USA).

Ultraviolet-visible-near infrared ( UV-Vis-NIR )
spectroscopy absorption spectra were determined with a
UV-Vis-NIR  spectrophotometer ~ ( Lambda 950,
PerkinElmer, USA).

The AL thicknesses were recorded by a profilometer
( Tensor P-7 Stylus Profiler, KLA, USA).

Atomic force microscopy ( AFM ) images were
determined using an Agilent 5500 instrument ( Agilent
Technologies, Inc. , USA) in a tapping mode.

Reflectance microscope images of the AL thin films
were measured with an LVIOONPOL/Ci-POL ( Nikon,
Japan).

2 Results and Discussion
2.1 Performance of OPV devices constructed by

manual and automated spin-coating process
In order to investigate the influence of the manual
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spin-coating process on the performance of OPV devices,
we employed the PM6:Y6 system™ | a classic
commercially available donor-acceptor system, as the AL
in our study. The chemical structures of these active
materials are depicted in Fig. 1 (a), while their
electrochemical and optical properties are shown in
Figs. 1(b) and 1(c), respectively. We fabricated ITO-
free devices using an inverted structure with the following
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device architecture; glass/Ti/Al/Ti/AL/MoO,/Ag""".
Initially, a solution of PM6:Y6 with a mass
concentration of 16 mg/mL in chloroform was manually
spin-coated onto the Al-Ti substrate electrode.
Subsequently, MoO, (10 nm) and Ag (5 nm) were
deposited onto the AL to complete the fabrication of the
OPV devices. A total of 20 sets of devices were prepared
under the same conditions.
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Fig. 1 Material characterizations; (a) chemical structures of donor and acceptor materials; (b) energy levels of active materials;
(¢) UV-Vis-NIR absorption spectra of thin films based on pure PM6 and pure Y6

The dark J-V curves of these devices were
measured, as shown in Fig. 2(a). Next, the R, values
of the devices were calculated, and the dark current
density values at a bias of —0.5 V, referred to as the
leakage current density J,, of the devices, were
obtained. Subsequently, the R, and J_, values for the
20 sets of devices were plotted in Fig. 2 (b). From
Figs.2(a) and 2(b), it can be observed that the R,
values of the OPV devices obtained via the manual spin-
coating method are quite dispersed, ranging from 0. 3 to
354.9 k/cm®, with relatively low values and an
average of approximately 10 k{}/cm’. Similarly, the J,,
values of the devices also exhibit significant dispersion,
ranging from 7. 5107 to 34. 8 mA/cm? for the 20 sets of
devices at —0.5 V. Due to the small R, values, the
devices exhibit high leakage current, with an average J,,

of 0.5 mA/cm®. For representative OPV devices with an

average R, , the J-V curves were measured under the
AM1.5 (100 mW/cm®) illumination condition and
different LED (6 500 K) illumination intensities. The
results are presented in Fig. 2(c) and Table 1. It can be
observed that under the AMI. 5 illumination condition,
the device exhibits a short-current density J, of
19. 26 mA/cm”, open-circuit voltage V,, of 0. 84 V, fill-
factor (FF) of 69.0% , and PCE of 11.21%, which are
decent, compared to that reported in the literature.
However, under LED (6500 K) illumination conditions
with an intensity of 10000 lux ( light intensity P, =
3.34 mW/cm®), the device’ s PCE decreases to 8.22%.
This is primarily attributed to the increased leakage current,
leading to significant reductions in V and FF under weak
light conditions. Further reduction of the LED intensity to
2000 lux results in a decrease in V,_ and FF to 0.33 V and
32% , respectively, with a PCE of only 2. 76%.
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Fig. 2 PM6:Y6 based OPV device performance and fabrication method comparison: (a) dark J-V curves of the devices employing the manual
spin-coating fabrication method; (b) R, and J,.,, at —=0. 5 V across a set of 20 devices fabricated using both manual and automated spin-
coating methods; (c¢) J-V curves of the devices manufactured through the manual spin-coating method; (d) dark J-V curves of the
devices employing the automated spin-coating fabrication method; (e) J-V curves obtained with different light sources of the OPV

