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ABSTRACT: The ability to achieve notable indoor power conversion
efficiency (PCE) makes organic photovoltaics (OPV) a potential
technology for indoor applications. Currently, ongoing research in
indoor OPVs focuses on improving both their indoor PCE and their
stability. However, little attention has been given to investigating the
fabrication yield of indoor OPVs, a pivotal determinant of their potential
commercial viability. In this study, we discovered that despite assessing
the PCE of OPVs under indoor and solar illumination conditions using
the same devices, the fabrication yields under these distinct light sources
vary significantly. Employing diverse analytical measurements, we
elucidated the underlying mechanisms contributing to this variance.
Our findings suggest that disparities in fabrication yield resulted from the
interfacial interactions between the hole transport layer (HTL) and the
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active layer. Particularly, the interfacial behavior between these layers plays a decisive role in achieving elevated fabrication yields in
indoor OPVs. Furthermore, we demonstrate the function of a combination of two HTLs (TAPC/Mo0Q,), which not only enhances
the indoor PCE of OPVs but also substantially improves the fabrication yield of indoor OPVs. Our study offers insights and critical
guidance for the advancement of indoor OPVs with high fabrication yields.

KEYWORDS: organic photovoltaics, indoor light, fabrication yield, hole transport layer, interfacial behavior

B INTRODUCTION

Recently, the pursuit of efficient and environmentally friendly
energy solutions has led to significant advancements in the
field of organic photovoltaics (OPVs). Organic materials
present unique properties and versatility garnering substantial
interest due to the advantages of low cost, mechanical
flexibility, lightweight, and solution processability. As an
emerging renewable energy, OPV has achieved a power
conversion efficiency (PCE) of up to ~20% under sunlight due
to the utilization of novel low bandgap polymer donor and
non-fullerene acceptor (NFA) materials in the active layer.' ™
However, the PCE of OPV is profoundly influenced by the
application conditions, such as heat, moisture, illumination,
and their combination. Thus, facile and powerful strategies for
simultaneously enhancing the efficiency and stability of OPVs
are still being developed. With regard to the issues mentioned
above, recent studies have explored the role of interfacial
morphology,g_10 intermolecular interactions,"'™** and energy
level alignments in governing charge transport,ls’16 and overall
device stability,'” providing an in-depth analysis of the
relationship between intrinsic mechanisms and performance.
Additionally, organic materials are easy to control the
absorption region via molecular design and have high
absorption coefficients in the visible light range that closely
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match the broad light spectrum,'®™** making them feasible for
indoor applications. The PCE of OPV devices is mainly
determined by the surrounding illumination conditions, which
can vary widely from natural sunlight to artificial lighting
sources. Because of the rapid development of OPVs under
solar illumination in recent years, OPVs under indoor lighting
have also received significant attention and have made relative
progress. Hence, recent research endeavors have strived to
engineer OPVs with a relative performance under solar and
artificial illumination. The theoretical indoor efficiency of an
OPV can reach up to 60%, whereas OPVs have already
achieved an indoor PCE of around 30% and thus still do not
reach the maximum values.”*~*’

