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Indoor organic photovoltaics (OPVs) have attracted a lot of attention due to their low energy
consumption for applications such as Internet of Things (loT) and wearable technology. However, the
mechanisms influencing the indoor power conversion efficiency (PCE) of OPVs are not very well
understood. In this study, we investigated how the active layer based on different acceptor materials,
fullerene and non-fullerene, affects the performance of the device. Under indoor light, the optimal
thickness of non-fullerene-based OPVs (PBDB-T:ITIC) is 140 nm with a PCE of 19.74% and the optimal
thickness of fullerene-based OPVs (PBDB-T:PC,BM) is 100 nm with a PCE of 16.22%. Our study
systematically investigated the electrical performance and carrier behavior of different active layers
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Accepted 22nd September 2023 system is less affected by the thickness, mainly because the thicker non-fullerene active layer film still
DOI: 10.1039/d3tc02372a maintains good series resistance (Rs), shunt resistance (Rgn), and less charge recombination. Our study

points out that the key factors affecting the indoor PCE of OPVs are Ry, monomolecular recombination,
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Introduction

Organic photovoltaics (OPVs) have shown great potential in a
wide range of applications such as portable and wearable
electronics, building-integrated photovoltaics (BIPVs), and off-
grid power generation due to their advantages of light weight,
mechanical flexibility, semi-transparency, and low manufactur-
ing cost.'™ Recently, the power conversion efficiency (PCE) of
OPVs has reached over 18%,°® and the highly efficient OPVs
have mainly relied on the development of various non-fullerene
acceptors (NFAs).” "' Compared with conventional fullerene
derivatives as acceptor materials, NFAs synthesized by flexible
molecular design can provide tunable energy bands and broad
absorption regions, which are more suitable for the current
innovative donor polymers.'>™* Despite the progress achieved
for OPVs, OPVs still need to overcome many technical bottle-
necks, such as large-area fabrication and operational stability,
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and trap depth, revealing new insights into achieving high indoor PCE of OPVs.

to compete with commercial grid-connected Si-based PV
systems.

In recent years, due to the emergence of Internet of Things
(IoT) technology, low energy-consuming electronics, such as
wireless sensors and router nodes, can have their key compo-
nents powered by the tiny energy generated by indoor light,
creating a niche market for OPVs. Previous studies have
pointed out that OPVs exhibit higher indoor PCE than inor-
ganic photovoltaics'>'® due to their characteristics of highly
adjustable light absorption and low current leakage. Currently,
the indoor PCE of OPVs can reach over 30%,'”"'® demonstrating
the great potential of OPVs for integrating low-energy-
consuming electronics in indoor applications. The light source
is the major difference between indoor and outdoor power
generation. Compared to outdoor sunlight, which has a fixed
emission spectrum and intensity, indoor artificial light sources
have diverse emission spectra (mainly in the visible light
region) and much lower intensity (less than one-thousandth
of that of sunlight). The high indoor PCE of OPVs results from
that OPVs can adjust the absorption range to match various
indoor light sources by selecting appropriate materials. Several
research groups have revealed different PV behaviors and
mechanisms under solar and indoor light and provided useful
suggestions for improving the indoor PCE of OPVs. C.
J. Brabec’s research team investigated the effects of series
resistance (R;) and shunt resistance (R,) on the PCE of OPVs
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under outdoor (1-Sun) and indoor conditions. Their results
indicated that a high R, is required and R; is less important for
the indoor PCE of OPVs, which is in contrast to the 1-Sun
PCE." W. C. Choi et al. demonstrated the indoor PCE of OPVs
fabricated from three polymers blended with fullerenes. They
indicated the importance of open-circuit voltage (Voc) for the
indoor PCE and suggested that systems for indoor applications
should not be selected with only the 1-Sun PCE of OPVs.*’ F. C.
Chen et al. studied several polymer blends and concluded that
increasing Voc is a key factor in achieving the high indoor PCE
of OPVs.”' Their results suggest that the photocurrent is not
critical for indoor PCE because the OPVs already have a high
ability to harvest the photons in the relatively narrow visible
spectrum of the indoor light. In addition, W. C. Tsoi et al. tuned
the morphological changes of the active layer consisting of
small molecules and fullerenes using a solvent vapor annealing
process, and they explored the effect of morphology on the
optoelectronic properties of the OPVs.?* Their results showed
that the effect of film morphology on the PCE was weaker under
indoor light than under 1-Sun. T. Yasuda et al. suggested that
the mutual match between the photoabsorption response of
the indoor OPVs and the illumination spectra of the artificial
light sources is also a possible reason for the improved indoor
PCE. Their results indicated that the indoor PCEs of OPVs
change with the color temperature of incident LED
illumination.?® J. Y. Kim et al. designed three semi-crystalline
polymers to verify the effect of different molecular stackings on
indoor PCE. Their results implied that OPVs can be used for
indoor applications as long as Ry, is high enough. Additionally,
the crystal morphology is a major parameter in designing an
ideal indoor PV molecule to increase the Ry, of OPVs.>* H. Yan
et al. investigated the effect of electron transport layers (ETLs)
on the indoor PCE. Their results indicated that OPVs with a
band-aligned interlayer exhibit a significant low leakage cur-
rent and trap-assisted recombination, which in turn improves
the indoor PCE.*® Although several studies have presented the
influencing factors in the indoor PCE, such as the shunt
resistance, Voc, film morphology, inner nanostructure, artifi-
cial light illumination spectrum, and interfacial band-
alignment, most of the literature still focuses on the improve-
ment of 1-Sun PCE, while the indoor PCE is only additional
data. Therefore, in-depth investigations on the power conver-
sion mechanism under indoor light are still relatively lacking.

