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Enhancing the Efficiency of Indoor Perovskite Solar Cells
through Surface Defect Passivation with Coplanar
Heteroacene Cored A–D–A-type Molecules

Bing-Huang Jiang, Zhen-Jie Gao, Chien-Yu Lung, Zhong-En Shi, He-Yun Du, Yu-Wei Su,
Hui-Shan Shih, Kun-Mu Lee, Hsin-Huai Hung, Choon Kit Chan, Chih-Ping Chen,*
and Ken-Tsung Wong*

The passivation of perovskite interfacial defects by the electron transport layer
(ETL) has emerged as an effective strategy for enhancing the performance of
perovskite solar cells (PSCs). Dithieno[2,3-d:2′,3′-d′]thieno[3,2-b:3′,
2′-b′]dipyrrole (DTPT)-based acceptor-donor-acceptor (A–D–A) molecules
composed of coplanar heteroacene as electron-donating core end-capped with
various electron-accepting moieties are designed and examined as ETL
modifiers for PSCs. Employing PCBM:DTPTCY as the ETL results in
passivation perovskite defects, facilitation energy alignment at the
ETL/perovskite interface, and enhancement of carrier transport efficiency. The
optimized blended ETL-based Cs0.18FA0.82Pb(I0.8Br0.2)3 p-i-n PSC exhibit
performances of 37.2% and 39.9% under TL84 and 3000K LED (1000 lux),
respectively. The DTPTCY-based device demonstrates remarkable stability,
retaining 87% of its initial power conversion efficiency (PCE) after 30 days of
storage in a 40% relative humidity (RH) ambient air environment without any
encapsulation, surpassing the control device, which retains only 67% of its
original PCE. These findings underscore the potential of A–D–A-type
molecule-based interface modification to enhance passivation and contact
properties, ultimately leading to high-efficiency and stable
PSCs.
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1. Introduction

The energy consumption for “Internet
of Things” (IoT) (i.e integration of sen-
sors, telecommunications, remote actua-
tors, smart devices) is a rising demand that
requires constant and sustainable energy
sources.[1] Self-powered integrated IoT de-
vices by harvesting energy from indoor pho-
tovoltaics (iPVs) have obtained significant
attention. Among the PV technologies, the
organometal lead halide perovskite solar
cells (PSCs) with high performance (>26%
at 1 sun (100 mW cm–2 AM 1.5 G)) and eas-
ily controlled energy bandgap (Eg) via com-
positional engineering have great potential
for use under indoor light sources inside
buildings.[2] Because of these advantages,
perovskites can highly meet most of the in-
door light spectrum (e.g., fluorescent lamp
(FL) or light emitting diode (LED), etc.) for
the emerging high-performance iPV.[2c,3]

Traditionally, the optimal Eg for per-
ovskite materials used in iPVs falls within
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the range of 1.8–1.9 eV, which differs from the required Eg of
≈1.35 eV for natural sunlight. To effectively harness indoor light,
extensive researches have been conducted on multicomponent
materials with wider bandgaps or CsPbI3-xBrx perovskites.[4] Sev-
eral defect passivation strategies have been employed to enhance
the efficiency of indoor perovskite solar cells (iPSCs).[1a,5] As
an example, fine-tuning the composition of CH3NH3PbI2-xBrClx
in iPSCs facilitated more efficient carrier transport at the
NiOx/perovskite interface, resulting in an iPCE (indoor photo-
voltaic conversion efficiency) of 36.2% under 1000 lux fluores-
cent light.[6] Kim et al., demonstrated an efficient CH3NH3PbI3-
based iPSC with an indoor power conversion efficiency (iPCE)
of 35.5% (Halogen, 1000 lux) via interface engineering.[7] Mai
and coworkers showed Cs0.17FA0.83PbI3−xBrx iPSC with a certi-
fied iPCE of 35.36% (1000 lux, 3000 K, LED) by passivating the
Br vacancy defects.[4a] Wang et al. introduced an innovative full-
dimensional grain boundary stress relief approach, manifesting
a durable and flexible 𝛼-phase FAPbI3 iPSC with a remarkable
PCE of 31.85% under 1062 lux LED illumination (2956 K). Ad-
ditionally, the utilization of tomato lycopene played a pivotal role
in enhancing both the stability and performance of tri-cation iP-
SCs, resulting in an impressive iPCE exceeding 40% under 1000
lux (Osram L18W/827) lighting conditions.[8] Liu and cowork-
ers reported a guanidinium and 2-(4-methoxyphenyl)ethylamine
hydrobromide passivated thick (FAPbI3)0.97(MAPbBr3)0.03 iPSC
with an efficiency of 40.1% (824.5 lux, warm LED).[9] These im-
pressive advances shed the light on the practical approaches of
realizing the high-efficiency indoor PSCs. More recently, ion-
dipole interactions were demonstrated to achieve an iPCE of
41.2% for CsPbI3 iPSCs.[10] These advancements encourage fur-
ther exploration and practical applications of iPSC in real-life
scenarios.

In pursuit of maximizing the performance of iPSCs to ap-
proach theoretical efficiency, it is crucial to concurrently mitigate
trap-induced nonradiative carrier recombination within the per-
ovskite and address interface trap state defects, especially when
operating under low light-intensity conditions.[1a,b] Enhancing
the efficiency of PSCs through interfacial engineering can be
achieved by replacing or doping the electron or hole transporting
layer (ETL/HTL). This approach offers a straightforward means
of improving device performance.[4b,11] A multifunctional inter-
facial layer can regulate light harvesting, mitigate surface de-
fects, and manage interface hydrophobicity, thereby facilitating
effective defect passivation in perovskite materials. In this study,
we designed and synthesized coplanar heteroacene dithieno[2,3-
d:2′,3′-d′]thieno[3,2-b:3′,2′-b′]dipyrrole (DTPT)-based acceptor-
donor-acceptor (A–D–A) derivatives and blended them with
phenyl-C61-butyric acid methyl ester (PCBM) as the electron
transporting layer (ETL) for iPSCs. The hybrid ETL can effec-
tively address interface defects and manage hydrophobicity, lead-
ing to enhanced iPCE and stability in iPSCs. The optimized iP-
SCs achieved impressive iPCEs of up to 34.1%. Notably, these
devices displayed exceptional long-term stability, retaining 87%
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of their initial iPCE even after a 30-day storage without encapsu-
lation in an environment with 40% relative humidity (RH).