Many research teams have employed various strategies to
improve the PCE of OPVs under sunlight, including selecting
materials to increase light absorption, tuning the fabrication
process to optimize interfacial contact, and utilizing annealing
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and additives to improve the internal nanostructure and
morphology. The performance differences of OPVs under
sunlight and indoor light conditions have been broadly
discussed. Generally, under solar illumination the short current
density (Jsc) and fill factor (FF) of OPVs are significantly
affected by the series resistance (Rs), while the shunt resistance
(Ry,) is less significant due to inverse relation to photocurrent.
On the contrary, under indoor light conditions with reduced
light intensity, the decrease of Jsc reduces the effect of Rs on
the indoor PCE, and instead, OPVs with high Ry can show
good indoor PCE.” Moreover, our recent study has also
highlighted the critical role of Ry, monomolecular recombi-
nation, and trap depth in influencing the indoor PCE of
OPVs.*! For indoor OPVs, increasing the open circuit voltage
(Voc) value of the OPV is particularly crucial for achieving
high indoor PCEs. Yang et al. have demonstrated that by
augmenting the energy gap between the highest occupied
molecular orbital (HOMO) of the donor material and the
lowest unoccupied molecular orbital (LUMO) of the acceptor
material, PSHT:ICBA exhibits an elevated V¢, consequently
yielding a PCE of 13.76% under 500 Ix indoor light
illumination.** Furthermore, NFAs with higher LUMO than
fullerene derivative acceptors can reduce Vi losses and exhibit
better absorption in visible light, leading to higher Jsc. Cui et
al. have elucidated a photoactive layer consisting of 10-4Cl
with PBDB-TF with a suitable absorption spectrum for indoor
lighting sources.”” The bulk heterojunction (BHJ) structured
device with an area of 1 cm* demonstrated a PCE of 9.8%,
along with Vo of 1.24 V, Jsc of 11.6 mA/cm?, and fill factor
(FF) of 68.1% under 1 sun illumination.”> When exposed to
LED illumination at 2700 K, the devices exhibited PCEs of
22.2%, 24.6%, and 26.1% at 200, 500, and 1000 Ix, respectively.
In addition to the active layer, the effect of the charge transport
layer on the performance of indoor OPVs has been evaluated.
Ma et al. investigated the differences in PCE under different
light sources for OPVs with varying electron transport layers
(ETLs). Here, the OPV used two ETL materials, PDINO and
PEN, where PDINO has a deeper HOMO than PEN. Both
OPVs performed similarly under sunlight; however, the OPVs
fabricated from PDINO exhibited a higher indoor PCE
(~31%) than those using PFN (~27%) under indoor lighting
conditions. This is mainly because ETLs with a deeper HOMO
effectively prevent hole injection into the active layer and
reduce the leakage current. In some studies, including the work
by Xie et al,, SnOx was grown on silver nanowires (AgNWs) to
form core—shell electrodes, enhancing the performance of
flexible indoor OPVs. The AgNWs were treated with SnCl,,
which not only generated SnOy but also removed surface
defects. This SnOy layer improved the stability and adjusted
the work function of the AgNWs, enabling efficient charge
injection and collection. Consequently, the AgNWs@ SnOx
electrode achieved an impressive efficiency of 25.51% under
1000 Ix illumination compared to the 18.84% efficiency of the
AgNWs electrode alone.”* In our previous study,” we
investigated the impact of ZnO prepared through various
processes as the ETL in OPVs on the PCE under two different
light sources. Our results show that although all ETLs are
ZnO, their differences in surface morphology, internal defects,
and crystallinity still lead to different PCE under solar and
indoor light illuminations. In addition, we reveal that surface
defects in the ETLs are critical factors influencing the indoor
PCE of OPVs.

The impressive progress in the PCE of OPVs has raised
important research topics regarding the feasibility of
commercial production. These include the development of
large-area deposition process,’””** modularization technolo-
gies,”” "' and thorough evaluations of device stability.*”~**
However, there is a significant lack of research on the
fabrication yields of devices, which is a crucial technology for
advancing toward the commercial mass production of OPVs.
Mitra et al. demonstrated that in fully inkjet-printed OPVs,
variations in the morphology of the lower active layer,
P3HT:PCBM, result in significant surface topology deviations
in the upper PEDOT:PSS layer. This discrepancy leads to a
substantial variation in PCE, i.e., low fabrication yield, of OPVs
even fabricated within the same batch. By optimizing the
morphology of the lower active layer, they were able to
increase the fabrication yield of large quantities and various
sizes of flexible OPVs to more than 70%.* Che et al.
demonstrated that the fabrication yield of tandem cells can be
effectively improved by more than 95% by controlling the
hydrophilic—hydrophobic interface within the charge recombi-
nation zone connecting the two subcells.* Additionally, in our
previous study, by controlling the ratio of two solvent
additives, we enabled the fabrication of slot-die-coated OPVs
within a broader substrate temperature processing window,
which substantially improved the fabrication yields of the
OPVs in different batches.”” However, the aforementioned
studies mainly focus on OPVs under sunlight illumination, and
there are no studies in the literature related to the fabrication
yield of indoor OPVs. In this study, we focus on the key factors
affecting the fabrication yields of indoor OPVs. We use the
commonly used thermal evaporated MoO; as HTL to
investigate how the HTL affects the fabrication yield of the
indoor OPVs. By controlling the processing conditions of
MoO;, including the deposition rate and vacuum level during
the thermal evaporation, we found that the interaction between
the active layer and the HTL plays a pivotal role in the
fabrication yield of indoor OPVs. Furthermore, we introduce a
combination of two HTLs, 1,1-bis[(di-4-tolylamino)phenyl]-
cyclohexane (TAPC) and MoOj;, to reduce the energy loss at
the interface between the active layer and the metal electrode
of the OPVs and passivate the oxygen vacancies in MoO; by
TAPC to facilitate hole extraction from the active layer of the
OPVs, which dramatically improves the fabrication yields of
the indoor OPVs.