Because the relationship between charge density and light
intensity is linear, both leakage current and defect-assisted
recombination are more pronounced when the carrier density
is low under indoor light.>***” Our previous study demon-
strated that trap-assisted recombination dominates in PSCs
under indoor light.”® Therefore, the well-controlled recombina-
tion behavior is very important to improve the indoor PCE of
OPVs. In OPVs, defects between the donor and acceptor materi-
als are the main cause of trap-assisted recombination. Previous
literature reported that the use of fullerene derivatives and non-
fullerene materials as acceptor materials improves the indoor
PCE of OPVs. S. S. Yang et al. evaluated the effect of different
fullerene derivatives as acceptor materials on the indoor PCE of
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OPVs (TL5, 500 lux).>" Their results indicated that the use of the
fullerene derivative with a higher lowest unoccupied molecular
orbital (LUMO) energy level can exhibit a higher V¢ (0.89 V)
with an indoor PCE over 13%. Y. Cui et al. obtained a high PCE
of 24.6% under indoor illumination (LED, 500 lux) using a NFA
with a large energy gap and low energy loss.>® For subsequent
potential material combinations for high-performance indoor
OPVs, some important material combinations for high-Voc
OPVs have been revealed in the literature.>** These studies
mainly focused on the effect of the energy level between full-
erene derivatives and NFAs on the indoor PCE of OPVs; how-
ever, the different carrier behaviors of OPVs based on the two
acceptor materials under indoor light remain unclear.

In this study, we used a donor material, PBDB-T, with two
acceptor materials, a spherical fullerene derivative (PC,,BM)
and a linear NFA (ITIC), as the active layer of PSCs, respectively.
We observed the nanostructures, film morphology and crystal-
linity in the PSCs based on these two active layer systems and
investigated the different carrier behaviors under indoor light.

Experimental method

Materials

Zinc acetate dihydrate (99%), 2-methoxyethanol (99.8%), etha-
nolamine (99.5%), ethanol (99.8%), chlorobenzene (CB,
99.8%), 1,8-diiodooctane (DIO, 98%), and molybdenum(vi)
oxide (MoOjs, 99.5%) were purchased from Sigma Aldrich.
PBDB-T and ITIC were obtained from 1-Material, and PC,;BM
and indium tin oxide (ITO) coated glasses with a sheet resis-
tance of 15 Q [0~ were purchased from Lumtec Corporation.
The chemical structure of the active layer materials is shown in
Fig. S1 (ESIY).