2. Results and Discussion

Lewis base electron donors, such as pyridine, thiophene, and
fullerene, have been incorporated to mitigate defects in the per-
ovskite and carrier transport layers. For instance, PCBM is a
widely employed material at the interface and as the ETL in
PSCs. The strategic control of compatibility and energy level
alignment at the perovskite/ETL interface proves to be an ef-
fective approach for curtailing trap-induced nonradiative carrier
recombination within the perovskite and addressing interfacial
trap state defects in iPSCs.[11a] Herein, we synthesize DTPT-
cored derivatives with end-capping functional groups either of
cyanide, thiophene, carboxyl, and halogen groups to provide spe-
cific coordination or electrostatic interactions that might pas-
sivate the defects of perovskite. The syntheses of A–D–A-type
molecules DTPTCY, DTPTID2CN, and DTPTID2CN2F are de-
picted in Scheme 1. Detailed synthesis procedure and char-
acterization are shown in Supporting Information, including
Figures S1−S10 (Supporting Information). Starting from tetra-
bromoterthiophene (1),[12] the tandem Buchwald-Hartwig cou-
pling reaction with 2-hexyloctyl amine afforded the branched
alkyl chain-substituted N-fused heteropentacene core (2) with
a moderate yield of 46%. The electron-rich coplanar core (2)
was readily converted to dialdehyde (3) by Vilsmeier-Haack
formylation in a good yield of 92%. The aldehyde (3) then
underwent a Knöevenagel reaction with 2-methyl-4H-chromen-
4-ylidene)malononitrile (CY), 2-(3-oxo-2,3dihydro-1H-inden-1-
ylidene)malononitrile (ID2CN), and 2-(5,6-difluoro3-oxo-2,3-
dihydro-1H-inden-1-ylidene)malononitrile (ID2CN2F), respec-
tively, to afford the target molecules DTPTCY (33%), DTP-
TID2CN (36%), and DTPTID2CN2F (40%). The thermogravi-
metric analysis (TGA) was utilized to investigate the thermal
properties of DTPTCY, DTPTID2CN, and DTPTID2CN2F, as in-
dicated in Table 1. All the molecules displayed exceptional ther-
mal stability, with decomposition temperatures (Td, 5% weight
loss) of 371 °C for DTPTCY, 339 °C for DTPTID2CN, and 324 °C
for DTPTID2CN2F, respectively.

The UV/Vis absorption spectra of DTPT derivatives in
chlorobenzene are displayed in Figure S11a (Supporting Infor-
mation). The maximum absorption peaks and absorption onsets
wavelength (𝜆max/𝜆onset) of DTPTCY, DTPTID2CN, and DTP-
TID2CN2F are located at 665/733, 743/793, and 755/807 nm,
with corresponding extinction coefficient (ɛ) of 1.58 × 105, 1.84 ×
105, and 9.19 × 104 M−1 cm−1, respectively. Each of the DTPT
derivatives displayed a shoulder peak indicative of their 𝜋-𝜋 in-
teractions. Notably, the shoulder peaks observed in DTPTID2CN
and DTPTID2CN2F are more pronounced compared to that of
DTPTCY. This suggests a higher degree of pre-aggregation in
DTPTID2CN and DTPTID2CN2F, potentially affecting their dis-
persibility due to stronger intermolecular interactions. Figure
S11b (Supporting Information) shows the absorption spectra of
the neat films of DTPT derivatives, while the 𝜆onset of DTPTCY,
DTPTID2CN, and DTPTID2CN2F neat films is located at 887,
938, and 935 nm, respectively. By comparison with the absorp-
tion spectrum in the solution, the film of DTPTCY, DTPTID2CN,
and DTPTID2CN2F present a different redshift of 𝜆onset to be 154,
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Scheme 1. Synthetic routes for new A-D-A type molecules DTPTCY, DTPTID2CN, and DTPTID2CN2F.

145, and 128 nm, respectively. DTPTCY exhibiting a significant
redshift than DTPTID2CN and DTPTID2CN2F implies the ex-
perience of strongest intermolecular interactions during the film
formation. Furthermore, the absorption of DTPT derivatives cov-
ers the red to near-infrared region, with comparatively lower ab-
sorption in the visible spectrum. This characteristic makes them
a promising choice as ETL for PSCs. The electrochemical charac-

teristics of DTPT derivatives were investigated by cyclic voltam-
metry (CV). By referencing the ferrocene/ferrocenium (Fc/Fc+)
redox couple, the corresponding energy levels of the highest
occupied molecular orbitals (HOMOs) and lowest unoccupied
molecular orbitals (LUMOs) were calculated based on the on-
sets of the oxidation and reduction potentials. These results are
summarized in Table 1. The HOMO/LUMO energy levels of

Table 1. Photophysical and Electrochemical Properties of DTPTCY, DTPTID2CN, and DTPTID2CN2F.

Molecule 𝜆max/𝜆onset
a) [nm] ɛ [M−1 cm−1]a) HOMO [eV]b),c) LUMO [eV]b),d) Td) [°C]e)

DTPTCY 665/733 158 000 −5.06 −3.37 371

DTPTIDCN 743/793 184 000 −5.31 −3.75 339

DTPTID2CN2F 755/807 91 900 −5.40 −3.86 324
a)

Measured in chlorobenzene solutions;
b)

Measured in CH2Cl2 solutions with 0.1 m TBAPF6 as a supporting electrolyte;
c)

Measured in THF with 0.1 m TBAP as a supporting
electrolyte;

d)
Calculated from cyclic voltammetry using Fc/Fc+ (−4.8 eV in vacuum) as a reference electrode;

e)
Temperature corresponding to 5% weight loss obtained from

TGA under N2 at a heating rate of 10 °C min−1.
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DTPTCY, DTPTID2CN, and DTPTID2CN2F are −5.06/−3.37,
−5.31/−3.75, and −5.40/−3.86 eV, respectively. Among these
derivatives, DTPTCY exhibits a higher LUMO energy level than
DTPTID2CN, primarily due to the weaker electron-withdrawing
properties of the cyanide group. In contrast, DTPTID2CN2F
attains a lower LUMO energy level, thanks to the incorpo-
ration of electron-withdrawing fluorine atoms. Previous stud-
ies have indicated that by adjusting the blend ratio, it is pos-
sible to readily modulate the energy level of the ETL blend
film, placing it within the range of the individual ETLs’ en-
ergy levels.[13] It is worth noting that the higher energy level
of DTPTCY offers a wider scope for energy level adjustments
when blended with PCBM. Grazing-incidence wide-angle X-ray
scattering (GIWAXS) was employed to investigate the molecu-
lar packing of DTPT derivatives in neat films. Figure S12 (Sup-
porting Information) displays both the 2D and 1D GIWAXS
patterns and profiles. In the case of DTPTCY, it exhibits an
edge-on orientation with a (010) peak observed at 1.82 Å−1