B METHODOLOGY

Materials. Zinc acetate dihydrate (>98%), ethanolamine
(MEA, 98%), 2-methoxyethanol (2-ME, 99.8%), o-xylene
(>99.8%), 2-propanol (99.5%), and acetone (99.5%) were
purchased from Sigma-Aldrich. Poly[N-11"-henicosanyl-2,7-
carbazole-alt-5,5-(4',7'-di-2-thienyl-2’,1’,3'-benzothiadiazole) ]
(PCDTBT) was obtained from 1-Materials. Poly[(2,6-(4,8-
bis(S-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo[ 1,2-b:4,5-
bo]dithiophene))-alt-(5,5-(10,30-di-2-thienyl-50,70-bis(2-
ethylhexyl)benzo[10,20-¢:40,50-c0]dithiophene-4,8-dione)]
(PM6) and non-fullerene acceptor material, 2,2'-[[12,13-bis(2-
ethylhexyl)-12,13-dihydro-3,9-diundecylbisthieno[2",3":4",5"]-
thieno[2’,3":4,5]pyrrolo[3,2-e:2',3’-g][2,1,3]benzothiadiazole-
2,10-diyl]bis[methylidyne(S,6-difluoro-3-oxo-1H-indene-
2,1(3H)-diylidene) | |bis[ propanedinitrile] (Y6), were supplied
by 1-Materials. Indium-doped tin oxide (ITO), (6,6)-phenyl
C,, butyric acid methyl ester (PC,BM), and 1,1-bis[(di-4-
tolylamino)phenyl]cyclohexane (TAPC) were obtained from
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Luminescence Technology. Molybdenum(VI) oxide (MoO;,
99.9995%) was purchased from Alfa Aesar. Ag was purchased
from Gredmann Taiwan Ltd. All chemicals were used as
received without any further treatment.

Device Fabrication. The ITO substrates were sequentially
cleaned with detergent, deionized water, acetone, and 2-
propanol using an ultrasonic cleaner for 20 min each, followed
by UV ozone treatment of the ITO substrates for 30 min. The
sol—gel ZnO precursor solution was prepared by dissolving 1 g
of zinc acetate dihydrate and 0.28 g of ethanolamine in 10 mL
of 2-methoxyethanol, and the mixture was stirred overnight to
ensure complete dissolution and a homogeneous solution. The
sol—gel ZnO precursor solution was spin-coated at 3000 rpm
for 30 s and then annealed at 180 °C for 20 min.
PCDTBT:PC,;BM was dissolved in o-xylene in a ratio of 1:2
by weight at a total concentration of 21 mg/mL and stirred at
70 °C overnight to obtain the active layer. PM6:Y6 was
dissolved in chloroform in a ratio of 1:1.2 by weight at a total
concentration of 17.6 mg/mL and stirred at 40 °C for 1 h. The
active layers of PCDTBT:PC,BM and PM6:Y6 were
deposited onto the ZnO film by spin coating at 1000 and
5000 rpm for 30 s in a glovebox, respectively. Finally, the HTL
and silver electrode were thermal evaporated sequentially on
the active layer.