Device fabrication

In this study, we fabricated inverted OPVs with the following
device structure: ITO/ZnO/active layer/MoO;/Ag. Sol-gel ZnO
and MoO; were used as the electron transport layer (ETL) and
hole transport layer (HTL), respectively. The cleaning procedure
of the ITO transparent electrode, the deposition of the sol-gel
ZnO film, and the evaporation process of MoO; and Ag are
described in our previous literature.® The active layers used in
this study were from PBDB-T:ITIC and PBDB-T:PC,;BM. The
solutions of PBDB-T:ITIC and PBDB-T:PC,;BM were prepared
by dissolving donor and acceptor materials (1:1, 20 mg mL ™)
in CB and adding 0.5 vol% DIO and 3 vol% DIO as additives,
respectively.

Characterization

The 1-Sun and indoor J-V curves of the OPVs were measured
separately using an AM 1.5G solar simulator (Enlitech, SS-
X100R AAA) and the indoor I-V characteristics of OPVs (ITRI).
The thickness of active layers was obtained using a 3D
optical profiler (Bruker, Contour Elite). The absorbance of
the active layers was measured using a UV-vis spectrometer
(JASCO, V-730). Steady-state photoluminescence (PL) spectra

This journal is © The Royal Society of Chemistry 2023
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were recorded using a fluorescence spectrophotometer (HOR-
IBA, FluoroMax 4). The surface morphology of the films was
studied using atomic force microscopy (AFM) (Bruker, Innova).
Transient photovoltage (TPV) and photocurrent (TPC) measure-
ments were performed using an all-in-one characterization
platform (Paios, Fluxim AG, Switzerland). Electrochemical
impedance spectra (EIS) were recorded using an impedance
measurement unit (AMETEK Scientific Instruments, Material
Lab XM), and the Nyquist plots were obtained from 1 MHz to 10
Hz at applied voltages set to device open-circuit voltages.

Results and discussion

The PCE of the devices under different light illumination is first
determined by the mutual matching of the emission spectrum
of the light source and the absorption of the active layers. The
absorption of the devices is strongly influenced by the thick-
ness of the active layers; therefore, we first investigate the effect
of film thicknesses on the absorption behavior. Fig. S2(a) and
(b) (ESTt) illustrate the absorption spectra of the active layers of
different thicknesses fabricated from PBDT-T:PC,;BM and
PBDT-T:ITIC, respectively. The absorption region of both sys-
tems is around 400-700 nm, which coincides with the emission
spectrum of the indoor light TL 84,>* and the higher absorption
intensity is performed with the thicker active layers in both
systems. Although thicker films can absorb more light, which
may improve the short-circuit current (Js¢), it may also lead to
lower FF due to poor charge transport and increased charge
recombination. The PL of these thin films can be utilized to
study the exciton dissociation behavior of active layers of
different thicknesses. Fig. S2(c) and (d) (ESIt) show the PL
spectra of these films and the results indicate that in both
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systems, exciton dissociation can be effectively generated upon
the incorporation of the acceptor materials. However, both
systems exhibit poor exciton dissociation when the thickness
of the active layer increases to 160 nm, a phenomenon that is
more pronounced in the non-fullerene system. The poor exci-
ton dissociation implies a lower effective charge generation,
which may lead to a decrease in the Jsc and FF of the device. We
also measured the morphology of the active layers to clarify the
interfacial contact between the active layer and the HTL.
According to the surface morphology shown in Fig. S3 (ESIY),
the root-mean-square (RMS) surface roughness of the PBDB-
T:PC,;BM films slightly increased from 2.35 nm to 3.33 nm as
the film thickness increased from 65 nm to 160 nm. In contrast,
the RMS surface roughness of the PBDB-T:ITIC films increased
from 1.91 nm to 6.49 nm with a similar thickness change. In
the case of the non-fullerene system, increasing the film thick-
ness leads to a rougher surface morphology, implying ineffec-
tive charge transport and increased charge recombination due
to the poor interfacial contact between the active layer and the
HTL, which is consistent with the PL results.