devices fabricated by automated spin-coating method

In order to reduce the dispersion of device R
and leakage current and facilitate the identification of
experimental methods for reducing device leakage
current, we employed an automated spin-coating
method to fabricate the AL of the devices. In the
automated spin-coating process, the solution of the
active material is automatically dispensed at a
constant rate from a highly fixed syringe onto a
substrate that is spinning at a specific rotational
speed. The thickness of the AL is controlled by
adjusting the solution concentration and substrate
rotation speed. By regulating the injection speed and
height of the  solution, the  macroscopic
reproducibility of the active thin film is controlled.
After optimizing the processing parameters of the
automated spin coater, we deposited a solution of
PM6 :Y6 with a mass concentration of 16 mg/mL in
chloroform as the AL to fabricate ITO-free OPV
devices. Similarly, 20 sets of devices prepared under
the same conditions were subjected to dark J-V curve
testing, as shown in Fig. 2 (d). The statistical
results for R, and J,, are presented in Fig. 2 (D).
From the statistical results of R, and J,,, it can be
observed that the dispersion of R and J,, values for
the devices fabricated using automated spin-coating is
significantly lower compared to those obtained from
manual spin-coating of OPV devices. The R values
of the devices fabricated via automated spin-coating

are within the range of 9. 2 to 359. 6 kQ)/cm’, while
the corresponding J,, values are within the range of
5.5%x107%to 0. 58 mA/cm®. It is worth noting that,
compared to the manual spin-coating process, the
automated spin-coating strategy also alleviates the
leakage problem of the devices. The average R of
the devices fabricated via automated spin-coating
increased to 20 kQ/cm?, while the average J, was
0.1 mA/cm”.

Then, we tested the J-V curves of the devices with
R, at the average level under different illumination
conditions. As shown in Fig. 2(e) and Table 1, under
AML1. 5 illumination condition, the devices exhibited
performance consistent with those fabricated using manual
spin-coating, with a PCE of about 11%. This result
further indicates that the magnitude of the leakage current
has no significant impact on the device’ s performance
under strong illumination conditions. However, the
devices obtained through automated spin-coating still
exhibit relatively large J,, , which should limit their
performance under weak light conditions. Indeed, under
LED (6500 K) illumination conditions, when the light
intensity is 10000 lux, the device’ s PCE decreases to
8.41%. This indicates that although the automated spin-
coating strategy can significantly reduce the dispersion of
device R, and J,,, , it does not significantly improve the
photovoltaic performance of OPV devices under weak
light conditions.



392 WANG Xiang, GAO Jiaxin, LI Zheng, et al.

Table 1 Representative photovoltaic performance parameters for the OPV devices based on PM6 : Y6 fabricated by manual or
automated spin-coating method

Method Light source Intensity/lux Power/(mW/cm?) J,./(mA/cm®) Vo/V FF/ % PCE/%
AML1. 5 213 000 100. 000 19. 260 0. 840 69.0 11.21
LED 10 000 3.340 0.940 0. 646 45.4 8.22

Manual
LED 2 000 0. 668 0. 180 0.329 32.0 2.76
LED 500 0. 167 0. 048 0. 190 28.7 1.58
AMI. 5 213 000 100. 000 19. 020 0. 834 69. 2 10. 97
Automated LED 10 000 3.340 0.930 0. 652 46.4 8.41
(1 layer) LED 2 000 0. 668 0. 150 0. 401 34.2 3.00
LED 500 0. 167 0. 040 0.206 29.0 1. 44
AMLI. 5 213 000 100. 000 19. 300 0. 830 69.7 11.20
Automated LED 10 000 3.340 0.930 0.716 54.3 10. 85
(2 layers) LED 2 000 0. 668 0. 190 0.542 40.3 6. 08
LED 500 0. 167 0. 035 0.312 35.4 2.29
AML1.5 213 000 100. 000 19. 360 0. 836 70.0 11.33
Automated LED 10 000 3.340 1. 000 0.739 70. 6 15.57
(5 layers) LED 2 000 0. 668 0. 200 0. 656 62.4 12.43
LED 500 0. 167 0. 050 0.614 53.1 9.72
AMLI. 5 213 000 100. 000 19. 140 0. 835 70.8 11. 41
Automated LED 10 000 3.340 0.940 0.735 70.2 14. 58
(15 layers) LED 2 000 0. 668 0. 180 0. 657 62.2 10. 93
LED 500 0. 167 0.043 0. 566 51.7 7.57

To identify the reasons for the large J,, in the
devices, we characterized the distribution of pinhole
defects in the ALs using reflectance microscopy, as
shown in Figs. 3(a) and 3(b). It can be observed that
both the manual and automated spin-coating ALs exhibit a
high density of pinhole defects. Consequently, the
positive and negative electrodes of the devices directly
contact each other through these pinhole defects, causing

()

2.2 Impact of sequential deposition strategy on the
performance of OPV devices fabricated using
automated spin-coating method

To address the aforementioned pinhole issues, we
developed a sequential deposition process for the AL.

