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A dithienol[3,2-a:3',2’-j1[5,6,11,12]chrysene diimide
based polymer as an electron transport layer for
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The electron transport layer (ETL) plays an important role in promoting both photovoltaic performance
and stability of perovskite solar cells (PSCs). n-Type conjugated polymers have been developed to
replace the widely explored phenyl-C61-butyric acid methyl ester (PCBM) as an ETL, especially in p-i-n
inverted planar PSCs, owing to their high-quality film features and excellent electron transport ability.
Herein, a series of electron-deficient conjugated polymers (P(DTCDI-T), P(DTCDI-2T) and P(DTCDI-3T))
consisting of dithieno[3,2-a:3’,2-j1(5,6,11,12]chrysene diimides (DTCDI) and different thiophene based
units (thiophene (T), 2,2’-bithiophene (2T) and 2,2":5,2”-terthiophene (3T)) are reported as effective
ETLs for inverted PSCs. Compared to control devices based on the PCBM ETL, these polymer-based
devices display better photovoltaic performance, which is mainly due to the optimized electron
extraction and transport properties of these DTCDI-based polymers, resulting in a champion power
conversion efficiency (PCE) of 17.88% for P(DTCDI-2T) ETL based devices. Moreover, thanks to better
film features, more effective interfacial passivation, lower trap-state density and hydrophobicity, these
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Introduction

Perovskite solar cells (PSCs) have exhibited their great charms
in the potential promotion of power conversion efficiency (PCE)
over the past decade, owing to the superb light-harvesting
ability, long balanced charge-carrier diffusion length, and high
carrier mobility of the perovskite layer.'® High-performance
PSCs are often planar device architectures prepared by insert-
ing a perovskite layer between the electron transport layer (ETL)
and hole transport layer (HTL).” In a PSC device, ETL and HTL
play the critical role of selectively extracting the corresponding
charge carrier and respectively transporting it to the cathode
and anode. Thus, to obtain efficient PSCs, ETL and HTL are
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required to fulfill (1) matched energy levels with the conduction
band (CB) and valence band (VB) of the perovskite layer to
minimize open circuit voltage (Voc) loss, (2) good charge carrier
selectivity to enhance charge extraction efficiency, and (3) high
charge mobility to reduce carrier transport resistance loss.'’™*
A large number of HTLs have been developed to enhance hole
collection efficiency."*™"° However, the choice of ETLs is rela-
tively limited, especially for inverted p-i-n type planar devices.”®
To date, fullerenes and their derivatives, particularly, phenyl-
C61-butyric acid methyl ester (PCBM), are the most used ETLs
in inverted planar PSCs, due to their high electron mobility and
suitable energy level.>'* In spite of their promising device
performance, the inherent defects of fullerene ETLs, such as
low solubility, poor film morphology and inferior ambient
stability, significantly hinder their practical application.>**"
Therefore, it is urgently desired to design and select novel ETLs
for enabling high-performance inverted planar PSCs.

n-Type conjugated polymers, having a number of merits,
such as tailorable optoelectronic structure, good film-forming
property and structural stability, and photochemical stability,
have been reported to be promising alternatives to PCBM as
efficient ETLs. In 2015, an n-type polymer N2200 (Scheme 1)
was firstly reported to be an ETL for PSCs by Wang et al.>°
Although the PCE of the PSC devices was only obtained to be
about 8%, this work inspired the research of n-type polymeric ETLs.
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Scheme 1 Chemical structure of representative polymeric ETLs.