Device Characterization. The characteristics of the OPVs
were measured by a voltage source meter (Keithley 2410)
under a 3A class AM 1.5G solar simulator (Enli Tech, SS-
X100R) with an irradiation of 100 mW/cm? (represents
outdoor illumination). The performance of the OPV under
indoor light was measured by an integrated system (Industrial
Technology Research Institute, ITRI) composed of a power
meter (Keithley 2401) and a light source of Philips TLD 18W/
830. The intensity of indoor light can be modulated to 300 and
1000 Ix, which corresponds to 0.087 and 0.290 mW/cm? The
morphology of the surface of the films was obtained using
atomic force microscopy (AFM; Bruker). The impedance
measurements were conducted by electrochemical impedance
measurement (Material Lab XM module). The work function
of the film was determined using a scanning Kelvin probe (KP
Technology SKPS050), a specialized surface analysis tool
designed to directly assess variations in work function and
surface potential on solid surfaces.

B RESULTS AND DISCUSSION

To investigate the relative performance of OPVs under
outdoor and indoor lighting, we fabricated OPV devices with
the structure ITO/ZnO/PCDTBT:PC;BM/MoO;/Ag. The
MoO; HTL was deposited at different evaporation rates of 0.5
and 0.1 A/s, with a thickness of 8 nm, while the thickness of
the Ag layer was 100 nm. Figure 1 shows the current density—
voltage (J—V) curves of the OPVs observed under 1 sun and
indoor illumination. Four identical samples were fabricated,
and eight devices on each sample were measured for PCE to
obtain precise data. As shown in Figure lab, under 1 sun
illumination, the devices demonstrated efficient performance
with good repeatability regardless of the deposited rate of
MoO;. In comparison to OPVs illuminated under 1 sun, the
performance of OPVs illuminated under indoor light is quite
different. As shown in Figure 1c,d, the indoor PCE of devices is
still relatively stable for the devices with a MoOj; evaporation
rate of 0.1 A/s, but the indoor PCE shows significant
fluctuations for the devices with a MoQO; evaporation rate of
0.5 A/s. We further conducted experiments by the devices with
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Figure 1. J-V curves of OPVs with different evaporation rates of
MoO; material: (a) 0.5 and (b) 0.1 A/s under I sun illumination and
(c) 0.5 and (d) 0.1 A/s under indoor illumination.

MoO; films deposited under different vacuum degree, and the
relevant results are shown in Figure SI. Our results
demonstrate that when MoOQ; is deposited in a suboptimal
vacuum environment (8 X 107° Torr), OPVs exhibit unstable
indoor PCE, although the same devices exhibit similar PCE
under 1 sun illumination. However, even when MoO; is
deposited under different vacuum conditions, the OPVs show
comparable and uniform PCE under 1 sun illumination. This
suggests that various MoOj; fabrication parameters do
significantly affect the indoor performance of the OPVs and
to a lesser extent the 1 sun performance, ultimately reducing
the fabrication yields of indoor OPVs. We propose that the
inhomogeneous arrangement of MoOj; materials caused by a
rapid evaporation rate or insufficient vacuum during the
thermal evaporation process leads to significant instability of
OPVs under indoor illumination. Furthermore, there are
pinholes for the active layer due to the inhomogeneous MoOj;
layer, thus creating the shunts. It results in lowering the shunt
resistance at insufficient vacuum pressure. This is not visible
under 1 sun conditions but is observable under indoor
conditions.

We first analyzed the surface morphology of the films
deposited at different evaporation rates using AFM. The
PCDTBT:PC,;BM film exhibits a root-mean-square (RMS)
roughness of 2.72 nm (Figure 2a). After the deposition of
MoO; HTL prepared at a deposition rate of 0.5 A/s, the
roughness of the film increased to 3.12 nm (Figure 2b). This
could be a factor causing significant fluctuations in the PCE of
indoor OPVs. When a deposition rate of 0.1 A/s was used, the
roughness of the film decreased to 3.01 nm (Figure 2c). A
slower deposition rate helps in forming a uniform film layer,
providing more consistent optical and mechanical properties.
Additionally, a slower deposition rate results in lower internal
stress, which can improve the adhesion and stability of the film
and enhance the quality of the interface contact between the
film and the metal electrode. Thus, the fluctuations in the PCE
of indoor OPVs can be mitigated. This phenomenon can be
further explained by the significantly higher surface energy of
MoO; compared with organic materials. Generally, a larger
water contact angle indicates a smaller surface energy of the
material, and vice versa."”*’ To understand the surface energy
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Figure 2. AFM topographical images of the PCDTBT:PC,;BM film (a) without HTL, (b) with MoO; HTL (0.5 A/s), and (c) with MoO; HTL
(0.1 A/s). Water contact angle images of (d) PCDTBT:PC,,;BM film, (e) MoO; film (0.5 A/s), and (f) MoO; film (0.1 A/s) on a glass substrate.