The proposal of this experimental strategy is primarily

based on the hypothesis that pinhole defects originate

short circuits and resulting in device leakage. By
analyzing the reflective microscopy images, we found
that the proportionate area of pinhole defects in the ALs
reached as high as 11%. In order to enhance the
device’s performance under indoor light conditions,
further development of experimental methods that can
reduce pinhole defects and device leakage current is
necessary.

(b)
Fig.3 Reflectance images of PM6:Y6 AL thin films prepared in different methods; (a) manual spin-coating; (b) automated spin-coating

from the dewetting during the drying process of the AL.
Using the sequential deposition strategy, we aimed to
reduce the density of pinhole defects in the AL obtained
from a one-time deposition by depositing the AL
multiple times. This, in turn, would reduce device
leakage current and enhance the photovoltaic
performance of the devices under weak light conditions.
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Initially, we investigated the photovoltaic performance
of devices based on a two-time automated spin-coating
approach. To ensure consistent AL thickness, the mass
concentration of the active material solution was reduced
to 10 mg/mL. More specifically, the solution was spin-
coated to form the AL, and another layer of the active
material was spin-coated on top of the previously
deposited AL using the same conditions. The total
thickness of the AL reached 100 nm after the two spin-
coating steps. We then examined the optical microscopy

1-layer P=10.7% P=6.9% | 3-layer

2-layer

1-layer P=10.4% || 2-layer 3-layer

P=12%

4-layer

4-layer

and AFM images of the ALs processed with one- and
two-time spin-coatings. The reflectance images and
AFM height images are shown in Fig. 4 and the
proportionate area P of pinhole defects in the ALs was
indicated in the images.

As shown in Fig. 4, compared to the AL obtained
from a single spin-coating, the density of pinhole defects
in the AL obtained from two consecutive spin-coatings
was significantly reduced, aligning with our previous
expectations.
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Fig.4 Morphology of PM6:Y6 AL thin films obtained utilizing automated spin-coating method: (a) reflectance images; (b) AFM height images

Subsequently, we tested the dark J-V curves of the
devices, as shown in Fig. 5 (a). Similarly, we
selected 20 sets of device J-V curves for data analysis
of R, and J,, , as presented in Figs. 6(a) and 6(b).
The test results demonstrate that after two consecutive
spin-coatings of the AL, the dispersion of R and J,,
values significantly decreased due to the noticeable
reduction in pinhole defects within the AL. The range
of R, was 37.4-510.9 kQ/cm®, with corresponding