A breakthrough in polymeric ETLs for PSCs occurred when PFN-
2TNDI was developed by Chen et al.”” With amino-functionalized
side chains, the PFN-2TNDI ETL can not only improve the surface
passivation, but also reduce the work function of the cathode, and
thus enhance the PCE to 16.7%. Later on, Tian et al altered
PFNDI's structure with fluoro- and amino- functionalized side
chains, which improved the corresponding PSCs’ performance to
about 17.5%.%® Zhang et al. introduced phosphite ester side chains
into the PFNDI polymer to passivate the defects of the perovskite
layer and the PSC devices acquired a PCE of 18.2%.%° These efforts
indicate that the side-chain functionalization strategy is an effective
approach for molecular design of polymeric ETLs. Ahmed et al
used a donor-acceptor,—donor-acceptor, (D-A;-D-A,) n-type NDI-
based polymer as an ETL, but its-based PSCs’ performance is
relatively low because of an inappropriate HOMO level.*® Kim
et al. synthesized a D-A;-D-A, type polymer P(NDI2DT-TTCN) with
a deeplying lowest unoccupied molecular orbital (LUMO) of
—4.14 eV, which may help to improve the electron extraction
efficiency, and PSCs based on P(NDI2DT-TTCN) achieved a PCE
of 17%.*" Jiang and coworkers employed a PDI-based conjugated
polymer NDP-V as an ETL, and the corresponding PSCs showed
PCE values of up to 16.5%.>> Guo et al. reported two highly twisted
bithiophene imide (BTI) based acceptor-acceptor (A-A) polymeric
ETLs P(BTI-NDI) and P(BTI-PDI), and their based PSC devices
exhibited a PCE of 19.5% and 20.8%, respectively.>* Recently, they
investigated two new homopolymers PBTI and PDTzTI, which
are similar in chemical structure but different in LUMO energy
level, allowing for the study of the effects of energy level on
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device performance.>® The PSC devices with PDTzTI ETL
obtained a much higher PCE of up to 20.86% because of its
matched energy level. This provides a guide for designing new
ETLs for PSCs. These aforementioned achievements indicate
that developing new polymeric ETLs offers a promising avenue
to explore high-performance PSCs. Accordingly, to realize low-
cost construction and long-term operation of high-performance
PSC devices, an efficient ETL is expected to meet the following
requirements: (i) good solubility, enabling solution processing
fabrication, (ii) matched energy level alignment, facilitating
electron extraction from the perovskite layer, (iii) capability of
film-forming and adhesion on the perovskite surface, (iv) high
electron mobility, ensuring efficient electron transport to the
cathode, and (v) photo and thermal stability of its chemical
structure and morphology over time.
Dithieno[3,2-a:3’,2'-/][5,6,11,12]chrysene diimide (DTCDI) is
an electron-deficient twisted molecular backbone.*® DTCDI-
based small molecules and polymers have been explored in
n-type organic field effect transistors and all-polymer solar
cells, demonstrating promising device performance.’>?® The
DTCDI-3,9-connected polymer was found to have good solubi-
lity in commonly used solvents like tetrahydrofuran, methylene
chloride and toluene. Meanwhile, uniform morphology feature
was detected both in its neat and blend films, its electron
mobility determined by the space-charge-limited current (SCLC)
method is up to 107* em> V' s7" in blend film and the LUMO
energy level was estimated to be —4.01 €V.*® These properties
demonstrate that the DTCDI-3,9-connected polymers are promising
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candidates as efficient ETLs. It was reported that thiophene can
effectively passivate the under-coordinated Pb>* defects on the
perovskite layer.>” In this work, we copolymerized the DTCDI block
from the 3,9-positions of chrysene with different thiophene moi-
eties (thiophene, 2,2'-bithiophene and 2,2':5’,2"-terthiophene) and
obtained three donor-acceptor (D-A) type polymers P(DTCDI-T),
P(DTCDI-2T) and P(DTCDI-3T), respectively. Their device perfor-
mance as ETLs for inverted planar PSCs was evaluated and the
performance of the control device with PCBM ETL was also
investigated. The relationship between the ratio of thiophene units
within the polymers and performance as ETLs was discussed via
studies of film surface microstructure, optoelectronic properties
and theoretical calculations. All three DTCDI-based polymers as
ETLs for PSCs exhibited excellent electron extraction and transport
properties, which outperformed PCBM. The inverted PSCs based
on the P(DTCDI-T) ETL resulted in a preliminary PCE up to 15.75%,
which is slightly higher than that of the PCBM based one (15.56%).
It was found that an increase in the ratio of thiophene unit in the
polymeric backbone favors the efficiency of electron extraction and
reduces the resistance of interfacial charge transport. Enhanced
PCEs of 17.88% and 17.74% were respectively achieved for
P(DTCDI-2T) and P(DTCDI-3T) based devices. These results demon-
strate that the DTCDI-3,9-connected polymers are hopeful efficient
ETLs for constructing high-performance PSCs.

