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Perylene Diimide-Based Low-Cost and Thickness-Tolerant
Electron Transport Layer Enables Polymer Solar Cells

Approaching 19% Efficiency

Bin Zhang,* Yushou Zhao, Congdi Xu, Chuang Feng, Wenming Li, Xiaofeng Qin,
Menglan Lv,* Xuanyan Luo, Xiaolan Qin, Aiqing Li, Zhicai He,* and Ergang Wang*

The materials for electron transport layers (ETLs) play a significant role in the
performance of polymer solar cells (PSCs) but face challenges, such as low
electron transport mobility and conductivity, low solution processibility, and
extreme thickness sensitivity, which will undermine the photovoltaic
performance and hinder compatibility of large-scale fabrication technique. To
address these challenges, a new n-type perylene diimide-based molecule
(PDINB) with two special amine-anchored long-side chains is designed and
synthesized feasibly. PDINB shows very high solubility in common organic
solvents, such as dichloromethane (>75 mg ml~") and methanol with acetic
acid as an additive (>37 mg ml~"), which leads to excellent film formability
when deposited on active layers. With PDINB as ETLs, the photovoltaic
performance of the PSCs is boosted comprehensively, leading to power
conversion efficiency (PCE) up to 18.81%. Thanks to the strong self-doping
effect and high conductivity of PDINB, it displays an appreciable
thickness-tolerant property as ETLs, where the devices remain consistently
high PCE values with the thickness varying from 5 to 30 nm. Interestingly,
PDINB can be used as a generic ETL in different types of PSCs including
non-fullerene PSCs and all-polymer PSCs. Therefore, PDINB can be a
potentially competitive candidate as an efficient ETL for PSCs.

electricity. Nevertheless, their progress
is impeded by challenges such as high
production costs, substantial weight, and
emerging recycling concerns, which con-
strain their further development. Polymer
solar cells (PSCs), on the other hand, have
obtained much attention ascribing to their
novel merits in light weight, low cost, flex-
ibility, large-scale fabrication, and so on.!!]
Under the persistent efforts of researchers,
the power conversion efficiency (PCE)
has exceeded 19% in the single-junction
PSCs,231 which demonstrates that PSCs
are potentially competitive as candidate
for solar energy conversion in the future.

It is known that PSCs are composed of
three important layers, namely, the hole
transport layer (HTL), active layer, and elec-
tron transport layer (ETL) sandwiched be-
tween two electrodes. Many HTL materi-
als have been developed, with PEDOT:PSS
and its derivatives standing out as exten-
sively utilized HTL in PSCs, attributing
to its advantages of suitable work func-
tion, high hole conductivity, and excellent

1. Introduction

Silicon and copper indium gallium selenide (CIGS) solar cells
have demonstrated successful conversion of solar energy to

film-forming ability.*>! At the same time, significant advance-
ments have been made in the development of the active layer,
comprising both electron-donating and electron-accepting mate-
rials, over the past decades. One of the remarkable developments
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Figure 1. The chemical structures of the donor, acceptor materials, and ETLs.

can be attributed to the emergence of A-D-A (acceptor-donor-
acceptor) type non-fullerene electron-accepting molecules.[®®]
Throughout this period, numerous outstanding donors and ac-
ceptors have been efficiently created, including donor polymers
like PM6,/°! D18,11% and PTQ10,*!) and electron acceptors such
as ITIC,'2 Y6,”] and PY-IT.*3] On the other hand, the electron-
transport materials, as another indispensable layer in PSCs, have
been playing a very important role in enhancing the photovoltaic
performance. In the past, many types of ETLs have been dis-
covered and developed, including inorganic materials, conju-
gated and non-conjugated small molecular electrolytes, conju-
gated and non-conjugated polyelectrolytes, nano-carbon-based
materials, and metal oxides.'"*'®] Compared with the inorgan-
ics and metal oxides, the organics and polymers are regarded
as a promising alternative as ETLs such as PFN,[!] PEN-Br,[2]
PDIN, 2!/ PDINO,2!) PDINN,/?223) and PNDIT-F3N, 24l resulting
from their merits in low cost, feasible functionalization, excellent
solution-processability, and easy tuning of energy levels. Despite
of the development of ETLs, challenges persist, including issues
like poor thickness-tolerance and high production cost. Hence,
there is an urgent need to design and develop an efficient ETL to
advance PSCs.