difference between the materials, we conducted related
measurements using water contact angles. Figure 2d,e
illustrates the water contact angles of the active layer
PCDTBT:PC, BM and the MoO; film prepared at a
deposition rate of 0.5 A/s measuring 84.09° and 33.03°,
respectively. Additionally, the corresponding surface energies
were found to be 7.519 and 61.20 mN/m. A large difference in
surface energy between the two materials will lead to MoO;
atoms tending to adsorb each other, leading to the formation
of discontinuous and rough films, known as the famous
Volmer—Weber film growth mechanism.>® However, when the
MoO; film is prepared at a deposition rate of 0.1 A/s, the
measured water contact angle further decreases to 11.59°
(Figure 2f), and the corresponding surface energy increases to
83.74 mN/m. The slower deposition rate results in a greater
difference in surface energy relative to that of the active layer,
which could potentially cause adverse effects. However, this
does not appear to cause fluctuations in the PCE of indoor
OPVs. We speculate that the slower deposition rate helps in
forming an ordered lattice structure and reduces the internal
defect density of the MoO; film, allowing efficient hole
extraction and transport. Moreover, the shunt effect of OPV
devices under indoor illumination appears to be inhibited by a
slower evaporation rate or higher vacuum levels, reducing the
leakage current and thereby minimizing fluctuations in the
PCE of indoor OPVs. This hypothesis will be verified in
subsequent experiments.

To further investigate the difference in PCE of the various
HTLs for OPVs under 1 sun and indoor light illuminations, we
measured the interfacial behavior between the active layer and
the MoO; layer using impedance spectroscopy. Figures 3a and
3b show the corresponding Nyquist plots obtained from
impedance measurements of the OPVs under short-circuit
conditions,”"** which can be simulated with a simple parallel
resistor—capacitor (RC) circuit (Figure 3c). Using the
equivalent circuit model shown in Figure 3¢, the fitted
parameters are listed in Table S1. Rs represents the series
resistance of the device, while the combination of R1 and C1

50000 100000 150000
Z' (Ohm)

Interface Bulk

Figure 3. Complex impedance plots (Nyquist plot) of
PCDTBT:PC,;BM OPV measured under (a) 1 sun illumination,
(b) indoor illumination, and (c) simple parallel resistor—capacitor
circuit of the BHJ OPV.

corresponds to the interfacial resistance and capacitance
between the active layer and the charge transport layer.
Meanwhile, the pairing of R2 and C2 reflects the charge
transfer resistance and diffusion capacitance within the bulk
heterojunction (BHJ) active layer. According to previous
literature,”' the two processes observed in the impedance
response are associated with the recombination in the active
layer at high frequency and the interlayer resistance and
capacitance at low frequency. As shown in Figure 3, the
difference in the low-frequency behavior of the same devices
under different illumination is the most obvious, representing
that the interlayer impedance behavior of the MoO; layer is
indeed greatly varied by different illumination. Figure 3a shows
the results of the devices measured under 1 sun, which reveal
relatively small and uniform semicircles at a low frequency.
Whereas, when the same devices are measured under indoor
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light (Figure 3b), it is obvious that the Nyquist plots show a
much larger semicircle, and the interfacial impedance behavior
of devices under indoor light is extremely different. This result
suggests that when the contact between the MoO; layer and
the active layer is poor, the devices illuminated under indoor
light show an increase in the charge transfer resistance, leading
to obvious interfacial charge recombination, which in turn
affects the PCE and fabrication yield of indoor OPVs.
However, this phenomenon is almost negligible when the
same devices are illuminated by 1 sun.