Results and discussion

Scheme 2 depicts the chemical structure of polymers P(DTCDI-
T), P(DTCDI-2T) and P(DTCDI-3T), where DTCDI was used as
the acceptor unit copolymerized with donor moieties thiophene
(T), 2,2'-bithiophene (2T) and 2,2':5',2"-terthiophene (3T) via
Stille cross-coupling reaction, respectively. The synthetic and
purification procedure details of these polymers are displayed
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Scheme 2 Synthesis of P(DTCDI-T), P(DTCDI-2T) and P(DTCDI-3T).
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in the ESL.{ The physicochemical properties of new polymers
P(DTCDI-T) and P(DTCDI-3T), along with previously reported
P(DTCDI-2T),*® are summarized in Table 1. The thermal prop-
erties of these three polymers were evaluated by thermogravi-
metric analysis (TGA). They all exhibited good thermal stability
with thermal decomposition temperatures (5% weight loss) of
410 °C, 452 °C and 436 °C (Fig. Sla, ESIY) for P(DTCDI-T),
P(DTCDI-2T) and P(DTCDI-3T), respectively. Differential scan-
ning calorimetry (DSC) measurements showed that both
P(DTCDI-T) (Fig. S1b, ESIt) and P(DTCDI-2T) (Fig. Slc, ESI{)
have an endothermic signal at about 280 °C, which is ascribed
to the glass transition. However, no endothermic peak was
found for the polymer P(DTCDI-3T) (Fig. S1d, ESIt).

The UV-vis absorption spectra of polymers P(DTCDI-T),
P(DTCDI-2T) and P(DTCDI-3T) in dichloromethane solution
and in spin-coated thin film are shown in Fig. 1a, and the data
are collected in Table 1. All three polymers in dichloromethane
solution showed two strong absorption bands, i.e. 350-460 nm
and 460-750 nm for P(DTCDI-T), 350-480 nm and 480-750 nm
for P(DTCDI-2T) and 350-535 nm and 535-750 nm for P(DTCDI-3T).
The absorption maxima of P(DTCDI-T), P(DTCDI-2T) and
P(DTCDI-3T) are at 615/393 nm, 605/402 nm and 665/
476 nm in dichloromethane solution, and 617/393 nm, 636/
412 nm and 658/449 nm in the film, and the optical band
gaps obtained from the film absorption onset of P(DTCDI-T),
P(DTCDI-2T) and P(DTCDI-3T) are 1.72 eV, 1.75 €V and 1.74 eV,
respectively. The shorter wavelength feature is ascribed to the
n-n* electronic transition, while the longer wavelength absorption
band is attributed to one electron excitation from the HOMO to
LUMO, reflecting photo-induced intramolecular charge transfer
(ICT) between the electron-rich donor block and electron-deficient
DTCDI unit within the polymeric chain.*® Two vibronic peaks can
be observed in the lower energy band, which is assigned to 0-0
and 0-1 vibronic transitions.*® According to the literature, the 0-0
transition is related to the planarity of the polymer backbone
within aggregates.’®™** Therefore, an increase of 0-0/0-1 absorp-
tion ratio from P(DTCDI-T) to P(DTCDI-3T) correlates with the
increased order of thin films.