There are prerequisites for efficient ETLs, including high
electron mobility, high conductivity, a reduction of the work
function of the cathode, excellent solution processibility, good
stability, and cost-effectiveness. Among these ETLs, the pery-
lene diimide (PDI) based materials, such as, PDIN, PDINO,
and PDINN, exhibit promising properties as efficient ETLs in
PSCs.212%] Taking advantages of PDI-based ETLs, a modified
PDIN derivative (PDIN-TEMPO) was created via introducing a
stable radical unit of TEMPO to PDIN backbone. Ascribing to
the electron-conducting nature of TEMPO, the PDIN-TEMPO
showed high photovoltaic performance in PSCs, indicating that
the introduction of stable radicals to PDI-based derivatives would
be an efficient strategy for developing novel ETLs.[?) However,
these PDI derivatives also suffer from the abovementioned chal-
lenges. To address these challenges, a novel PDI derivative of 2,9-
bis(3-(dibutylamino)propyl)perylene diimide (PDINB) was syn-
thesized via introducing branched long side chains to the PDI
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core. Through the new design, the PDINB shows very high sol-
ubilities in common organic solvents such as dichloromethane
(DCM) (>75 mg ml™!) and methanol (MeOH) with 0.1 (v/v)%
acetic acid (AcOH) (> 37 mg ml™!), which are among the highest
solubilities for PDI-based ETLs. This high solubility in MeOH
can ensure excellent film-forming property when depositing
PDINB on the active layers. Furthermore, the introduction of
long side chains in PDI increases the flexibility of amine chains,
leading to elevated capability of self-doping effect. Ultimately,
PDINB features high conductivity and excellent ohmic contact in
PSCs, where it presents the thickness-insensitive property as ETL
in PSCs. Interestingly, it shows broad applicability as ETLs in dif-
ferent types of PSCs devices, including small molecular acceptor-
based devices and all-polymer PSCs. Hence, PDINB exhibits very
promising properties as efficient ETLs, which will possibly be
compatible with large-area roll-to-roll processing for PSCs.

2. Results and Discussion

2.1. Synthesis and Characterization

The synthetic route of PDINB was presented in Scheme S1 (Sup-
porting Information). The synthesis of PDINB is very simply
via a one-step general condensation reaction using commercially
available 3,4,9,10-perylenetetracarboxylic dianhydride and N,N-
dibutyl-1,3-propanediamine without any catalyst. The reaction
yield is nearly quantitative (Scheme S1, Supporting Information).
Interestingly, the product of PDINB does not require any addi-
tional purification processes as discussed in Supporting Infor-
mation, which further simplified the synthesis of PDINB. Fol-
lowing the cost calculation, the cost of PDINB is ~ $0.19 per
gram (Table S1, Supporting Information). The cost of PDINB is
much less than other commercial ETLs, indicating its potential
for mass production. The chemical structure of PDINB is verified
by both 'H-NMR and C-NMR as shown in Figures S1 and S2
(Supporting Information). It is widely noted that most of n-type
interfacial materials present very low solubility. Here, we tested
the solubility of PDINB in both nonpolar and polar solvents in-
cluding DCM and MeOH. Surprisingly, PDINB shows very high

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. Device characterizations: a) device structure, b) energy level diagram, c) J--V curves, and d) EQE curves of the PSCs based on different ETLs.

solubility of >75 mg ml™ in DCM and >37 mg ml™' in MeOH
with 0.1 (v/v) % AcOH (Figure 1), which is higher than other
reported neutral ETLs (Table S2, Supporting Information). This
high solubility is ascribed to the existence of four branched
side chains, which is very beneficial for solution processibil-
ity when preparing uniform ETLs in PSCs. Thermogravimetric
analysis (TGA) was employed to examine the thermal proper-
ties of PDINB, as shown in Figure S3 (Supporting Information).
It presents a 5% weight loss occurring at ~ 270 °C, suggesting
that PDINB exhibits high thermal stability. To gain energy lev-
els of PDINB, the electrochemical test was carried out to deter-
mine the highest occupied molecular orbital (HOMO) and low-
est unoccupied molecular orbital (LUMO) levels, as shown in
Figure S4 (Supporting Information). The HOMO and LUMO lev-
els of PDINB are —5.81 and —3.82 eV, respectively, indicating that
PDINB exhibits typical n-type characteristics for efficiently trans-
porting electrons and blocking holes.