(corresponding to a d-spacing of 3.45 Å) in the in-plane (IP) direc-
tion. Additionally, there are several strong lamellar peaks at 1.27,
0.84, and 0.42 Å−1 in the out-of-plane (OP) direction, indicating
a high degree of molecular ordering in the film. DTPTID2CN
exhibits a similar profile, with an IP (010) peak at 1.82 Å−1

(d = 3.45 Å) and several OP lamellar peaks at 1.17, 0.78, and
0.39 Å−1. On the other hand, DTPTID2CN2F features a lower
(010) peak at 1.73 Å−1 (d = 3.45 Å) and an OP lamellar peak
at 0.33 Å−1 (d = 19.04 Å). Notably, DTPTCY and DTPTID2CN,
with higher diffraction intensity, indicate strong molecular pack-
ing behavior, which is in line with their observed redshifts in
UV-Vis absorption spectra. The structure of the electron-only
device comprised of glass/indium tin oxide (ITO)/ZnO/DTPT
derivatives/PFN-Br/Ag was employed to measure the space
charge limited current (SCLC) density curves for DTPT deriva-
tives, as depicted in Figure S13 (Supporting Information). The
electron mobility (μe) of the device was subsequently determined
using the following equation

J =
9𝜀0𝜀r𝜇V2

8L3
(1)

where ɛ0, ɛr, and L are the relative dielectric constant, the per-
mittivity of free space, and the thickness of DTPT derivatives, re-
spectively. The μe of DTPTCY, DTPTID2CN, and DTPTID2CN2F
samples was found to be 0.81, 0.32 and 0.23 × 10−4 cm2 V−1 s–1,
respectively. Among these materials, DTPTCY demonstrates a
higher μe compared to the others, making it the most promising
candidate for use as an ETL in PSCs.

Considering the need to adjust the energy level alignment
at the perovskite/ETL interface and enhance carrier transport
within the ETL, DTPTCY was initially selected as the modi-
fier due to its higher LUMO energy level. The p-i-n-type iPSCs
were fabricated with the following structure: glass/indium tin ox-
ide (ITO)/NiOx (30 nm)/ CH3NH3PbI3 (MAPbI3)/PCBM, both
with and without DTPTCY, followed by bathocuproine (BCP,
5 nm)/Ag (100 nm) as shown in Figure 1a.[2b,14] The MAPbI3
was deposited from a concentration of 0.8 M in blend solvent
(DMF:DMSO = 4:1, v/v) to give a thickness of 300 nm which
was suitable for the application of iPVs. Detail fabrication con-
ditions are shown in SI. Due to the interface-related issues, the

PSC with DTPTCY alone as the ETL exhibited unsatisfactory per-
formance. The blend ratio of the ETL consisting of PCBM and
DTPTCY, as well as the post-annealing temperature, were ex-
amined as these factors have the potential to impact the perfor-
mance of the PSC. Under 1 sun (AM 1.5 G, 100 mW cm−2), the
PCE of PSCs (i.e., PCBM-based PSCs is the control device for
comparison) was 13.5 ± 0.8% with a short-circuit current den-
sity (JSC) of 18.7 ± 0.6 mA cm−2, an open-circuit voltage (VOC)
1.04 ± 0.02 V and a fill factor(FF) of 69.5 ± 2.5%, as shown in
Figure 1b and Table 2. Figure S14a and Table S1 (Supporting
Information) provide an overview of the device performance of
PSCs with various PCBM:DTPTCY blend ratios under 1-sun il-
lumination conditions. The PCEs of PSCs with varying blend ra-
tios of PCBM to DTPTCY, including 1:0.001, 1:0.01, 1:0.025, and
1:0.05, were measured to be 13.6%, 13.4%, 14.6%, and 11.8%,
respectively. Notably, when the DTPTCY content is extremely
low, particularly at blend ratios of 1:0.001 and 1:0.01, the device
performance remains almost unchanged compared to the pris-
tine devices. However, the highest performance was achieved
at a blend ratio of 1:0.025. Beyond this optimal ratio, when the
DTPTCY content exceeds 1:0.05, it resulted in a decline of de-
vice performance, consistent with the findings reported in the
literature.[11a] Figure S14b and Table S2 (Supporting Informa-
tion) present the device performance data for PSCs based on a
PCBM:DTPTCY(1:0.025) blend at varying fabrication tempera-
tures under 1 sun illumination. At ETL fabrication temperatures
of 25, 60, 90, and 120 °C, the corresponding PCEs of the PSCs
were determined to be 14.6%, 14.7%, 16.8%, and 14.3%, respec-
tively. The observed trend indicates that higher ETL fabrication
temperatures result in a notable enhancement in device perfor-
mance, particularly in terms of JSC and VOC. This suggests that
the elevated fabrication temperatures may lead to improved mis-
cibility between PCBM and DTPTCY, ultimately maximizing de-
vice performance. The optimized PCE of 90 °C DTPTCY-based
PSCs were 15.9 ± 0.7% with a JSC of 19.0 ± 0.8 mA cm−2, a VOC
1.07± 0.01 V and an FF of 78.4± 4.0%, as shown in Figure 1b and
Table 2. DTPTCY-based PSCs exhibited a remarkable increase in
PCE, exhibiting an ≈17% enhancement when compared to the
control PSCs with PCBM only. This notable improvement can
be attributed to a substantial boost in the FF, complemented by
the slight increases in both JSC and VOC. As suggested in the pre-
vious report,[11a,15] the observed improvement can be attributed
to the blended ETL enhancing transport properties and reducing
recombination losses. These factors will be further discussed in
the following sections. Figure S14c,d (Supporting Information)
show the hysteresis curves (delay time: 0.05 s) of the PCBM-
and PCBM:DTPTCY-based PSCs, corresponding hysteresis in-
dex (HI) to be 0.029 and 0.013, respectively. The observation of
PCBM:DTPTCY-based PSCs having a smaller HI implies that the
introduction of DTPTCY may contribute to defect passivation in
the surface of perovskite layer. Moreover, we conducted stability
measurements by maintaining the bias at 0.84 and 0.86 V for
PCBM- and PCBM:DTPTCY-based PSCs over a duration of 55 s,
as illustrated in Figure S15 (Supporting Information). The stabi-
lized efficiencies at the maximum power point for PCBM- and
PCBM:DTPTCY-based PSCs are 12.2% and 16.0%, respectively.
Figure 1c displays the external quantum efficiency (EQE) spec-
tra of PCBM- and PCBM:DTPTCY-based PSCs. Then, the calcu-
lated values of EQE−JSC of PCBM- and PCBM:DTPTCY-based
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Figure 1. a) The p-i-n PSC device structure in this study. b) J–V characteristics under AM1.5G, c) EQE spectra, and d) J–V characteristics under indoor
light of PCBM- and PCBM:DTPTCY-based PSCs.