Electrochemical properties of P(DTCDI-T), P(DTCDI-2T) and
P(DTCDI-3T) were measured by cyclic voltammetry (CV) using
ferrocene as the external standard. The corresponding CV
curves are depicted in Fig. 1b. All of them exhibit quasi-
reversible reduction and irreversible oxidation signals, and

Table 1 Optical and electrochemical properties of polymers P(DTCDI-T), P(DTCDI-2T) and P(DTCDI-3T)

;“maxc [nm]
Polymer M, (kDa) PD Solution Film EPH [ev] Erumo’ [eV] Enomo’ [eV]
P(DTCDI-T) 8.4° 1.44° 391615 393617 1.72 —4.00 —6.39
P(DTCDI-2T) 15.1% 1.84° 399605 412636 1.75 —3.98 —6.14
P(DTCDI-3T) 12.2° 3.46" 475661 449658 1.74 —4.01 —6.04

“ Measured from room-temperature gel permeation chromatography (GPC) versus polystyrene standard using tetrahydrofuran as the eluent.
b Measured from high-temperature GPC at 140 °C versus polystyrene standard using dichlorobenzene as the eluent. © Absorption spectra of
dichloromethane solution and film spin-coated from 5 mg mL™~" chloroform solution. ¢ Estimated from absorption onset of the film using the
equation EgP* = 1240/ Aonset (€V). ¢ Calculated from the equation Epymo = —5.10 €V — ERg ™, Enomo = —5.1 €V — Ege™, Efeq*  and Egy*** determined by

cyclic voltammetry in 0.1 M BuyN'PF~ acetonitrile solution (vs. Fe/Fc").*®
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Fig. 1 (a) Optical absorption spectra of P(DTCDI-T), P(DTCDI-2T) and P(DTCDI-3T). (b) Cyclic voltammograms of P(DTCDI-T), P(DTCDI-2T) and

P(DTCDI-3T) thin films measured in 0.1 M BusN*PFg~ acetonitrile solution with a scan rate of 100 mV s~
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Fig. 2 (a) Schematic illustration of the device configuration. (b) Band alignment of PSCs with different ETLs. (c) J-V curves of PSCs with different ETLs
and (d) EQE spectrum. (e) J-V hysteresis of optimal PSCs with P(DTCDI-T), P(DTCDI-2T) and P(DTCDI-3T) ETLs under forward and reverse scan. (f)
Device efficiency distribution with different ETLs.
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(Fig. S2, ESIt) is —5.43/—3.21 eV, —5.25/—3.12 eV and —5.09/
—3.16 eV for P(DTCDI-T), P(DTCDI-2T) and P(DTCDI-3T),
respectively, in good agreement with that of the measured
one. The electron density of the HOMO is averagely located in
the molecular backbone for P(DTCDI-T). With increasing ratios
of thiophene within the polymer chain, it is becomingly con-
centrated in thiophene moieties. The measured LUMO levels of
the three polymers match well with the conduction band of the
perovskite layer (—3.90 eV), which is beneficial for the electron
extraction from the perovskite layer."> And the HOMOs are
much deeper than the valence band of the perovskite film,
which should prevent charge recombination at the corres-
ponding interface due to efficient hole blocking.

To investigate the electron-transporting properties of the
synthesized polymers, we constructed the electron-only devices
with the structure of ITO/ZnO/ETL/Al, and the electron mobility
(ue) was estimated by the space charge-limited current (SCLC)
method (Fig. S3, ESI{). The obtained u. values for PCBM,
P(DTCDI-T), P(DTCDI-2T) and P(DTCDI-3T) were 6.02 x 10 °,
3.05 x 107% 3.88 x 107* and 1.04 x 10™* ecm?® V' s},
respectively. These polymers yield decent electron mobility,
which is higher than or comparable to that of PCBM.