Here, we propose a combination of two HTLs (TAPC/
MoO;, named bilayer HTL), where the TAPC film, with a
thickness of 5 nm, acts as an interfacial layer between the
MoO; layer and the active layer to solve the interfacial contact
issue. First, by introducing the TAPC layer between the active
layer and MoO; layers, a reduced roughness of 2.35 nm was
obtained from the AFM image, which indicated a smooth
morphology of the MoO; film and a good interfacial contact
between the MoO; and the metal electrode (Figure S2a).
Additionally, the TAPC layer exhibits a water contact angle of
54.26° (Figure S2b) and a corresponding surface energy of
42.64 mN/m, exhibiting a higher surface energy compared to
PCDTBT:PC,;;BM and being closer to that of MoO;. This
result implies that utilizing TAPC as an intermediate layer can
alleviate the surface energy disparity between the polymer and
inorganic materials. However, after the addition of the TAPC
layer, MoO; has the potential to follow the Frank—van der
Merwe growth mechanism, enabling the formation of a
continuous, flat, and defect-free thin film.>* Furthermore, the
schematic diagram in Figure S2c¢ depicts the change in the
work function after the addition of the TAPC layer as well as
the energy level diagram for the two HTLs. According to the
calculations, the work function of MoOj is about 5.10 eV,
whereas after the TAPC modification, the work function
changes subtly to about 5.15 eV. We suggest that the
introduction of TAPC results in a proper alignment of the
energy levels at the interface, which is essential for minimizing
the energy barriers and facilitating charge transfer, thus
preventing charge accumulation and reducing recombination
at the interface.

We further compare the effect of the bilayer HTL on the
fabrication yield of indoor OPVs. It is worth noting that the
TAPC layer was deposited at an evaporation rate of 0.1 A/s
and an identical vacuum degree as the MoOj layer deposition
(8 x 1076 Torr). As shown in Figure 4, the introduction of the
bilayer HTL layer dramatically reduces the instability of indoor
photovoltaic characteristics, including PCE, V,, ], and FF, of
the OPVs. The J—V curves of the indoor OPVs fabricated from
the bilayer HTL (Figure 4e) displays excellent overlap as
compared to the OPVs fabricated from single HTL in Figure
lc. Moreover, Figure S3 reveals that the OPVs with bilayer
HTL exhibit a PCE compatible with the OPVs with single
HTL under 1 sun illumination. This result suggests that the
introduction of the TAPC/MoOQ; bilayer HTL improves the
fabrication yield of the OPVs under indoor light without
affecting the PCEs of the devices under 1 sun and indoor light.
The values of the PCE, Vi, FF, and J of the OPVs measured
under 1 sun and indoor light are listed in Tables S2 and S3,
respectively. This improvement under indoor light illumination
may be related to the reduction of contact resistance and is
also reflected in the enhanced charge extraction and transport
capability. Additionally, the lower voltage loss contributes to
the suppression of recombination behavior at the interface.
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Figure 4. (a) PCE, (b) Voc, (c) FF, and (d) Jsc of the
PCDTBT:PC, BM OPV device with the single and bilayer HTLs
measured under indoor illumination. (e) J—V curve of the

PCDTBT:PC,;BM OPV device with the bilayer HTL measured
under indoor illumination.

From the results presented above, the introduction of a bilayer
HTL improves the interfacial behavior between the active layer
and the metal electrode and promotes effective hole transport
under indoor illumination. The improvement of devices with
the bilayer HTL under indoor illumination can be further
explained by the impedance spectroscopy, which is shown in
Figure S4. Figures S4a and S4b show the Nyquist plots of the
devices based on bilayer HTL under 1 sun illumination and
indoor illumination, respectively. The impedance behavior of
the devices under 1 sun is similar to that of the devices based
on a single HTL. In contrast, under indoor light illumination,
the Nyquist plots of the OPVs with the bilayer HTL exhibit a
noticeably smaller and more uniform semicircle along the real
axis than those of the devices with a single HTL. This implies a
significant reduction in the interfacial impedance of the
devices, effectively reducing the recombination behavior at
the interface and thus significantly improving the low
fabrication yield of indoor OPVs.