The J-V curves of the devices fabricated from PBDB-
T:PC;;BM and PBDB-T:ITIC under two light illumination
sources, 1-Sun and TL84 (200 lux), are shown in Fig. S4 (ESIt)
and the related photovoltaic characteristics are listed in Tables
S1 and S2 (ESIT). We named the PCEs illuminated under 1-Sun
and TL84 as 1-Sun PCE and indoor PCE, respectively. The
highest 1-Sun PCEs of devices based on PBDB-T:PC,;BM and
PBDB-T:ITIC are 6.93% and 9.50%, respectively, with optimal
active layer thicknesses of 100 nm for both systems. When the
devices are illuminated under TL84 at 200 lux, the optimal
thicknesses of the active layers are 100 nm and 140 nm,
respectively. Fig. 1 shows that the 1-Sun and indoor PCEs of
these devices varied with the thickness of the active layer. In the
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PBDB-T:PC,;BM system, the 1-Sun PCEs of the devices are
less affected by the film thickness. From the photovoltaic
properties, we can see that the similar 1-Sun PCEs of devices
based on PBDB-T:PC,;BM are due to a trade-off between
increasing Jsc and decreasing FF with the increasing active
layer thickness. In contrast, the 1-Sun PCEs of devices based on
PBDB-T:ITIC decrease with the increasing thickness of the
active layer because of the simultaneous reduction in Jsc
and FF. Fig. S5 (ESI{) shows the EQE spectra and the integrated
Jsc measured in the wavelength range from 300 nm to 900 nm.
It is noteworthy that the trend of the indoor PCEs of these
two devices with the active layer thickness is in contrast to the
trend of 1-Sun PCEs. The indoor PCEs of PBDB-T:PC,;BM-
based devices considerably decrease with the increasing
active layer thickness, but the indoor PCEs of PBDB-T:ITIC-
based devices remain almost unchanged with the active layer
thickness. This result implies that fullerenes- and non-
fullerenes-based active layers have different influences on the
1-Sun and indoor PCEs of these devices. Moreover, we revealed
the photostability of PBDB-T:ITIC devices with different thick-
nesses under continuous illumination from different light
sources. As shown in Fig. S6 (ESIT), the photostability of the
devices illuminated under indoor light is better than that under
1-Sun irradiation. However, the photostability of devices with
different thicknesses of the active layers performs differently,
and the thin-film OPVs exhibit better photostability than the
thick-film OPVs under the two light sources. Previous studies
have indicated that the photodegradation of OPVs is mainly
caused by the bulk and interfacial defects in the film,** which
implies the reason why the thick-film OPVs exhibit poorer
photostability.

View Article Online
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We further observed the variation of series resistance (Ry)
and shunt resistance (Rg,) under different light sources (Fig. 2)
and are listed the calculated values in Table S3 (ESIf). In
general, devices with high PCE should exhibit low R; and high
Rgph. In the PBDB-T:PC,;BM system, the trends of Rg and Ry, are
consistent with the PCE variations regardless of 1-Sun and
TL84. The lowest R; and highest Ry, are obtained with a film
thickness of 100 nm, and the indoor PCE can reach 16.22%.
However, in the PBDB-T:ITIC system, the trends of R and Ry
under TL84 are different from those under 1-Sun. From this
result, we infer that the indoor PCE of the OPVs fabricated from
PBDB-T:ITIC can still be maintained with the increasing active
layer thickness, which is mainly due to the improvement of R
and Ry, for the thicker active layer. The highest indoor PCE of
19.74% can be achieved as the film thickness is 140 nm. It is
particularly noteworthy that in the PBDB-T:ITIC system (high
Voc), the Ry, under TL84 is greater than that of the PBDB-
T:PC,,BM system (low V). Our results verify that the Ry, of the
devices under indoor light has a greater impact on the indoor
PCE than R,. However, as the R of the devices under indoor
light exceeds 5 KQ cm?, the effect of R, on the indoor PCE
becomes non-negligible. From our results, we can conclude
that good indoor PCE can be obtained when we control the
indoor OPVs with R, less than 5 KQ cm? and Ry, greater than
450 KQ cm®.