2.2. Photovoltaic Properties

To investigate the photovoltaic performance of PDINB as ETL
in PSCs, the photovoltaic devices were prepared by using a
conventional device architecture of glass/indium tin oxide
(ITO)/poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS)/active layer/ETLs/Ag (Figure 2a); and the related
energy level diagram was presented in Figure 2b. Here, we
utilized the state-of-the-art PM6 and Y6 as the electron-donating
polymer and electron-accepting small molecule in active layer,
respectively. To compare with PDINB, the other two well-known
ETL materials of PFN-Br and PDINO were also employed as
ETLs in PSCs (Figure 1).

Adv. Funct. Mater. 2024, 2400903 2400903 (3 of 11)

As shown in Figure 2¢,d, the current density-voltage (J-V) and
external quantum efficiency (EQE) curves of the PSCs based on
PFN-Br, PDINO, and PDINB as ETLs are presented, respectively;
and the related photovoltaic data are summarized in Table 1.
All the devices with the three materials as ETLs exhibit much
higher photovoltaic performance than the ones without ETL,
which originate from the simultaneously improved open-circuit
voltages (V,¢s), short-circuit currents (J s), and fill factors (FFs).
All the devices by using PFN-Br, PDINO, and PDINB as ETLs
give high PCEs of over 15%, which are consistent with the pre-
vious reports on PSCs based on PFN-Br and PDINO.[?22%] [n-
terestingly, the device with PDINB as ELT shows the highest
photovoltaic performance among the PSCs based on different
ETLs with V. of 0.83 V, J_ of 27.08 mA cm~2, FF of 76.85%
and PCE of 17.34%. It is noticed that the improved performance
for the PDINB-based device is mainly attributed to its higher
FF as the J and V. values are comparable. The higher FF
value implies that PDINB as ETLs may behave more effective
with interfacial modification and higher electron-transport prop-
erties, which is worthy of further investigation in the next sec-
tions. Moreover, the device stability is a very important charac-
teristic for PSCs. Here, long-time stabilities of devices with dif-
ferent ETLs are also evaluated in N, without encapsulation. As
shown in Figure S5 (Supporting Information), it is noted that
the device without any ETLs presents a rapid roll-off, whereas
the devices with ETLs demonstrate a slow roll-off. This result im-
plies that the introduction of ETLs could effectively improve the
device’s stability. Furthermore, the device with PDINB presents
the highest stability among those without an ETL and with PFN-
Br and PDINO as ETLs, maintaining 80% of its initial PCE
after 600 h. Therefore, PDINB emerges as a promising can-
didate, serving as an advantageous ETL capable of improving

© 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Table 1. Summary of photovoltaic performance of the PSCs based on different ETLs under AM 1.5 G illustration.

ETLs Thickness [nm] Voc V] Jsc [mAcm™? D) e [MmA cm™2] FF [%] PCE, ) [%] PCE, . [%]
none 0 0.61 26.55 25.28 51.61 8.25 (+0.23) 8.40
PFN-Br 5 0.83 26.88 25.74 71.43 15.74 (+0.20) 15.93
PDINO 10 0.83 27.09 25.93 71.93 16.02 (+0.15) 16.18
PDINB 10 0.83 27.08 25.78 76.85 17.11 (+0.12) 17.34

 the average PCE values from 10 individual devices; ) integrated Jsc from EQE curves.

photovoltaic performance and extending long-time stability of the
device.