PSCs are 18.67 and 18.93 mA cm−2, respectively. There are only
small mismatches in the EQE responses when compared to the
values of JSC obtained from the J-V curves. A similar optimization
strategy was employed to assess the impact of DTPTID2CN and
DTPTID2CN2F, and the optimal device performance is shown
in Figure S14e and Table S3 (Supporting Information). The
PCE for PCBM:DTPTID2CN-based PSC is 15.4%, and 10.0% for
PCBM:DTPTID2CN2F-based PSC. These PCE values are lower
than the PCBM:DTPTCY-based PSCs.

A 4100 K fluorescent lamp (TL84, European shop fluorescent)
was utilized as the light source, and the corresponding emission
spectrum is shown in Figure S16 (Supporting Information).[16]

Referring to literature,[4a] the power density of indoor light illu-
minance is generally from 180 to 900 μW cm−2, corresponding
the luminance from 200 lux to 1000 lux. Here, the power den-
sity of TL84 ranges from 59.4 to 284.4 μW cm−2, corresponding
the luminance from 200 lux to 1000 lux, after correction. Figure
S17a and Table S4 (Supporting Information) presents the device

Table 2. Device performance of the PSCs.

ETL Illumination JSC [mA cm−2] VOC [V] FF [%] PCE [%] PCEbest [%]

PCBM AM1.5G 18.7 ± 0.6 1.04 ± 0.02 69.5 ± 2.5 13.5 ± 0.8 14.9

PCBM:DTPTCY 100 mW cm−2 19.0 ± 0.8 1.07 ± 0.01 78.4 ± 4.0 15.9 ± 0.7 16.8

ETL Illumination Pin [μW cm−2] JSC [μA cm−2] VOC [V] FF [%] iPCE [%] iPCEbest [%] Pout [μW cm−2]

PCBM TL84 284.4 113.9 ± 1.7 0.86 ± 0.02 72.4 ± 2.3 25.0 ± 1.1 26.7 71.1 ± 3.2

PCBM:DTPTCY 1000 lux 129.5 ± 4.4 0.92 ± 0.01 78.9 ± 2.2 33.1 ± 1.0 34.1 94.0 ± 2.7
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performance of PCBM-based PSCs under various light intensi-
ties. The iPCE of PCBM-based PSCs under 200, 400, 600, 800,
and 1000 lux were measured at 22.7%, 21.8%, 23.2%, 23.9%, and
26.7%, respectively, while the iPCE is increased upon increasing
the light intensity. The best average iPCE of 25.0 ± 1.1% was ob-
served under 1000 lux, with a JSC of 113.9 ± 1.7 μA cm−2, a VOC
0.86 ± 0.02 V, and an FF of 72.4 ± 2.3%, as shown in Figure 1d
and Table 2. The iPCE of PCBM:DTPTCY-based PSCs recorded
under 200, 400, 600, and 800 lux are 32.6%, 33.8%, 32.7% and
33.1% (Figure S17b and Table S5, Supporting Information), re-
spectively. Moreover, the PCBM:DTPTCY-based PSCs were also
assessed under 1000 lux, resulting in an iPCE of 33.1 ± 1.0%
(with the best iPCE of 34.1%), with a JSC of 129.5 ± 4.4 μA cm−2, a
VOC 0.92 ± 0.01 V, and an FF of 78.9 ± 2.2%. It is worth highlight-
ing that the enhancement in iPCE is ≈32% when compared to
the control PCBM-based PSCs. This increase is more substantial
than the observed PCE enhancement under AM 1.5G, suggesting
that this improvement strategy is particularly well-suited for the
development of iPV. Remarkably, the iPCE of PCBM:DTPTCY-
based PSCs remains at ≈30%, even when the light intensity drops
below 500 lux. In contrast, the control device exhibits a significant
decline in performance as the light intensity decreases. Based on
our understanding, the performance of PSCs involves the filling
of traps within the PSCs prior to charge transport. Therefore, trap
density can have a significant impact on device performance, es-
pecially when measured under indoor lighting conditions, which
correspond to lower charge densities. In this context, we antici-
pated that DTPTCY could effectively mitigate surface defects that
could otherwise lead to undesirable trap-assisted recombination,
ultimately resulting in enhanced device performance even un-
der light intensities below 500 lux. Figure S17c,d (Supporting
Information) present the hysteresis curves (with a delay time
of 0.05 s) for both PCBM- and PCBM:DTPTCY-based PSCs un-
der 1000 lux illumination. The corresponding indoor hystere-
sis index (iHI) values were found to be 0.085 for PCBM-based
PSCs and 0.035 for PCBM:DTPTCY-based PSCs. Compared with
HI under AM1.5G, iHI is slightly higher, attributed to the fact
that devices operating at lower charge densities, such as those
in indoor lighting, tend to be more sensitive to defects within
the device, potentially resulting in increased hysteresis.[3b] The
DTPTCY-blended device exhibits a lower iHI compared to the
control device, suggesting that DTPTCY likely plays a pivotal role
in passivating defects within the device. The PSCs that incorpo-
rated DTPTID2CN or DTPTID2CN2F were also evaluated under
1000 lux, resulting in iPCE value of 28.6% and 28.1%, respec-
tively (Figure S17e and Table S6, Supporting Information). Table
S7 (Supporting Information) presents data from previous reports
on iPV based on PSCs. It is observed that MAPbI3-based PSCs
achieved impressive iPCEs ranging from ≈25.1% to 37.2% under
1000 lux of fluorescent or LED lighting. However, the CsPbI3-xBrx
and multicomponent PSCs reached a breakthrough iPCE ≈40%.
Moreover, the iPCEs of most PSCs tend to decrease as the light in-
tensity decreases, with the iPCE ratio (iPCE/iPCE1000lux) under il-
lumination <400 lux ranging from 0.91 to 0.55. Conversely, PSCs
based on PCBM:DTPTCY displays a significant iPCE/iPCE1000
lux ratio of 0.96 when operating at 200 lux. This observation
suggests that the inclusion of DTPTCY ensures that these PSCs
maintain exceptional iPCE performance even when exposed to
reduced light intensities, making them highly suitable for indoor

applications. When considering IoT applications, it is important
to note that lower-intensity light sources, like 200 lux (typical
of living room lighting) or 500 lux (common in office environ-
ments), are more prevalent in the everyday human surroundings.