We further explore the effects of the TAPC layer on the
carrier lifetime and the carrier extraction time of the OPVs by
using transient photovoltage (TPV) and transient photo-
current (TPC) measurements, respectively.54 Figure Sa shows
the TPV of the OPVs measured at open circuit condition
under indoor illumination, and we can observe that the charge
decay time of the OPVs changes from 49.93 to 40.30 us when
the HTL changes from single HTL to bilayer HTL. While this
change indicates a difference in charge decay time, it does not
result in a significant impact on the performance of the indoor
OPVs based on bilayer HTL. Figure 5b displays the TPC of
the OPVs measured at short-circuit condition under indoor
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Figure S. (a) Normalized transient voltage, (b) normalized transient current, and (c) Photo-CELIV curves of the OPV device with the single and

the bilayer HTLs measured under an indoor lamp.

illumination, demonstrating an evident decrease in the charge
extraction time (from 2.58 to 2.12 us) following the
introduction of the bilayer HTL. This decrease in the charge
extraction time in the devices indicates that the OPVs with
bilayer HTL possess a faster charge transfer as compared to the
devices with the single HTL. The charge mobility is further
observed through photogenerated charge carriers by linear
increasing voltage (Photo-CELIV) measurements (Figure Sc).
The Photo-CELIV curves of OPV reveal that OPV
demonstrates a carrier mobility of ~3.72 X 1075 cm?/(V s)
while upon addition of TAPC the carrier mobility of the device
increased to ~4.27 X 107> cm?/(V s). The improved mobility
in OPVs is suggested to be attributed to the proper formation
of the MoOj layer due to the mediation of the TAPC. Figure
SS illustrates the carrier behavior and mobility of the OPVs
under 1 sun illumination, and these results are consistent with
the result in Figure S, validating that the introduction of the
TAPC enables more efficient charge transport behavior. Table
S4 lists the calculated values of carrier behavior and mobility of
OPVs under the two light sources illuminations.

To correlate the effectivity of the bilayer HTL on the OPVs
for the relative performance in outdoor and indoor environ-
ments, a detailed analysis of the bimolecular and mono-
molecular recombination behaviors was measured.”"”>>> The
Voc and Jgc of the OPVs were measured under various light
intensities, as shown in Figure 6. Figure 6a displays the V¢
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Figure 6. (a) Mono- and (b) bimolecular recombination of the OPVs
with the single-layer and bilayer HTLs measured under 1 sun and
TL84 indoor light illuminations.

values measured at an open circuit under various light
intensities, where all carriers are assumed to recombine
completely. This behavior is described by the equation Vi
« nkT/q In I, where n represents the slope of the V¢ versus
light intensity curve, k represents the Boltzmann constant, T
represents temperature, and ¢ represents the elementary
charge. In addition, n = 1 indicates a decrease in trap-assisted
recombination in the device, and Table S5 lists the n values
measured from V¢ of the OPVs. Under the 1 sun condition, a
negligibly small change in n can be observed for the OPVs with

10208

the single- and bilayer HTLs, indicating that a comparable
amount of trap states is present in the two devices. However,
under indoor illumination, the OPVs with the single HTL
exhibit a higher n value than that of devices with the bilayer
HTL, indicating the presence of a higher trap state in indoor
condition. In addition, the n of the devices with bilayer HTL is
very close to 1 under indoor light, representing that the devices
exhibit the lowest trap-assisted recombination. According to
our previous literature, trap-assisted recombination is the
dominant factor for the indoor PCE of OPVs.”**" Figure 6b
illustrates the Jsc measured under different light intensities, and
the relationship between the Jsc and light intensity can obtain
further insight into the different states of recombination by
using the power law of Jgc o I% where I is the light intensity,
and an a close to unity implies a weak bimolecular
recombination. The @ values of the OPVs fabricated from
the single-layer and bilayer HTLs are listed in Table SS. Under
1 sun illumination, the OPVs show similar a values regardless
of the introduction of the TAPC layer. Likewise, a similar
value was obtained under indoor illumination, suggesting
comparable carrier transport and carrier collection efficiencies
in the devices.