In the context of large-area, high-speed roll-to-roll processing,
achieving precise control over the thickness of ETLs can be chal-
lenging. Consequently, there is a significant appreciation for pho-
tovoltaic performance that remains insensitive to variations in
the thickness of ETLs. Herein, we evaluated the photovoltaic per-
formance of PSCs with different thickness of PDINB as ETLs. As
shown in Figure 3 and Table 2, the PCEs exhibit an improvement
from 16.56% to 17.34% as the thickness of PDINB increases
from 5 to 10 nm. A slight decrease in device performance is ob-
served when the thickness of PDINB is further increased to 20
and 30 nm, resulting in PCEs of 17.08% and 16.24%, respectively.
Remarkably, even at the thickness of 40 nm, the photovoltaic per-
formance remains at a high level with a V, 0£0.83 V, J,- 0of 25.7
mA cm~?, FF 0f 71.04%, and PCE of 15.25%. It is noted that there
is a subtle decrease in J,, when the PDINB thickness increased to
40 nm, possibly ascribing to the increased interfacial resistance,
which is consistent with the results from EQE (Figure 3b).[”] To
further understand the effect of PDINB thickness on the device
performance, the electron mobilities with different thickness of
PDINB were tested via electron-only devices under the device ar-
chitecture of ITO/ZnO/PM6:Y6/PDINB/Ag, where the electron
mobilities were 9.43 x 107, 2.06 x 1072, 1.35 x 1073, 1.26 X 1073,
and 1.21 x 1073 cm? V~! 57! for the PDINB thicknesses of 5, 10,
20, 30, and 40 nm, respectively (Figure S6, Supporting Informa-
tion). Notably, the introduction of PDINB could improve the de-
vice electron mobility distinctly with a slight decrease when the
thickness of PDINB is increased, indicating that efficient charge
transport could be guaranteed even in the thick PDINB layer.?’]
This thickness-tolerant capability of PDINB is higher than that
of the devices with PFN-Br and PDINO as ETLs, as presented in

Figure S7 and Table S3 (Supporting Information). Consequently,
the photovoltaic performance of PSCs employing PDINB as ETLs
demonstrates notable tolerance to variations in ETL thickness.
This observation suggests that PDINB holds promise for appli-
cations in high-speed roll-to-roll processing.[28-30]

2.3. Interfacial Morphology Investigation

To further understand the reasons for different photovoltaic per-
formances of the ETLs in PSCs, atomic force microscopy (AFM)
images with the contact mode of the ETLs deposited on the
PM6:Y6-based active layer were recorded. As presented in Figure
4a—d, the root-mean-square (rms) roughness of bare, PFN-Br,
PDINO, and PDINB-modified active layer films from the AFM
images are 4.32, 2.4, 4.68, and 4.92 nm, respectively. Although
the PFN-Br-based film exhibits the lowest RMS roughness value,
there are numerous protruding points, reaching as high as 6
nm dispersed across the active layer, which pose a disadvantage
for the interfacial contact between the active layer and Ag cath-
ode. Conversely, the surfaces deposited by PDINO and PDINB
display a considerably more uniform coverage on the PM6:Y6
layer, potentially enhancing the interfacial contact and prevent-
ing direct contact between the active layer and Ag cathode. In-
terestingly, the PDINO-modified film reveals obvious crystalline
nanofibril structures, likely attributing to its short side chains.
In contrast, PDINB exhibits a more uniform morphology result-
ing from its reduced crystallinity due to its branched long side
chains, which favors the desirable film-formability characteris-
tics. Furthermore, to comprehend the wetting properties of the
PM6:Y6 layers deposited by different ETLs toward Ag cathode,
a detailed water contact angle test was performed, as shown in
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g 5k —+—10 nm Rod E
E —&—20 nm . 120 <
= 30 nm o 60p P 5
-10 = ’
2 —e—40 nm = 5 3
] w 415 <
G 15} 8 a0 - , —==5nm 3
=) 4 ——10nm J1o®
s 20 F ——20nm g
= . &
5 20 P +-30nm =
’ .
© 25 b, —e—40nm 5
.30 L " L " 0 217" n 1 N " "

0.0 0.2 04 0.6 0.8 1.0
Voltage (V)

0
300 400 500 600 700 800 900 1000
Wavelength (nm)

Figure 3. The J--V and EQE curves of PSCs based on PDINB as ETLs with different thicknesses under the device structure of ITO/ PE-

DOT:PSS/PM6:Y6/PDINB/Ag.
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Table 2. Summary of photovoltaic properties of PSCs based on PDINB as ETLs with different thicknesses under AM 1.5 G illustration.