Here, GIWAXS was employed to assess alterations in the
molecular packing of PCBM after the introduction of DTPT
derivatives, as illustrated in Figure S18 (Supporting Informa-
tion). The typical (010) peak of the pristine PCBM neat film was
observed at 1.41 Å−1(d = 4.45 Å), which is consistent with our
previous report.[17] Upon the introduction of DTPT derivatives,
all blend films exhibited a similar profile to that of the PCBM
neat film. This similarity can be attributed to the relatively low
quantity of DTPT derivatives added to the blends. However,
the location of (010) peaks were observed with a slight shift at
1.37 Å−1 (4.58 Å), 1.33 Å−1 (4.73 Å), and 1.33 Å−1 (4.73 Å) when
blending with DTPTCY, DTPTID2CN, and DTPTID2CN2F, re-
spectively. Upon blending with DTPTID2CN or DTPTID2CN2F,
a noticeable increase in the 𝜋-stacking distance was observed.
In contrast, when blended with DTPTCY, the increase in
𝜋-stacking distance was comparatively smaller. This larger
𝜋-stacking distance could potentially impact electron mobility
and subsequently lead to a less pronounced improvement in
device performance. To further investigate the primary role of
the DTPT derivatives, DTPTCY was selected as a representative
compound for further analysis in the subsequent sections. The
field emission scanning electron microscopy (FE-SEM) was ap-
plied to record changes in morphology, as shown in Figure S19
(Supporting Information). The samples of MAPbI3/PCBM and
MAPbI3/PCBM:DPTPCY exhibited a similar perovskite mor-
phology, implying that the impact on perovskite morphology via
the ETL can be ignored. We studied the effects of morphology and
contact surface potential (CPD) that affecting the performance of
devices through the atomic force microscopy (AFM) and Kelvin
probe force microscope (KPFM) measurements. Figure S20
(Supporting Information) depicts the surface morphology of per-
ovskite/PCBM and perovskite/PCBM:DTPTCY. The root mean
square (RMS) surface roughness of perovskite films with PCBM
and PCBM:DTPTCY as ETLs was measured at 0.86 and 0.43 nm,
respectively. This data indicates a reduction in surface roughness
for the ETL incorporating DTPTCY. Generally, a smoother in-
terface is associated with fewer defects that improve the exciton
extraction at the interface. Therefore, one of the reasons for the
enhancement in device performance can be attributed to the
smoother surface observed in the presence of DTPTCY. Addi-
tionally, a distinct fibril-like structure on the surface of the film
incorporating DTPTCY was observed, which may correspond to
the crystalline structure of DTPTCY moieties. This unique mor-
phology feature can facilitate electron transport within the ETL
and thus improve overall performance. The CPD is equivalent to
the surface potential voltage and can be described as the differ-
ence in the work functions between the sample and tip, divided
by the negative electron charge. Here, we use the same KPFM
measurement parameters in different perovskite/ETLs struc-
tures and take ITO as a standard reference for the CPD compari-
son. Schematic illustrations for different perovskite/ETLs layers
structures are show in Figure 2a. From right to left are perovskite
without ETL, with PCBM and with PCBM: DTPTCY, respec-
tively. The fresh sample surface is scratched to create ITO and
layer structures interface for the following discussion. Figure 2b
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Figure 2. AFM-KPFM characterizations. a) Schematic illustrations for different ETLs /perovskite layers structures. From right to left are perovskite
without ETL, with PCBM and with PCBM: DTPTCY, respectively. b) Topography and c) CPD maps of perovskite without ETL, with PCBM and with PCBM:
DTPTCY, respectively. d) CPD line profiles corresponding to the lines marked in (c).

show the surface morphology of different perovskite/ETLs layers
structures. The thickness of barely MAPbI3, with PCBM and
with PCBM:DTPTCY is 300, 380 and 380 nm respectively (Figure
S21, Supporting Information). To verify the existence of such
potential dip in the transport layer, Figure 2c shows the surface
potential of different perovskite/ETLs layers structures. We
compare this energetic disorder difference between with ITO of
barely MAPbI3, PCBM and PCBM:DTPTCY by the CPD differ-
ence (ΔCPD). Figure 2d shows the CPD line profiles at different
perovskite/ETLs layers structures. The ΔCPD with ITO of barely
MAPbl3, PCBM and PCBM:DTPTCY are 50, 160 and 120 mV,
respectively. Among these samples, MAPbI3 exhibits the lowest
ΔCPD, while the highest ΔCPD was obtained after depositing
a PCBM layer, indicating the presence of a barrier between per-
ovskite and PCBM. However, the MAPbI3/PCBM:DTPTCY sam-
ple displays a lower ΔCPD than MAPbI3/PCBM, suggesting that
the energy levels of ETL have been adjusted. Moreover, a lower
barrier was observed between perovskite and PCBM:DTPTCY,
which may facilitate energy level alignment, ensuring efficient
charge transport. Then, ultraviolet photoelectron spectrome-
ter (UPS) was used to investigate the change in energy level,
as shown in Figure S22a–c (Supporting Information), where
the work function was determined by using the relationship
WF (eV) = 21.22 – Ecut-off. The valence band maximum levels
(EVBM) was determined by the band edge; the conduction band
maximum (ECBM) was determined by using the bandgap of
corresponding films.[15] The results of UPS are summarized in
a schematic illustration, as shown in Figure S22b (Supporting
Information). Among them, similar EVBM and ECBM were ob-
served in the perovskite, regardless of the presence or absence of

PCBM, while the main difference was from the WF. However, a
deeper energy level was identified in the perovskite films when
PCBM:DTPTCY was present, promoting favorable energy level
alignment between the perovskite and the electrode. This ob-
servation confirms that DTPTCY has the ability to fine-tune the
energy levels, ensuring efficient charge transport and potentially
suppressing unwanted recombination during the charge transfer
processes.