Further investigations on P(DTCDI-T), P(DTCDI-2T) and
P(DTCDI-3T) as an ETL for PSCs were performed. Inverted
planar perovskite solar cell devices with a structure of ITO/
PTAA/MAPDL;/ETL/BCP/Ag (Fig. 2a) were fabricated, where
PTAA worked as the HTM, and BCP as the hole blocking layer.
Fig. 2b illustrates the band alignment of PSCs with different
ETLs. The fabrication details of PSCs can be found in the ESI.}
The J-V curves are shown in Fig. 2¢, and the corresponding
photovoltaic performance parameters are collected in Table 2.
Reference devices using PCBM as an ETL were also prepared,
giving a champion PCE of 15.56%, a V¢ of 1.08 V, a Jsc of
19.80, and a FF of 72.95%. The P(DTCDI-T) based devices
achieved slightly higher efficiency (15.75%) than the PCBM
based one because of its superior short-circuit current density
Jsc, though a lower FF. The devices with P(DTCDI-2T) and
P(DTCDI-3T) ETLs achieved better performance with a PCE of
17.88% for P(DTCDI-2T), and 17.74% for P(DTCDI-3T), due to
their improved FF. Fig. 2d shows the external quantum effi-
ciency (EQE) variation of different ETLs, which is in accordance
with the PCE trend. All polymeric ETL based devices exhibit a
higher Jsc value than that of PCBM, which is probably due to
their more efficient electron extraction. Fig. 2e shows the J-V
curves of devices based on polymeric ETLs scanning from
forward and reverse directions. The J-V curves of different
scanning directions are nearly overlapped, suggesting

Table 2 Photovoltaic parameters of PSC devices based on different ETLs
(the data in brackets are the average values among 20 devices)

ETLs Voc (V) Jsc (mAcem™2) FF (%) PCE (%)

PCBM 1.08 19.80 72.95 15.56 (14.08 + 0.87)

P(DTCDI-T)  1.02 23.09 67.16  15.75 (14.04 + 0.90)
P(DTCDI2T) 1.06 23.18 73.03  17.88 (16.52 + 0.83)
P(DTCDI-3T) 1.07 22.84 72.91  17.74 (16.39 + 0.67)

This journal is © The Royal Society of Chemistry 2022
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negligible hysteresis in the devices.** The PCE distribution of
different ETLs is displayed in Fig. 2f.

The film morphologies of ETLs coated upon the perovskite
layer are of important significance for the performance of PSCs.
Therefore, scanning electron microscopy (SEM) was conducted
to characterize the film morphologies of perovskite and ETLs
coated on perovskite. It was found that the perovskite layer
(Fig. 3a) exhibited a dense crystal packing and rough surface,
and pinholes can be seen after coating with PCBM (Fig. 3b),
which could be caused by aggregation. Meanwhile, more uni-
form surfaces (Fig. 3c-e) were displayed after coating with
polymeric ETLs. Fig. 3f presents the cross-section SEM image
of the ITO/PTAA/MAPDI;/P(DTCDI-2T)/BCP/Ag device, confirm-
ing good coverage of ETLs on perovskite, and clearly shows its
layered structure. Atomic force microscopy (AFM) was also
performed to characterize the surface condition of various
films. Fig. S4 (ESIT) shows the AFM images of the as-prepared
perovskite films, and the PCBM, P(DTCDI-T), P(DTCDI-2T), and
P(DTCDI-3T) covered perovskite films. Large dense grains can
be seen from the as-prepared perovskite film, giving a root-
mean-square (RMS) roughness of 25.2 nm. After coating differ-
ent ETLs upon the perovskite layer, the RMS roughness
decreased to 19.9, 8.5, 14.6, and 8.9 nm for PCBM, P(DTCDI-
T), P(DTCDI-2T), and P(DTCDI-3T) covered films, respectively.
The decrease of RMS roughness confirms high coverage of
ETLs, and the polymeric ETL covered films showed signifi-
cantly smaller RMS roughness, reflecting their more uniform
features and smoother surfaces. The results of AFM character-
ization are consistent with those of SEM.

Fig. 3 The SEM images of (a) MAPblz, (b) MAPbIs/PCBM, (c) MAPbIs/
P(DTCDI-T), (d) MAPbIs/P(DTCDI-2T), (e) MAPbIs/P(DTCDI-3T) and
(f) cross-section of ITO/PTAA/MAPbI3/P(DTCDI-2T)/BCP/Ag.
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Fig. 4 (a) Steady-state photoluminescence (PL) spectra, and (b) time-resolved photoluminescence (TRPL) decay traces of the perovskite films (PVSK)

and ETL-covered perovskite films.