PDINB thickness (nm) Voc V] Jsc [mAcm™?) JPsc [mAcm? FF [%] Eag” [%] CE oy [%]
5 0.83 26.24 25.69 75.95 16.35 (+0.08) 16.56
10 0.83 27.08 25.78 76.85 17.11 (+0.12) 17.34
20 0.84 26.69 25.64 76.32 16.70 (+£0.31) 17.08
30 0.83 26.02 25.53 75.36 16.07 (+0.17) 16.24
40 0.83 25.70 25.45 71.04 15.12 (+0.13) 15.25

D the average PCE values from 10 individual devices;

Figure 4e-h. The water contact angles are 100°, 71°, 40°, and
61° for bare, PFN-Br, PDINO, and PDINB-modified active lay-
ers, respectively. The results indicate that the pristine PM6:Y6
layer is inherently hydrophobic, while the PDINO-based film is
quite hydrophilic. In comparison, the PFN-Br and PDINB-based
films present intermediate polarity, which is conducive for form-
ing improved contacts between the ETLs and Ag cathode. Com-
prehensively, PDINB exhibits superior interfacial contact prop-
erties, which is consistent with its enhanced photovoltaic perfor-
mance in PSCs.

To probe the chemical composition throughout the film
PDINB/PM6:Y6/PEDOT:PSS/ITO, the time of flight secondary
ion mass spectrometry (TOF-SIMS) was performed by using the
positive model under gas cluster ion beam (GCIB) method.B!!
As shown in Figure 5a, the PDINB layer is first detected, and
then the PM6:Y6 and PEDOT:PSS layers are demonstrated, re-
spectively; while the ITO layer is not detected in the whole
process. This TOF-SIMS analysis can verify that the PDINB layer
is evenly deposited on the active layer, which would be beneficial
for improving the photovoltaic performance in PSCs. Further-
more, through the 3D modulation as presented in Figure 5b,c,
the interface between the PDINB layer and the active layer is quite
distinct and clear in comparison with that between PEDOT:PSS
and the active layer, which agrees well with the smooth surface
of PDINB indicated by AFM images and is beneficial for the de-
position of Ag.

4.8 nm

4 6.0nm

Height

(¢) none l (f) PFN-Br

Height

= =3

& integrated Jsc from EQE curves.

2.4. Theoretical Calculation and Work Function Test

The work functions (WFs) of the cathode are determinative for
the performance of PSCs. To understand the influence of PDINB
on the electronic performance of Ag cathode, WFs were theoreti-
cally simulated and experimentally probed by an ultra-violet pho-
toelectron spectrometer (UPS). As displayed in Figure 6a—d, the
calculated WF of pristine Ag (111) is 4.46 eV, which agrees well
with the published results.??) Through introducing PDINB on
the Ag interface, the calculated WF is decreased to 4.27, 0.19 eV
lower than that of pristine Ag (111). This obvious reduction of
WF via the modification of PDINB is ascribed to the existence
of an amino group, where the N-group in amino could form
an efficient interfacial dipole between the PDINB layer and the
Ag electrode.®¥] This interfacial dipole interaction is possibly as-
cribed to the interfacial chemisorption between PDINB layer and
Ag. As a result, the electron density near the interface would be
redistributed. Herein, a theoretical calculation of electron den-
sity distribution was carried out, as presented in Figure 6¢. From
the calculated data, it is shown that there is an apparent electron
transfer process occurred from the PDINB layer to Ag, leading to
a distinct electron density variation (a positive electrostatic peak
atthe Ag side and a negative electrostatic peak around the PDINB
side) near the cathode interface (~6 A). This result indicates that
the electron transfer process would occur in ~ 6 A length, which
is the nature of interfacial dipole. Based on the calculation of

4.9 nm

Sl e n e !
Height A Height

® PmNna weone [

s

Figure 4. Surface topographic AFM images (size: 5 um X 5 um) of: a) pristine, b) PFN-Br, ¢) PDINO, and d) PDINB; and contact angle images: €)

pristine, f) PFN-Br, g) PDINO, and h) PDINB modified active layers.
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Figure 7. a) The EPR curves, and b) the conductivity curves of the devices with the structure of ITO/ETLs/Ag.