Moreover, we investigated the charge recombination beha-
viors, including monomolecular and bimolecular recombi-
nation, of these devices under different light illumination by
measuring the variation of Voc and Jsc with light intensity,
respectively. Monomolecular recombination, also known as
trap-assisted recombination, refers to the recombination of

(a) 13.0 16
—e— 1] o
125} |1 3“" {1
—o— |ndoor
~E 120} 112,73
; 15} 1% §
S 1o} 18 3
= 9. 6 2
mw 105} \0\/ BN
100} I— 1
0—o ™3 1,
e - A . A A R
60 80 100 120 140 160
Thickness (nm)
(c)
18 16
—o—1-Sun @ |4
16}
—o— Indoor 12
— 112 =
“c 14} “
E 1%
€ 12} 48 =
= 3
) d6 o
» 10 3
4 44 >
sf O —————_, ol
N R A A o
80 100 120 140 160

Thickness (nm)

(b) 13 600
1.2 \

o 14 9 1°%° =
£ \ g
o —_

1.0 o Jaoo =
£ )
£ 09 =
] 3
X 08 4300 o

5 3
07 —o—1-Sun -
4200
06F o —o— Indoor
0.5 . \ \ . A
60 80 100 120 140 160
Thickness (nm)
1.6
o 4900

1.4 ° / aoo

€ 12 o—0 {7002
; p
g 10 - {600 3
< -} =
2 08 T, {500 3
x’ 0.6 q400 3,

—o—1-Sun {300

04 —o—In r

doo 1200
02l , \ \ .
80 100 120 140 160

Thickness (nm)

Fig. 2 Variation of series resistance (R;) and parallel resistance (Rqp) of the devices under 1-Sun and TL84. (a) Rs and (b) Ry, of PBDB-T:PC4,BM. (c) R and

(d) R, of PBDB-T:ITIC.

14082

| J Mater. Chem. C,

2023, 11,14079-14087

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3tc02372a

Published on 25 September 2023. Downloaded on 11/13/2023 6:33:39 AM.

Journal of Materials Chemistry C

(a) o8s
Q@ 100 nm
0.80F o 160nm
0.75F Indoor
slope=1.60 kT/q
Sy 0.70F Giope=1.81kT/q
5065} &%é
>8 958
0.60 | o °
0ssf O
slope=1.67 kT/q
0.50 % slope=2.43 kT/q
0.45 al l ol al
0.01 0.1 1 10 100
() Light intensity (mW/cm?)
0.90
@ 100 nm
0.85F @ 160nm
0.80 | Indoor
— slope=1.44 kT/q
2« 0.75}F slope=1.34 kT/j@E?
Q )
<° oo} P &

g One sun
0.65p slope=1.60 KT/q
0.60 (+Y slope=2.49 kT/q
0.55 aaal. el el el

0.01 0.1 1 10 100

Light intensity (mW/cm?)

View Article Online

Paper
(b)
@ 100 nm One sun
10F o 160 nm
T
$
Indoor
E o1} &
3 -2
- c]
0.01 1
0.001 ad aal al asl
0.01 0.1 1 10 100
(d) Light intensity (mW/cm?)
@ 100 nm
10 ! @ 160 nm One sun
o
£
(3]
: |
‘; Indoor 2
=" 01} ﬁﬁ’ﬁ’ !
&
0.01 el el el el
0.01 0.1 1 10 100

Light intensity (mW/cm?)

Fig. 3 Light intensity dependence of Voc and Jsc of the OPVs with different active layer thicknesses under 1-Sun and indoor light. (a) and (b) PBDB-

T:PC5:BM-based OPVs. (c) and (d) PBDB-T:ITIC based OPVs.

electrons and holes induced by the traps during electron and
hole transport to their electrodes.**” As the value of n
approaches 1, monomolecular recombination is inhibited.
Bimolecular recombination is another recombination behavior
that is not captured by the trap state. When the value of o is
close to 1, the bimolecular recombination in the system is
almost negligible. From Fig. 3, the monomolecular recombina-
tion under I-Sun for both active systems becomes severe as the
thickness of the active layer increases. Under indoor light
illumination, the monomolecular recombination in PBDB-
T:PC,;BM-based devices still becomes apparent with increasing
thickness. In contrast, the PBDB-T:ITIC-based devices exhibit
suppressed monomolecular recombination at the thick active
layer. In addition, the trend of bimolecular recombination with
the thickness was almost the same for both active layer systems
under 1-Sun and indoor light. Our results suggest that the
monomolecular recombination behavior under indoor light
may be an important key factor affecting the indoor PCE of
the PBDB-T:ITIC-based devices.