X-ray photoelectron spectroscopy (XPS) was employed to in-
vestigate the interactions between DTPTCY and the perovskite.
In Figure 3a, the high-resolution XPS spectra of the S2p bind-
ing energies are displayed for the DTPTCY sample and the per-
ovskite/PCBM:DTPTCY sample. The signals in the S2p spec-
trum are divided into two peaks at 163.3 and 164.5 eV, corre-
sponding to the S2p3/2 and S2p1/2 orbitals, respectively. These
peaks can be attributed to the presence of thiophene from
DTPTCY.[18] Similar signals were also observed in the S2p
spectrum of the perovskite/PCBM:DTPTCY sample, indicat-
ing that DTPTCY is indeed present in the ETL. Importantly,
a slight shift between the two samples was detected, implying
the possibility of passivation or interaction between DTPTCY
and the perovskite. Figure 3b shows the Pb4f binding en-
ergies for the samples of perovskite, perovskite/PCBM, and
perovskite/PCBM:DTPTCY. The signals in the Pb4f spectrum
can be classified into two peaks at 141.4 and 136.8 eV, corre-
sponding to the Pb4f5/2 and Pb4f7/2 orbitals, respectively, which
are typical peaks associated with the perovskite material.[19] Com-
paring the peak locations, highly similar profiles were observed
between the sample of perovskite and perovskite/PCBM. How-
ever, significant shifts toward higher binding energies were
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Figure 3. High-resolution XPS spectra of the a) S2p and b) Pb4f 1s binding energies of perovskite films prepared with/without ETL.

observed in the sample of perovskite/PCBM:DTPTCY, confirm-
ing the presence of coordination interactions between DTPTCY
and Pb2+.[20] Moreover, in the samples of perovskite, additional
peaks were observed at ≈135 and 140 eV, corresponding to the
signals of Pb0. This implies that a portion of Pb2+ ions may have
underwent reduction.[19] Even when covering the perovskite with
PCBM (i.e., perovskite/PCBM), the signals of Pb0 are still de-
tectable but with lower intensity. However, the signals of Pb0

disappear in the sample of perovskite/PCBM:DTPTCY, indicat-
ing that the stronger coordination interactions inhibit the re-
duction of Pb2+ ions. Fourier-transform infrared spectroscopy
(FTIR) was employed to record the interaction between the
ETL and the perovskite, as depicted in Figure S23 (Support-
ing Information). The spectrum of the PCBM neat film exhib-
ited signals of C═O, CH2, C─C, and C─O, consistent with the
literature.[21] The DTPTCY neat film displayed signals of CH2,
C≡N, C═C, and C─O, similar to other A–D–A molecules.[22] The
blend film of PCBM:DTPTCY with a blend ratio of 1:0.025 ex-
hibited a curve similar to the PCBM neat film. As the blend
ratio increased to 1:1, the signals of DTPTCY became more
pronounced without disappearance or shift, implying the ab-
sence of a chemical reaction between PCBM and DTPTCY.
The spectra of the MAPbI3 neat film showed signals of N-H
and CH3, consistent with the literature.[23] Comparing the spec-
tra of MAPbI3, MAPbI3/PCBM, and MAPbI3/PCBM:DTPTCY,
the signals of C═O and C≡N were observed in the spectra of
MAPbI3/PCBM and MAPbI3/PCBM:DTPTCY, confirming the
presence of PCBM and DTPTCY. However, the chemical shift
was challenging to observe due to the low amount of DTPTCY
in the ETL. Thus, the film of MAPbI3/DTPTCY was employed
as a model sample to evaluate the interaction. Compared with
the DTPTCY neat film, the signals of C≡N and C–O bonds on
the DTPTCY slightly shifted from 2198 to 2200 cm−1 and 1139
to 1136 cm−1, respectively, implying the pathway of passivation

and coordination. Thus, the introduction of DTPTCY can effec-
tively reduce the surface defects of the perovskite, resulting in
the inhibition of unwanted recombination and energy loss, ul-
timately improving the device performance. Photoluminescence
(PL) and time-resolved photoluminescence (TRPL) spectroscopy
were employed to investigate the characteristics of photo-exciton
generation and transfer process. Samples of perovskite, per-
ovskite/PCBM, and perovskite/PCBM:DTPTCY were deposited
onto glass substrates. Excitation light with a wavelength of
550 nm was introduced from the glass side to ensure that the
emission originated from the perovskite. Figure S24a (Support-
ing Information) displays the PL spectra, where the perovskite
neat film exhibits a strong emission centered at 770 nm. How-
ever, significant quenching behavior was observed in both the
samples of perovskite/PCBM and perovskite/PCBM:DTPTCY.
This result indicates the effective extraction of electrons from
the perovskite. Notably, a slight shift in emission was observed
when comparing the samples of perovskite/PCBM and per-
ovskite/PCBM:DTPTCY. This shift could be attributed to the co-
ordination interaction observed in the XPS results. Figure S24b
(Supporting Information) shows the TRPL spectra, which were
recorded using a peak emission at 478 nm and fitted using a
bi-exponential model. The fitted data, including the fractions of
the fast (𝜏1) and slow (𝜏2) decay times representing quenching
via trap-mediated nonradiative recombination and radiative re-
combination of free charge carriers, respectively, are summa-
rized in Table S8 (Supporting Information).[14,24] The values of
𝜏1 / 𝜏2 / 𝜏average for the perovskite, perovskite/PCBM, and per-
ovskite/PCBM:DTPTCY were 5.46/52.03/13.52, 2.78/11.26/2.94,
and 1.95/9.17/1.95 ns, respectively. Among them, the perovskite
neat film presents the highest value of 𝜏2 because there is no ETL
to extract the charge, resulting in serious recombination within
the perovskite layer. When the perovskite incorporates PCBM
as the ETL, the free charge is quickly extracted, resulting in a
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Figure 4. a) SCLC electron only curves b) JSC- light intensity plots, c) VOC- light intensity plots, d) EIS plots, e) TPV plots, f) TPC plots of devices.

significant decrease in 𝜏2 and A2. However, when the perovskite
incorporated with the PCBM:DTPTCY-based ETL, it displays the
lowest values of 𝜏2 and A2, suggesting that charge transfer to the
ETL is more effective due to the presence of DTPTCY. This im-
provement could be attributed to the suitable energy level align-
ment between the perovskite and PCBM:DTPTCY.