To investigate the electron extraction properties of the
polymer ETLs, steady-state photoluminescence (PL) (Fig. 4a)
and time-resolved photoluminescence decay (TRPL) (Fig. 4b)
measurements were conducted on the perovskite film and the
perovskite films covered with different ETLs. Covering with
diverse ETLs would quench the PL intensity of perovskite films,
and the percentage of quenching indicates the electron extrac-
tion efficiency. Compared to the PCBM-covered perovskite film,
the polymer-covered films exhibited distinctly more efficient
depression of the PL intensity. This could partly account for
their higher Jgc values in PSCs. The TRPL decay traces can be
fitted by a biexponential decay model, and the given parameters
are listed in Table S1 (ESIf). After covering respectively with
PCBM, P(DTCDI-T), P(DTCDI-2T) and P(DTCDI-3T), the TRPL
lifetime (t,ye) Of perovskite films is gradually reduced. The fast
decay parameter t,, which is typically ascribed to electron
extraction, dramatically reduced (396.6 ns for perovskite, and
19.9 ns, 14.9 ns, 2.7 ns, and 3.2 ns after being covered with
PCBM, P(DTCDI-T), P(DTCDI-2T) and P(DTCDI-3T) upon per-
ovskite), and P(DTCDI-2T) and P(DTCDI-3T) covered ones dis-
play clearly shorter decay time compared with the P(DTCDI-T)
one. The reduced lifetime reflects that the electron extraction
ability of these polymers is better than that of PCBM, which is
in good agreement with the results of steady-state PL measure-
ments, demonstrating their potential as alternatives in con-
structing efficient PSCs. Moreover, surface trap passivation of
perovskite was believed to play an important role in deter-
mining the device performance. S atoms within the backbone
can possibly work as an electron pair donor to interact with the
under-coordinated Pb*", and thus passivate the possible trap
sites on the perovskite film.37444>

To gain insight into interfacial interaction between the
perovskite layer and these polymeric ETLs, we conducted
X-ray photoelectron spectroscopy (XPS) measurements, and
the recorded results are shown in Fig. S5 (ESIt). For the
perovskite film sample, two main peaks located at 138.0
and 142.8 eV were observed, assigned to Pb 4f,, and 4f;),,
respectively, and there are also two small peaks at 136.4 and
141.3 eV, corresponding to metallic Pb.***° The presence of
metallic Pb often acts as electron trap sites, hampering the
device efficiency.’® Interestingly, the metallic Pb signals

2708 | J Mater. Chem. C, 2022,10, 2703-2710

disappeared in polymer coated samples, and 0.3 eV shifts
toward higher binding energy have been observed for Pb 4f;/,

10’
a) -~ PCBM
. « P(DTCDI-T)
104 +  P(DTCDI-2T)
_ P(DTCDI-3T)
<
£ 10
g 3
E
z 10
Z 10y
s
S 0
g 103
E
S
"
1074
10° T T
10? 10" 10’
Voltage (V)
b) 1800
1600
1400 R, Re FCBM
s —<— P(DTCDI-T)
12004 —4— P(DTCDI-2T)
. —v— P(DTCDI-3T)
& 1000
S8
N 800
)
600
400
2004
0 T T T T T T
500 1000 1500 2000 2500 3000 3500
A
C) 109 —e—PCBM
o= P(DTCDI-T)
=i P(DTCDI-2T)
== P(DTCDI-3T)
0.9
=
Q
-9
2
H
g 08
E
=3
z
0.7
T T T

0 24 48 T2 9% 120 144 168 192

Time (hrs)
Fig. 5 (a) Trap-state densities of PCBM, P(DTCDI-T), P(DTCDI-2T) and
P(DTCDI-3T) coated perovskite films. (b) Nyquist plot of impedance
spectroscopy for PSCs with PCBM, P(DTCDI-T), P(DTCDI-2T) and
P(DTCDI-3T) as an ETL. (c) The stability of devices under ambient
conditions.
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and 4fs;,. In S 2p spectra, P(DTCDI-2T) has two peaks at 164.3
and 165.5 eV, which shift to 164.1 and 165.3 eV, respectively,
after coating upon perovskite. These results provide direct
evidence of strong binding interaction between ETLs and
perovskite layer, suggesting effective interface passivation.