Finally, we used indoor fluorescent lamp (TL84) with a light
intensity of 1000 Ix (~0.29 mW/cm?) for 24 h to evaluate the
changes in the OPVs under prolonged illumination in an
indoor light environment, and the results are shown in Figure
7. Figures 7a and 7d show the J—V curves of the as-fabricated
devices, and it can be found that there is still a serious
fabrication yield problem with the devices fabricated from the
single HTL, which can be greatly improved by using a bilayer
HTL instead of a single HTL. Then we put these devices
under the TL84 light illumination for 24 h, and the -V curves
of the devices with single HTL and with bilayer HTL are
shown in Figures 7b and 7e, respectively. It is worth noting
that after 24 h of continuous exposure to TL84 light, the
original low fabrication yield of devices shows a significant
improvement. We infer that this improvement is due to the fact
that the OPVs fabricated from the single HTL exhibit more
defects, which serve as traps, leading to increased trap-assisted
charge recombination. However, after long-term continuous
exposure to indoor light, the light-induced carriers gradually fill
these traps, facilitating effective charge extraction and trans-
port. This process mitigates the indoor PCE differences
between the devices, resulting in a significant improvement in
the fabrication yields of the OPVs with single HTL. However,
after moving these illuminated devices to dark storage for 24 h,
the devices with the single HTL exhibited divergent J—V
curves once again, as shown in Figure 7c. We inferred that this
is because the traps at the interface of the devices revert to
their original state after dark storage, resulting in a low
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followed by 24 h of dark storage.

fabrication yield of the indoor PCEs. In contrast, the OPVs
fabricated with bilayer HTL maintain good consistency in
indoor PCE:s in initial fabrication, long-time illumination, and
subsequent dark storage (Figure 7f), which confirms that the
bilayer HTL is highly effective in improving the fabrication
yield and stability of indoor OPVs.

Furthermore, to assess the generality of using a bilayer HTL
in enhancing the performance as well as the fabrication yield of
indoor OPVs, we employed additional donor—acceptor blends,
PM6:Y6, as the active material system. The values of the PCE,
Voc, FE, and Jgc of the OPVs with a MoQOj; evaporation rate of
0.5 A/s measured under indoor illumination are listed in Table
S6. The J—V curves of the indoor OPVs fabricated with the
bilayer HTL (Figure S6) display excellent overlap compared to
the OPVs fabricated with a single HTL. It is apparent that
indoor OPVs, due to differences in fabrication conditions,
often suffer from poor fabrication yield under indoor
illumination. Therefore, the strategies proposed in this study
can increase the tolerance of fabrication parameters, thereby
perfectly addressing this issue.

B CONCLUSION

This study delves into the critical impact of the interfacial
interactions between the hole transport layer and the active
layer on organic photovoltaics under different illumination
conditions. The results show that although the efficiency and
fabrication yield of OPV devices do not vary with different
HTL combinations and fabrication conditions under sunlight,
achieving good performance for indoor OPVs requires well-
designed interfacial layers. We demonstrated the effectiveness
of a bilayer HTL, which promotes efficient charge extraction
and transfer between the layers in the device. This
phenomenon is also validated by the lower resistance observed
in electrochemical impedance spectroscopy measurements.
Furthermore, the bilayer HTL forms fewer defects, significantly
reducing the probability of trap-assisted recombination.

Notably, this proposed HTL design significantly improves
the inconsistent performance of indoor OPVs using a single
HTL under indoor lighting conditions. These advancements
are attributed to the bilayer HTL aiding in uniform film
formation and defect passivation. Moreover, these OPV
devices exhibit superior stability under indoor lighting
conditions, maintaining consistent J—V curves even under
light and dark storage cycling operations. Finally, this study is
the first to analyze the fabrication yield of OPV devices under
indoor lighting conditions. It not only provides valuable
insights into HTL materials for indoor photovoltaic
applications but also enhances the feasibility of this technology
for commercial mass production, paving the way for future
advancements in the indoor OPV field.
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