electron density distribution, it coincides with the above WFs cal-
culation, implying that there exists a very strong electronic inter-
action at the interface. In order to further elucidate the intrinsic
mechanism of forming interfacial dipole, the interface dipole Ap
is calculated, as shown in Figure 6d. Through the DFT calcula-
tion, the interface exhibits Ap of 2.33 D with the upward direc-
tion from Ag to PDINB, which definitely decreases the WF of
Ag cathode.’!! To demonstrate the theoretical results on decre-
ment of WF, the UPS measurement was performed, as shown in
Figure 6e. Compared with the WF of 4.34 eV of pristine Ag, the
WFs are decreased to 3.83, 3.79, and 3.82 eV for PFN-Br, PDINO,
and PDINB modified Ag electrode, respectively. Obviously, the
interfacial modification of Ag by ETLs can effectively decrease
the WFs, attributing to the existence of polar groups in the ETLs
and the formation of right interfacial dipoles between ETLs and
metal-based cathodes. Consequently, these reduced WFs would
facilitate electron extraction and block hole transport, leading to
higher FF and PCEs in the PSCs, which coincides with the ob-
tained high photovoltaic performance.

2.5. Electron Paramagnetic Resonance and Conductivity
Characterization

It has been reported that amino or halogen groups as side chains
would achieve self-doped backbones, which would improve the
electron-transport properties and molecular conductivities.3**!
In this case, the electron paramagnetic resonance (EPR) mea-
surement was carried out to evaluate the n-doping process of
ETLs with Y6.3¢) As the EPR spectra of pristine Y6, PDINB, and
the mixture of Y6/PDINB with 1:1 weight ratio shown in Figure
7a, there is no detectable absorption signal for pure Y6, but the
pure PDINB gives a very strong EPR signal at ~ 3510 G, sug-
gesting the efficient self-doping, namely, electron transfers from
amino groups to the PDINB backbone. When PDINB is mixed
with Y6, the EPR signal is weakened, however they still keep
a strong signal response. Among the EPR test, it is noted that
the doping mechanism of PDINB is mainly a self-doping pro-
cess, not the doping from PDINB to the Y6 acceptor. Hence,
the charge-transport loss at the PDINB layer might be reduced
by this self-doping interaction, which would improve the FFs of
PSCs.3% To further understand the charge-transport properties,

Adv. Funct. Mater. 2024, 2400903 2400903 (7 of 11)

the ETLs-based device conductivities were characterized under
the device architecture of ITO/ETLs/Ag, and the related conduc-
tivity curves were presented in Figure 7b.1] It features that the
PDINB-based device shows the highest conductivity than those
of PFN-Br and PDINO, ascribing to the strong self-doping char-
acteristic, matched energy alignment, and good film formability
of PDINB. Therefore, this highest conductivity can, in part, elu-
cidate the best photovoltaic performance of PDINB-based PSCs
compared to the other two ETLs.

2.6. Charge Carrier Transport and Recombination Dynamics

It is widely noted that the introduction of efficient cathode in-
terfacial layers (CILs) or electron-transport layers (ETLs) would
enhance the photovoltaic performance dramatically in PSCs, re-
sulting from their unique characteristics in good ohmic contact,
effective charge carrier transport, and reduced charge carrier re-
combination. To study the charge recombination mechanism of
the PSCs with different ETLs, the J_s and Vs of PSCs with PFN-
Br, PDINO, and PDINB as ETLs under different light intensities
were characterized, as presented in Figure 8a,b. The V_s-light
intensity characteristics should follow the formula of V- « nk-
Tln(I)/q, wherek, T, I, and q are Boltzmann constant, Kelvin tem-
perature, light intensity, and elementary charge, respectively. It
is known that the slope of the lines could reflect the interfacial
bimolecular recombination at open-circuit state. When the unde-
sirable bimolecular recombination is occurred, namely Shockley-
Read-Hall (SRH) recombination, the slope constant would be
higher than kT/q. From Figure 8a, the four slopes are located
at 1.20, 1.15, 1.18, and 1.01kT/q for the devices with the ETL
of none, PFN-Br, PDINO, and PDINB, respectively. Clearly, the
devices with the ETLs including PFN-Br, PDINO, and PDINB
present lower slopes comparing to that without ETL. These re-
sults suggest that the introduction of functional ETLs could abate
the trap-involved recombination, where the PDINB exhibits the
better performance with lower recombination. Therefore, it man-
ifests that PDINB can effectively inhibit interfacial trap-assisted
recombination for PSCs. Additionally, in order to investigate the
trap-assistant recombination in these devices, the relationship
between J¢ and light intensity was also deduced, where it com-
plied with the power law (Js o 1%), where « is an exponential
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characteristics.