An electron-only device (ITO/SnO2/perovskite/ETLs/Ag) was
fabricated to investigate how the ETL affects the electron mobility
and trap density of the PSCs, as determined from their SCLC
density curves.[2a] The trap density from the J–V plots on a log–
log scale was estimated. The trap density was calculated from the
trap-filled-limit voltage (VTFL):

VTFL =
entrpL2

2𝜀𝜀0
(2)

where e (C) is the elementary charge, L (m) is the thickness
of the active layer, ɛ (F m−1) is the relative dielectric constant
of perovskite, ɛ0 (F m−1) is the vacuum permittivity, and ntrap
(cm−3) is the trapping state density. Figure 4a displays the J–
V curve of the electron-only devices. The calculated trap densi-
ties for the PCBM and PCBM:DTPTCY samples were 1.16 and
1.03 × 1016 cm–3, respectively. Consequently, the electron trap-
ping state density is reduced in the presence of DTPTCY, which
aligns with the results obtained from XPS. Furthermore, the elec-
tron mobility (μe) of the devices was calculated. The μe for the
devices with PCBM and PCBM:DTPTCY are 2.67 and 2.70 ×
10−4 cm2 V−1 s−1, respectively. Hence, electron transport within
the perovskite becomes more efficient in devices incorporating
PCBM:DTPTCY, owing to the PCBM:DTPTCY-based ETL fea-
turing a suitable energy level alignment that enhances the effec-
tive extraction of electrons from the perovskite. The J–V curves
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of PCBM- and PCBM:DTPTCY-based PSCs were recorded under
various light intensities (Plight), and the corresponding JSC−Plight
and VOC−Plight curves were obtained, as shown in Figure 4b,c.[25]

The equation JSC ∝ Plight
𝛼 was used to fit the JSC−Plight curves in

order to determine the fitting value of 𝛼, which represents the
degree of bimolecular recombination (i.e., 𝛼 ≈ 1 implies min-
imal recombination, 𝛼 < 1 implies more recombination). The
fitted 𝛼 values for PCBM- and PCBM:DTPTCY-based PSCs are
0.979 and 0.994, respectively, indicating that bimolecular recom-
bination is suppressed by introducing DTPTCY. The equation
VOC = (nkT/q) ln(Plight) was used to fit the VOC−Plight curves
and obtain the fitting value of n, where k is the Boltzmann
constant, T is the absolute temperature, and q is the elemental
charge. This value of n was used to assess the degree of trap-
assisted recombination, where a higher value of n indicates more
pronounced trap-assisted recombination. The fitted n values of
PCBM- and PCBM:DTPTCY-based PSCs are 1.49 and 1.19, re-
spectively. These values suggest that the suppression of the trap-
assisted recombination is significantly improved by introducing
DTPTCY, which is consistent with the results of trap density
measurements. We then used electrochemical impedance spec-
troscopy (EIS) to investigate charge transfer kinetics and the in-
ternal resistances of the perovskite/ETL structures to support
of the enhancements in iPCE. Figure 4d displays the Nyquist
plots of the EIS data collected in the dark. The figure presents
well semicircles (symbols: experimental data; solid curves: fit-
ting data) in the determined frequency range. The semicircles
in the high-frequency region are related to the values of C and
Rrec, larger semicircles imply a greater carrier recombination re-
sistance. The Rrec of PCBM- and PCBM:DTPTCY-based PSCs are
1843 and 4547 Ω, respectively. The result indicates a lower charge
recombination rate and smaller dark current of the device with
PCBM:DTPTCY; this sequence is consistent with the increase of
the FF and values of VOC.[2a] Using transient photovoltage (TPV)
measurements under VOC conditions and transient photocurrent
(TPC) measurements under short-circuit conditions, charge life-
time and charge extraction efficiency was examined, respectively
(Figure 4e,f).[2a] As calculated from Figure 3e, the carrier lifetime
of the PCBM:DTPTCY-based PSCs was measured to be 12.6 μs,
which is longer than that in the PCBM-based PSC with a car-
rier lifetime of 7.6 μs. A longer carrier lifetime indicates the sup-
pression of charge recombination in the PSC. The fitted values
from TPC (Figure 4f curves for the PCBM- and PCBM:DTPTCY-
based PSCs are 0.67 and 0.64 μs, respectively. A shorter extrac-
tion time signifies more efficient charge extraction at the ETL
interface, which correlates with the increased mobility and ap-
propriate energy level alignment within the PSC. The improve-
ments observed in PCBM:DTPTCY-based PSCs, notably in mit-
igating undesired carrier recombination, trap-assisted recombi-
nation and carrier recombination resistance, outperformed other
benefits. The effective suppression of trap-assisted recombina-
tion has been demonstrated to be pivotal in sustaining high iPV
performance under low light intensities.[1a,b]

To affirm the versatility of our hybrid ETL and enhance the in-
door performance of the device, we incorporated a wide bandgap
(WBG) Cs0.18FA0.82Pb(I0.8Br0.2)3 perovskite layer with an energy
bandgap of 1.64 eV. This choice precisely aligns with the spectra
of indoor lighting, aiming to optimize performance under such
conditions.[26] Under AM1.5G illumination, the performance of

PCBM derived Cs0.18FA0.82Pb(I0.8Br0.2)3 PSCs was 16.5 ± 0.5%,
accompanied by a JSC of 18.4 ± 0.9 mA cm−2, a VOC of 1.22 ±
0.01 V, and an FF of 74.2 ± 2.7%, as illustrated in Figure 5a and
summarized in Table 3. When employing PCBM:DTPTCY as the
ETL, the PCE of WBG-PSCs reached 19.2 ± 0.8%, showcasing
a JSC of 19.5 ± 0.6 mA cm−2, a VOC of 1.24 ± 0.01 V, and an
FF of 78.9 ± 1.1%. The performance of PCBM:DTPTCY-based
WBG-PSCs surpassed that of PCBM-based WBG-PSCs, consis-
tent with the results observed in MAPbI3-based PSCs. Figure 5b
presented the EQE spectra of PCBM- and PCBM:DTPTCY-
based WBG-PSCs, with integrated EQE-JSC values of 19.24 and
19.53 mA cm−2, respectively. Under indoor lighting conditions
(TL84_1000 lux), the iPCE of PCBM derived WBG-PSCs was
33.2± 0.3% (Figure 5c and Table 3). The iPCE of PCBM:DTPTCY
WBG-PSCs reached 36.7 ± 0.7%, exhibiting a JSC of 131.9 ±
1.0 μA cm−2, a VOC of 1.01 ± 0.01 V, and a FF of 78.0 ± 1.6%. This
iPCE was among the highest value on similar-component PSCs
(Table S7, Supporting Information). In addition, an LED array
was employed to simulate 3000K LED (via an Indoor PV mea-
surement system with Indoor Lighting Simulator (LED Type),
CMS-PV102, ITRI, Taiwan) as indoor light for determining the
iPCE of PCBM:DTPTCY-based WBG-PSCs, and the correspond-
ing emission spectrum is presented in Figure S25 (Supporting
Information). Under 3000K LED with 1000 lux, the average iPCE
of respective WBG-PSCs reached 39.6 ± 0.4%, accompanied by a
JSC of 277.7 ± 1.8 μA cm−2, a VOC of 1.07 ± 0.01 V, and an FF of
79.2± 0.5%, with the best iPCE achieving 39.9% (Figure 5d; Table
S9, Supporting Information). This superior iPCE exceeded that of
PCBM-based WBG-PSCs (iPCE = 34.5 ± 1.1) and stands among
the best recent reports (Table S7, Supporting Information).