We further observed the carrier lifetime and carrier extrac-
tion time of devices under different light illumination by using
TPV and TPC. Fig. 4 shows the results of TPV and TPC for
devices with different thicknesses at different light intensities,
and the corresponding carrier lifetime and extraction time
are listed in Table S4 (ESIf). We can obtain the carrier
lifetime at a fixed bias voltage from TPV.?® At a light intensity
of 100 mW cm 2, the carrier lifetime of devices fabricated from
PBDB-T:PC,,BM decreased from 13.74 ms to 6.46 ms when the

This journal is © The Royal Society of Chemistry 2023

active layer thickness was increased from 100 nm to 160 nm.
This result implies that the thick fullerene-based active layer
exhibits increasing defects in the BH]J structure, which in turn
leads to an increase in molecular recombination. This result is
also consistent with the previous decreasing trend of Jsc and
FF. However, in the PBDB-T:ITIC system, the increasing thick-
ness of the active layer does not cause an obvious change in the
carrier lifetime (from 14.43 ms to 14.06 ms), which implies that
the defects in the BH]J structure of the PBDB-T:ITIC film do not
increase when the thickness of the active layer increases. For
the devices illuminated under low light intensity, the variation
in the carrier lifetime is similar to that in the high light
intensity, indicating that the thickness variation has more
impact on the fullerene system than that on the non-fullerene
system. The carrier extraction time increases with the increas-
ing thickness for both fullerene and non-fullerene systems.
This result suggests that the increasing thickness of the active
layer is not favorable for carrier extraction. However, it can be
deduced from the indoor PCE that the difference in extraction
time is not the main affecting factor in the indoor PCE.

To further understand the interfacial behavior of OPVs
under different light sources, we measured the interfacial
impedance of the two systems separately by using impedance
spectroscopy. Fig. 5 shows the Cole-Cole plot of the two OPVs
under different light sources, representing the relationship
between the real and imaginary parts of the device resistance
and the change in frequency. Using the equivalent circuit in
Fig. 5(a), the fitted data are listed in Table S5 (ESIt). Rs is the

J. Mater. Chem. C, 2023, 11,14079-14087 | 14083
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series resistance, the shunt pairs with R1 and C1 refer to the
complex resistance and capacitance at the interface between
the active layer and the carrier transport layer, and the shunt
pairs with R2 and C2 represent the charge transfer resistance
and diffusion capacitance of the BHJ structured active layer.
From these results, the R, and R1-C1 shunt pairs of the PBDB-
T:PC,;BM and PBDB-T:ITIC-based OPVs become larger with the
increasing thickness under different light illumination sources,

ndoor light (TL84, 200 lux).

indicating that there is more than one pair of resistance-
capacitance-shunt in the equivalent module, possibly from
the combination of shunt pairs at the interfaces between the
acceptor and donor in the active layers. Under indoor light, the
smoother semicircular curves indicate that there are fewer
shunt pairs at the acceptor/donor interfaces in the active layers.
In addition, the large semicircle represents the high resistance
of the BH]J structured active layer, in which resistance increases

representing no major difference in the trend of Ry and the with the active layer thickness for both systems under 1-Sun

interfacial resistance between the two kinds of devices under 1-
Sun and indoor light. Noteworthy is the change in the R2-C2
shunt pair of the two BH]J structured active layers under the
two light illumination sources. Firstly, both systems show
unsmooth semicircular curves under 1-Sun illumination,
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illumination. However, the PBDB-T:ITIC system is less affected
by the thickness under indoor light irradiation, which may be
due to the existence of a good acceptor/donor interfaces for
effective charge transfer. This result demonstrates the impor-
tance of a well-mixed acceptor/donor interface in the BH]J
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structured active layers under indoor light. The impedance of
the BH]J structured active layers fabricated from non-fullerene
acceptors does not change significantly with the thickness of
the active layer, which is the main reason why the non-fullerene
based OPVs are able to maintain a high indoor PCE.