factor. It is noted that when the value of « is close to 1, it suggests
the bimolecular recombination is minimized. From Figure 8b,
the fitted a values are recorded as 0.93, 0.95, 0.97, and 0.98 for
the devices without ETL, and with PFN-Br, PDINO, and PDINB
as ETLs, respectively. Compared with the device without ETL, the
a values with ETLs modification are closer to 1, which means
that the photo-generated charge carriers with ETLs could be ef-
ficiently extracted and collected by electrodes under the short-
circuit state. In other words, the photo-generated charge carri-
ers would be effectively swept out from active layer and inter-
faces prior to recombination. As mentioned above, the advan-
tages of PDINB can also be reflected in the dark J-V curves and
V), curves, as shown in Figures S8 and S9 (Supporting In-
formation), respectively. In Figure S8 (Supporting Information),
it is noted that the PDINB-based device exhibited a lower dark
current and advanced rectification ratio, which can be attributed
to the better interfacial ohmic contact and lower interfacial re-
combination. As presented in Figure S9 (Supporting Informa-
tion), the device with PDINB exhibits the best exciton dissocia-
tion rate of 99.1% compared to devices without ETL, with PFN-
Br, and with PDINO of 94.9%, 98.6% and 98.1%, respectively.
Among these results, it can be concluded that both of PFN-Br
and PDINO can work as useful ETLs for non-fullerene PSCs,
which are similar to the published device performance.[?238]
Interestingly, PDINB shows more effective suppression of bi-
molecular recombination in comparison to the other two ETLs,
which implies that PDINB is a promising candidate for re-
placing the unstable and expensive ETLs available in the
market.

Adv. Funct. Mater. 2024, 2400903 2400903 (8 of 11)

To further explore the charge carrier extraction and recombi-
nation process, the transient photovoltage (TPV) and transient
photocurrent (TPC) tests were further implemented, as shown
in Figure 8¢,d.?>*! To carry out the measurement of TPV and
TPC, all of these devices were tested under constant illumination
of the solar simulator, when a small perturbation from a pulse
laser was used to produce a small photocurrent. For TPV, it is uti-
lized to analyze the related charge recombination lifetime. From
Figure 8c, it shows that the devices with PFN-Br, PDINO, and
PDINB as ETLs achieve a charge recombination decay lifetime
0f10.95, 12.68, and 16.23 us, respectively, which are much longer
than that of 7.59 ps from the one without any ETLs. This implies
that the introduction of ETLs can efficiently suppress the charge
recombination. Furthermore, the PDINB shows the highest de-
cay lifetime than the other two devices deposited with PFN-Br
and PDINO, respectively, indicating that PDINB exhibits better
capability in improving charge transport and inhibiting charge
recombination for realizing high-performance PSCs. In addition,
the TPC decay test was also performed to characterize the charge
extraction dynamics in the related devices, and the typical TPC
spectra were displayed in Figure 8d. Based on the TPC curves,
the calculated amount of the extracted charge carriers from de-
vices under laser excitation are 1.6 x 10712, 1.82 x 107, 2.71 X
107 and 3.34 x 10~ C for the devices without ETL, and with
PFN-Br, PDINO, and PDINB as ETLs, respectively. Compared
with the pristine device without any ETL, the devices with ETLs of
PFN-Br, PDINO, and PDINB display higher amount of extracting
charge carriers. Among them, PDINB gains the greatest extrac-
tion of charge carriers, implying that the fastest charge-extraction
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Figure 9. The device performances from different active layers with different ETLs: a—c) J-V curves of PSCs with none, PFN-Br, PDINO and PDINB as
ETLs, respectively; d—f) EQE curves of PSCs with none, PFN-Br, PDINO and PDINB as ETLs, respectively.

process is achieved after depositing PDINB as ETL. This accel-
erated charge-extraction process is possibly originated from the
better interfacial contact and matched energy alignment between
active layer and cathode when PDINB is used as an ETL.*!] Over-
all, all the above investigations on TPV and TPC reveal that the
outstanding photovoltaic performance from PDINB as ETL could
be ascribed to its intrinsic ability to qualify the charge transport
and inhibit charge recombination simultaneously.