Ensuring the shelf-life stability of iPVs is quite essential, par-
ticularly for their utilization in the IoT. In this context, PSCs
based on PCBM and PCBM:DTPTCY were stored within an Ar-
filled glove box (i.e., as perfect encapsulation). The recorded data
and findings are compiled and presented in Figure 6a. After
storing the PSCs for over 300 days, it was observed that the
PCBM-based PSCs retained ≈80% of their original PCEs. In
contrast, the PCBM:DTPTCY-based PSCs exhibited a remark-
able retention of over 95% of their original PCEs. This signifi-
cant improvement in stability is likely due to the defect passi-
vation properties of DTPTCY, which effectively inhibits device
degradation over time.[27] In addition, both PSCs were stored
within an Ar-filled glove box, while heating at 85 °C, to record
the thermal stability, as shown in Figure S26a (Supporting In-
formation). Under thermal stress, the PCBM-based PSCs pre-
sented a quick decrease, corresponding to a PCE retention of
50% of their original after 120 h. PCBM:DTPTCY-based PSCs
provided improved thermal stability, corresponding to a PCE re-
tention of 92% of their original after 216 h. Moreover, both PSCs
were stored within an Ar-filled glove box under continuous il-
lumination (100 mW cm−2, LED-HPLS, ENLI technology Co.,
Taiwan), to evaluate long-term operational stability and photosta-
bility, as shown in Figure S26b (Supporting Information). The
PCBM- and PCBM:DTPTCY-based PSCs retained 51% and 60%
of their original PCE after 73 h, respectively. Furthermore, both
PSCs were subjected to storage under ambient conditions (40%
relative humidity, 25 °C, dark, in air) without any encapsula-
tion, simulating accelerated testing conditions. The results are
presented in Figure 6b. Remarkably, when assessing changes in
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Figure 5. a) J–V characteristics under AM1.5G, b) EQE spectra, c) J–V characteristics under TL84 and, d) under 3000K LED of PCBM- and PCBM:DTPTCY-
based WBG-PSCs.

iPCE under indoor light (TL84, 1000 lux), both devices demon-
strated impressive stability. After storing for>30 days, the PCBM-
based PSCs exhibits a reduction to ≈67% of their initial iPCEs.
Conversely, the PCBM:DTPTCY-based PSCs retains over 87%
of their initial performance, even after 30 days of storage. The
notable disparity in air stability could indeed be linked to the
hydrophobic properties of the ETL. Water and diiodomethane

were employed as probe solvents to measure the contact an-
gle, and Wu’s model was applied to compute the surface en-
ergy, as shown in Figure S27 and Table S10 (Supporting Informa-
tion). The water contact angles for perovskite, perovskite/PCBM,
and perovskite/PCBM:DTPTCY were determined to be 29.05°,
79.18°, and 81.92°, respectively. The highest water contact an-
gle was observed on perovskite/PCBM:DTPTCY, indicating a

Table 3. Device performance of the WBG-PSCs.

ETL Illumination JSC [mA cm−2] VOC [V] FF [%] PCE [%] PCEbest [%]

PCBM AM1.5G 18.4 ± 0.9 1.22 ± 0.01 74.2 ± 2.7 16.5 ± 0.5 17.2

PCBM:DTPTCY 100 mW cm−2 19.5 ± 0.6 1.24 ± 0.01 78.9 ± 1.1 19.2 ± 0.8 20.2

ETL Illumination Pin [μW cm−2] JSC [μA cm−2] VOC [V] FF [%] iPCE [%] iPCEbest [%] Pout [μW cm−2]

PCBM TL84
1000 lux

284.4 131.9 ± 0.1 0.90 ± 0.01 77.8 ± 0.9 33.2 ± 0.3 33.4 94.3 ± 0.9

PCBM:DTPTCY 131.9 ± 1.0 1.01 ± 0.01 78.0 ± 1.6 36.7 ± 0.7 37.2 104.3 ± 1.9

Adv. Funct. Mater. 2023, 2312819 © 2023 Wiley-VCH GmbH2312819 (11 of 13)
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Figure 6. Stabilities of the PSCs measured a) inside a glove box and b) under exposure to ambient air (25 °C, 40% humidity).

more hydrophobic surface compared to the other configurations.
The surface energies of perovskite, perovskite/PCBM, and per-
ovskite/PCBM:DTPTCY were determined to be 79.50, 55.23, and
51.31 mN m−1, respectively. Perovskite/PCBM:DTPTCY exhibits
a lower surface energy, which could potentially inhibit the adhe-
sion of H2O or O2. Additionally, the presence of defects in the
perovskite could create pathways for water infiltration, and the in-
hibition of defects by DTPTCY might contribute to the enhanced
stability of PCBM:DTPTCY-based PSCs.[28]

3. Conclusion

We have undertaken the design, synthesis, and comprehensive
characterization of a series of small molecules featuring a central
DTPT core. These molecules have been blended with PCBM to
serve as the ETL, effectively enhancing the performance of PSCs.
The incorporation of DTPTCY into PCBM enables us to fine-
tune the energy levels within the ETL, resulting in a favorable en-
ergy level alignment between the perovskite and the ETL. Notably,
DTPTCY has demonstrated its capability to coordinate with Pb2+

ions, effectively preventing the reduction of Pb2+ to Pb0. Within
the PCBM:DTPTCY-ETL, a fibril-like structure is formed, signifi-
cantly enhancing electron mobility. This structure effectively sup-
presses bimolecular recombination and facilitates shorter extrac-
tion times in the device. The reduction in defects and lower trap
density within the perovskite layer has a significant impact on de-
vice performance, particularly under indoor lighting conditions.
PSCs derived from DTPTCY have demonstrated an iPCE of up
to 34.1% (TL84_1000 lux). Moreover, a comparable improvement
was noted in Cs0.18FA0.82Pb(I0.8Br0.2)3-based PSCs that integrated
the blended ETL, attaining iPCE values of 37.2% and 39.9% un-
der TL84 and 3000K LED lighting conditions, respectively. Fur-
thermore, the PCBM:DTPTCY-based ETL effectively addresses
interface defects and controls hydrophobicity, resulting in out-
standing long-term stability. These devices retain 87% of their
initial iPCE even after a 30-day storage period without encapsula-
tion under 40% RH conditions. Our study offers a novel approach

to advance high-performance indoor PSCs, particularly in envi-
ronments with lower light intensity (e.g., 200–500 lux).
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