Finally, we systematically investigated the trap depth and
charge accumulation behavior of two different active layer
systems. Fig. 6(a) and (b) show the Jsc measured at different
temperatures, from which the trap depth of the devices can be
calculated.”® The trap depths of the PBDB-T:PC,;BM-based
PSCs are deeper than those of PBDB-T:ITIC-based PSCs under
both solar and indoor light illumination. The deeper trap depth
implies that these would be more recombination centres in the
active layer, leading to high carrier recombination efficiency
detrimental to the PCE. Fig. 6(c) and (d) show the chemical
capacitance-voltage relationship extracted from the EIS mea-
surements, and the fitted straight lines indicate the occupied
density of state (DOS),*>*° which can be used to analyse
changes in the effective energy level. Our previous literature
has pointed out that the shift in voltage is proportional to the
effective bandgap shift.’ Compared to fullerene-based PSCs,
NFA-based PSCs can obtain larger Vo values under both solar
and indoor light, which can be attributed to their larger
effective energy level dispersion.*>** Furthermore, by measur-
ing the capacitance change of the device at different applied
voltages, the shift of the light intensity against the Vjcq. value
can be used to deduce the extent of photogenerated carrier
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3.5} = PBDB-T:ITIC, A =124.83 meV
o
£
2
40}
E
A .\.\.\.
-
c L
503 : 5 +
10%T (K
() (K™)
e PBDB-T:PC,.BM
= PBDB-T:ITIC
Ty
£ 10}
2 |
(&
| |
0.5 0.6 0.7 0.8 0.9
V.. (V)

Fig. 6 The calculated trap depth under (a) 1-Sun and (b) indoor light (TL84,
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accumulation. Fig. 7 illustrates the Vjcqi shifts of the two active
layer systems under 1-Sun and indoor light. The lower offset
values imply less charge accumulation, which may correspond
to high carrier mobility. When the devices are illuminated by
indoor light, we found that Ve almost unchanged with the
decreasing intensity of indoor light illumination. This result
implies that the charge accumulation is now not obvious under
indoor light, and we speculate that this is related to the lower
number of carriers generated under indoor light. In addition,
we measured the carrier mobility using the charge extraction of
photogenerated charge carriers by linearly increasing the vol-
tage (Photo-CELIV).*> The corresponding photocurrent curves
and the calculated average mobilities are shown in Fig. S7 and
Table S6 (ESIf), respectively. The results indicate that the
carrier mobilities of the two systems are relatively different
under 1-Sun illumination. When the light intensity decreases
from 100 mW cm ™2 to 1 mW cm ™2, the mobilities of the two
systems increase and are relatively close to each other. This
result is in agreement with the Vpeq shift result. We can
conclude that the difference in PCE between fullerene-based
and NFA-based PSCs under 1-Sun can be attributed to the
difference in the trap depth and carrier mobility, resulting in
charge recombination and accumulation in the active layer.
However, the charge accumulation in both systems was not
significant under indoor light. Our result shows that the trap
depth affects the carrier recombination rate, which is the main
factor affecting the indoor PCE of OPVs.

(b) -10.5F
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Conclusions

In conclusion, we found that a thicker active layer leads to a
decrease in both 1-Sun and indoor PCEs in the PBDB-T:PC,;BM
system. In the PBDB-T:ITIC system, thicker active layers reduce
the 1-Sun PCE of OPVs, which is consistent with the exciton
dissociation and morphology measurements performed using
PL and AFM, respectively. However, thicker active layers based
on the PBDB-T:ITIC system do not reduce the indoor PCE of
OPVs. The main reason is the improvement of the high shunt
resistance and monomolecular recombination behavior of
the devices with increasing film thickness. Our study
indicates that the key factors for obtaining high indoor PCEs
are R; less than 5 KQ ¢cm” and Ry, greater than 450 KQ cm?.
Moreover, the control of carrier recombination behavior,
especially monomolecular recombination and trap depth,
improves the indoor PCE of OPVs.
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