The surface trap passivation efficiency can also be compared
by quantifying the trap-state density Nip.””*" Therefore,
devices with the architecture of ITO/SnO,/MAPbI;/ETL/BCP/Ag
were made, and their trap-filling-limited voltages (Vi) were
estimated (Fig. 5a) to be 0.26 V, 0.24 V, 0.19 V and 0.24 V for
PCBM, P(DTCDI-T), P(DTCDI-2T) and P(DTCDI-3T), respectively.
The corresponding trap-state density Ny, values were calculated
to be 4.55 x 10", 4.20 x 10", 3.33 x 10" and 4.20 x 10" cm >,
respectively. Compared with the PCBM-based device, polymer-
based devices bear lower density of electron trap states, which
could be due to the better morphology and passivation of defects,
and this is consistent with the previous measurements. The lower
density of trap states would generate fewer recombination centers
and reduce loss in potential.”® Furthermore, electronic impedance
spectroscopy measurements were performed to gain more
information on the interfacial charge transport. Fig. 5b shows
the Nyquist plots of electrochemical impedance spectroscopy
(EIS) for PSCs with different ETLs, and the corresponding data
are listed in Table S2 (ESIt). Nyquist plots enable us to discuss
the charge transfer process within cells. It is clear that the
P(DTCDI-2T) based device has the smallest series resistance (R;)
and charge transfer resistance (R.), which is aligned with
photovoltaic performance data.

Device stability is also an important characteristic to evalu-
ate the performance of PSCs. As shown in Fig. 5c¢, compared
with devices based on the PCBM ETL, all the polymeric ETL
based devices exhibited considerably improved stability. It
shows that the devices with a P(DTCDI-2T) ETL maintained
87% of their initial efficiency after storing for 168 h, while the
PCBM ones maintained 81% of their initial efficiency. The
passivation effect of P(DTCDI-2T) could likely account for
device stability. Moisture-induced decomposition of the per-
ovskite layer is a crucial destabilization factor for PSCs.”*>® We
tested the contact angles of water droplets on PCBM, P(DTCDI-
T), P(DTCDI-2T) and P(DTCDI-3T) thin films. As displayed in
Fig. S6 (ESIf), the P(DTCDI-T), P(DTCDI-2T) and P(DTCDI-3T)
show hydrophobic contact angles of 99.5°, 100.5° and 100.4°,
while PCBM is relatively hydrophilic (contact angle against
water of 80.4°). The hydrophobicity of these polymeric ETLs is
certainly favorable for suppressing moisture-induced instability.

Conclusions

To summarize, we designed and synthesized a series of DTCDI-
based n-type polymers P(DTCDI-T), P(DTCDI-2T) and P(DTCDI-
3T) and explored their application as ETLs in PSCs. The ratio of
thiophene units within the polymeric backbone has a notable
impact on the optical, electrochemical and electron extraction
and transport properties, as well as the photovoltaic perfor-
mance. Thanks to efficient electron extraction, efficient
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interfacial electron transport and low interfacial impedance,
the PSC devices with the P(DTCDI-2T) ETL resulted in a higher
short-circuit current and improved fill factor and displayed a
champion power conversion efficiency of up to 18%, which is
among one of the highest PCE values of PSCs with a polymeric
ETL. Additionally, due to the more hydrophobic feature, the
devices with P(DTCDI-T), P(DTCDI-2T) and P(DTCDI-3T) ETLs
displayed ameliorated device stability compared to PCBM
based devices. These results demonstrate the great potential
of DTCDI-based conjugated polymers as efficient ETLs for
high-performance PSCs. Our research also provides a rational
way to effectively develop polymeric ETLs for PSCs by variation
of donor ratios of D-A polymers.
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