2.7. Broad Applicability of PDINB as ETLs in PSCs

To explore the broad applicability of PDINB as an ETL for PSCs
with different active materials, state-of-the-art active materials in-

cluding PM6:1L8-BO, D18:Y6, and a polymer:polymer (PM6:PY-
IT) blend, were selected and their chemical structures were pre-
sented in Figure S10 (Supporting Information). For comparison,
PSCs without ETL and with PFN-Br and PDINO as ETLs were
also fabricated. The related J-V and EQE curves were shown
in Figure 9, and the photovoltaic performance data were sum-
marized in Table 3. Interestingly, all of these three systems
with PDINB as an ETL give the highest photovoltaic perfor-
mance among the PSCs with different ETLs, where the devices
based on PM6:1L8-BO, D18:Y6, and PM6:PY-IT present PCEs of
18.17%, 18.81%, and 16.72%, respectively. To verify the accuracy
of the photovoltaic measurement, the PCE of the D18:Y6 system
was certified as 18.39%, which is close to our result of 18.81%
(Figure S11, Supporting Information).*>*}] These performances

Table 3. Summary of photovoltaic performances of PSCs based on different active layers with various ETLs under AM 1.5 G, 100 mW cm2.

Active Layers ETLs Ve V] Jye [mMA cm™2] P [mAcm?2 FF [%] PCE .0 [%] PCE 1y [%]
PM6:L8-BO none 0.49 24.64 24.26 46.98 5.49 (+0.23) 5.72
PFN-Br 0.88 25.86 24.97 76.34 17.01 (+0.14) 17.30
PDINO 0.87 25.89 24.71 78.39 17.59(+0.14) 17.75
PDINB 0.88 26.43 25.34 78.44 18.08 (+0.11) 18.17
D18:Y6 none 0.62 25.97 25.75 56.15 8.62 (+0.45) 9.07
PFN-Br 0.83 26.83 26.22 78.08 17.18 (+0.20) 17.40
PDINO 0.83 26.43 26.03 79.28 17.26 (+0.17) 17.48
PDINB 0.84 27.92 26.72 80.62 18.62 (+0.19) 18.81
PM6:PY-IT none 0.77 19.43 18.37 58.14 8.51 (+0.41) 8.94
PFN-Br 0.94 23.91 22.68 72.55 16.12 (+0.07) 16.22
PDINO 0.94 23.55 22.43 74.99 16.41 (+0.11) 16.59
PDINB 0.93 24.04 23.25 74.62 16.47 (+0.16) 16.72

 the average PCE values from 10 individual devices; ? integrated Jsc from EQE curves.
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are comparable to the PSCs reported for these material systems
based on other ETLs.['** These results indicate that PDINB can
be a promising ETL material that may be widely used as ETL for
PSCs with different active layer materials.

3. Conclusion

To conclude, a novel structured PDI derivative (PDINB) with
amine-anchored long-side chains was designed and synthesized
with very high yield (>97%) and low cost. PDINB shows high
solubility in both nonpolar and polar organic solvents such as
DCM and MeOH, due to the introduction of long side chains.
Moreover, PDINB presents an interesting n-type self-doping ef-
fect and high conductivity as ETL. Ascribing to the existence of
amine group, it can decrease the work function of the Ag cath-
ode from 4.34 to 3.82 eV, which is beneficial for forming prefer-
able ohmic contact between ETL and cathode. When PDINB is
utilized as ETLs in PSCs, it presents very high photovoltaic per-
formance with simultaneous enhancementin Vs, ] s, and FFs.
Furthermore, the PSCs with PDINB as ETLs can retain 96% of
their peak PCE when the ETL thickness varies from 5 to 30 nm.
This insensitivity to the thickness of the ETL is particularly crucial
for flexible large-scale roll-to-roll processing techniques. To fur-
ther improve the thickness-tolerance ability of PDINB as an ETL
in PSCs, chemical modifications can be implemented to enhance
the conductivity and electron mobility, for instance, introducing
stable radical molecules to the backbone.[®] Moreover, PDINB
demonstrates broad applicability as ETLs for PSCs with diverse
active layer materials, encompassing polymer: non-fullerene ac-
ceptors and all-polymer systems. Hence, the advantageous fea-
tures of PDINB, including its low cost, thickness insensitivity,
and broad applicability, position it as a highly promising ETL with
the potential to advance the development of PSCs in the future.

4. Experimental Section

The details of material synthesis, characterization, device fabrication, and
tests are presented in the supporting information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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