J.. values ranging from 8.7 X 107 mA/cm® to
0.19 mA/cm®. Additionally, compared to devices
based on a single spin-coating AL, the two-time spin-
coating of the AL led to a significant increase in R,
with an average value of 200 k{/cm?®. Consequently,
the J,, of the devices obtained after the two spin-
coatings was notably suppressed, with the average J,,
being only 10% of that obtained from devices with a
single spin-coated AL.
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Fig. 6 Electrical characteristics of PM6 :Y6 based OPV devices fabricated via automated spin-coating: (a) Ry ; (b) Jy at
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To investigate the impact of two consecutive spin-
coatings of the AL on the photovoltaic performance of the
devices under weak light conditions, we also tested the
J-V curves of the devices under different LED (6500 K)
illumination intensities. The results are shown in
Fig. 7(a), and the photovoltaic performance parameters
are summarized in Table 1. It can be observed that with
the AL processed with two spin-coatings, the OPV
devices exhibited better photovoltaic performance. When
the light intensity was 10000 lux, the devices achieved a
V,.of 0.716 V, an FF of 54.3% and a corresponding
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PCE of 10.85%. Furthermore, when the light intensity
was further reduced to 2000 lux, the device’ s PCE
reached 6. 08% , with a V of 0.542 V and an FF of
40.3%. These values were significantly higher than the
photovoltaic performance of the OPV devices with the AL
processed with one-time spin-coating, under the same
illumination conditions. However, it is worth noting that
even in the AL processed with two-time spin-coating,
pinhole defects can still be observed, and the photovoltaic
performance of the devices is still limited when the light
intensity is further decreased to 500 lux.
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Fig. 7 Performance characterizations of PM6 : Y6 based OPV devices fabricated via automated spin-coating: J-V curves of
(a) 2-layer, (b) 3-layer, (c) 4-layer, (d) 5-layer and (e) 15-layer based devices; (f) EQE spectra
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To further reduce the J,, of the devices, we
increased the number of spin-coatings for the AL. By
adjusting the concentration of the PM6 : Y6 solution in
chloroform, we obtained 100 nm thick ALs through 3, 4,
5 and 15 spin-coating cycles. The optical microscopy and
AFM test results of these ALs are shown in Fig. 4. It can
be observed that as the number of spin-coatings increases,
the density of pinhole defects in the AL gradually
decreases. When the number of spin-coatings reaches 5,
pinhole defects are practically not observed. The dark
J-V curves of the devices fabricated based on the 3-layer,
4-layer, 5-layer and 15-layer ALs are shown in Fig. 5.
The statistical analysis of R, and J,, for 20 sets of
devices is summarized in Figs. 6(a) and 6(b). From
Fig. 6, we can see that as the number of spin-coatings
increases, the dispersion of R, remains relatively
unchanged, but the average value of R increases. When
the number of spin-coatings reaches five, the R of the
devices stabilizes, with an average value of approximately
1x10” kQ)/cm®. At this point, the J,, of the devices also
stabilizes, at around 1 x 10 mA/cm®. Under LED
(6500 K) illumination conditions, even at a low light
intensity of 500 lux, the devices still exhibit considerable
PCE, approximately 9. 72%.

The reason why the sequential deposition process led
to reduced density of pinhole defects can be attributed to

1-layer ! Cleaned

the following. Due to the high rotational speed during
spin-coating, the solvent evaporates rapidly. Since the
same solvent is used for each layer deposition, the
subsequent deposition of the AL has no destructive effect
on the previously deposited layers. In this case, taking
the example of the two-time deposition process for the
AL, although pinhole defects exist in both the first and
second deposition layers, the locations of the pinhole
defects differ between these two layers. Furthermore,
during the second deposition of the AL, there is a high
probability that the pinhole defects in the first layer will
be filled by the second layer. Therefore, the two-time
deposition can effectively reduce the density of pinholes
that can penetrate the entire AL, thereby reducing the
likelihood of contact between the cathode and anode in
the OPV device, improving R, and decreasing J_, .

To confirm that the sequential deposition process did
not cause damage to the previously deposited ALs, we
conducted an experiment by depositing a layer of active
material on a glass substrate and then using the same spin-
coating conditions to spin-coat pure chloroform solvent
without the active materials. The surface profilometer
measurements revealed that after spin-coating the pure
solvent, the thickness of the AL remained almost
unchanged, and the density of pinhole defects in the AL
did not change (Fig. 8).

4-layer

Fig. 8 Reflectance images of PM6 Y6 AL thin films with different layers by automated spin-coating: (a) 1-layer; (b) following

a cleaning step involving pure chloroform applied on top of the film from (a); (c) 4-layer

3 Conclusions

In this study, we investigated leakage currents in
OPV devices, which hindered their performance under
indoor illumination conditions. The high density of
pinhole defects in the AL fabricated from a solution was
identified as the root cause of these elevated leakage
currents. By combining an automated spin-coating
strategy with sequential deposition processes, the
compactness of the AL was significantly enhanced, and
the density of pinhole defects within it was mitigated.
Our findings demonstrated that as the number of
deposition cycles increased, the density of pinhole defects
in the AL notably decreased. Beyond three deposition

cycles, pinhole defects were virtually absent in the AL,
resulting in an escalating R, in correlation with the
number of depositions. As a result, the automated
sequential deposition strategy substantially enhanced
device performance under weak indoor light conditions.
Specifically, for OPV devices based on PM6:Y6,
evaluated under 6500 K LED illumination at an intensity
of 10000 lux, the PCE derived from a single spin-
coating process only reached 8.41%. In contrast, the
PCE of devices with the AL coated via five depositions
escalated to 15. 57%. These results underscore the crucial
role of AL processing conditions in curbing device
leakage current, ultimately amplifying the performance of
indoor OPV devices.
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