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able perylene diimide-based
electron transport materials as non-fullerene
alternatives for inverted perovskite solar cells†

German Soto Perez,a Shyantan Dasgupta,be Wiktor Żuraw, bf
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Perylene diimide derivatives with different functional groups (OR) in the bay position were synthesised (PDI-

1, OR ¼ OC6H4OMe; PDI-2, OR ¼ OC6H4CH2CH2NHBoc; PDI-3, OR ¼ OC6H4CO2Me) and their

optoelectronical properties were characterised. The derivatives were applied as alternative electron

transport materials (ETMs) to replace the commonly used PCBM in inverted perovskite solar cells (PSCs).

Devices with the structure ITO/PTAA/Cs0.04(MA0.17FA0.83)0.96Pb(I0.83Br0.17)3/ETM/Ag (ETM ¼ PCBM or

PDI-1, -2 or -3) were fabricated through solution processing techniques. A competitive power

conversion efficiency (PCE) of 16.8% was obtained for the PDI-3-based device, which was comparable

to the PCBM-based device with PCE of 17.3%. It was found that the electronic nature of the functional

groups plays an important role in the charge extraction and band alignment of these small molecular

semiconductors.
Introduction

Over the last decade, perovskite solar cells (PSCs) have
demonstrated their enormous potential in the photovoltaic
eld with simple and low-cost fabrication and a remarkable
increase in power conversion efficiency from 3.8% in 2009 (ref.
1) to the current record of 25.5%.2 Although the inherent
properties of the organic–inorganic halide perovskites make
them outstanding photoactive materials, a great contribution to
the rapid development of PSCs is due to the research in device
architecture, interface engineering and tailoring of charge
transport materials.3–5 Unlike their dye-sensitised solar cell
(DSSCs) predecessor, PSCs were found to perform better when
the perovskite absorber is sandwiched between solid charge
transport materials; commonly, TiO2 as electron transport
material (ETM) and 2,20,7,70-tetrakis-(N,N-dip-methoxyphenyl-
amine)-9,90-spirobiuorene (spiro-OMeTAD) as hole transport
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mation (ESI) available. See

of Chemistry 2022
material (HTL) are used in an ITO/ETM/perovskite/HTM/Au
conguration, also known as a regular or n–i–p architecture.6

In particular, TiO2 prevailed as ETM due to its suitable
conductivity (0.11 � 10�4 S cm�1)7 and favourable conduction
band level (�3.9 eV). However, its photocatalytic nature, its ease
of surface defect formation and the high temperature process-
ing, requiring �500 �C, hinders large-scale manufacturing and
limits the choice of substrates.

In order to overcome such drawbacks, perovskite-based
absorbers have been studied in other device architectures,
such as that akin to organic photovoltaics (OPVs), in which the
organic semiconducting absorber layer was substituted by
CH3NH3PbI3 (MAPI) while leaving the PCBM ETM and
PEDOT:PSS HTM unmodied, delivering an initial efficiency of
3.9%.8 A key point of this PSC was the inverted order of the ETM
and HTM within the device compared to the regular architec-
ture which gave birth to an inverted PSC (p–i–n) with an ITO/
HTM/perovskite/ETM/Ag conguration. The organic nature of
the transport materials enabled the use of exible substrates
due to their low temperature processing (<150 �C). The study of
these inverted perovskite solar cells (i-PSCs) notably pushed the
efficiency to 20.9% (ref. 9) within a few years. However, since
most of the initial attention was drawn to device optimisation
and interface engineering, the materials inherited from the
initial OPV architecture remained, and most studies still rely on
fullerene-based organic semiconductors due to their effective
performance.

Although fullerenes possess good energy alignment and
suitable electron mobility, the lack of other desirable features
J. Mater. Chem. A
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such as thermal and photochemical stability and cost-effective
preparation and purication, remain drawbacks for these n-
type organic semiconductors. Compared to fullerenes, non-
fullerene organic semiconductors have shown better stability,
simpler and more straightforward synthetic procedures and
enhanced processability, in addition to low-cost production.10

For instance, polymers have been widely studied due to the
tunability of their electronic properties, as well as the modula-
tion of lm morphology and tailored compatibility with the
other layers in the device, which leads to improvement in effi-
ciency and stability, however, their typical poor electron
mobility requires the use of very thin layers (�5 nm) hindering
their large-scale application.11 Compared to their polymeric
counterparts, small molecule semiconductors possess adjust-
able packing, monodispersity, high synthetic reproducibility
and tunable conductivity. Naphthalene diimides are major
representatives of this kind of molecule in inverted PSCs; their
commercial availability, ease of synthesis and high solubility in
several organic solvents, makes them excellent building
blocks.12 Other p-conjugated systems have so far been less
explored, such as perylene diimide derivatives, which have
recently attracted a lot of attention as n-type organic semi-
conductors with high electron mobility (�8 � 10�2 cm2 V�1 s�1

for single crystals)13 and high thermal, chemical and photo-
chemical stability.14–16 Perylene derivatives have the advantage
of tunability of their optoelectronic properties through simple
structural modications, alongside easy and low-cost synthesis
and purication with high yields and reproducibility, making
them suitable substitutes for expensive and unstable fuller-
enes.17,18 Previous studies have shown the potential of PDIs as
ETMs through the use of different functional groups attached to
alkyl chains in the imide position,19–22 Click or tap here to enter
text.as dimers or assembles of higher dimensionality23–27 or as
Fig. 1 (a) Molecular structure of the different PDI electron acceptors
tested as ETMs, (b) energy band diagram of each material used in the
perovskite solar cell.

J. Mater. Chem. A
buffer layer or additive either through solution28,29 or evapora-
tion techniques.30

In this study, three highly soluble perylene diimide electron
acceptor molecules (Fig. 1a) were designed based on the core
contortion approach,31,32 making them suitable for solution-
processing technique while at the same time avoiding the use
of long isolating alkyl chains. PDIs with four substituent groups
in the bay position have received limited attention in PSCs33,34

despite the potential advantages in solubility while maintaining
suitable pi-interactions. Their synthesis was carried out through
the initial reaction of benzylamines in the imide position and
further attachment of different functional groups at the bay
positions of each molecule (Fig. 1a). Their optoelectronic
properties were characterised and performance as ETMs
studied in an inverted perovskite solar cell with the layout
Glass/ITO/PTAA/Cs0.04(MA0.17FA0.83)0.96Pb(I0.83Br0.17)3/PDI/BCP/
Ag to assess them as potential alternatives to the commonly
used PCBM.

Experimental section
Synthesis

Compound 1 was used as starting material for the three different
PDI derivatives, it was synthesised following the procedure
developed by R. K. Dubey et al.35 Compounds 2 and 3 were syn-
thesised from compound 1 by sequential reactions with the cor-
responding benzylamine following literature procedures.36,37

PDI-1. Compound 2 (0.4 g, 0.54 mmol), 4-methoxyphenol
(0.34 g, 2.7mmol) and K2CO3 (0.19 g, 1.35mmol) weremixed inN-
methylpyrrolidone (NMP) (8 ml). The reaction was stirred at
120 �C for 68 h under N2. Aer cooling to room temperature, the
mixture was added dropwise to 40 ml of 1 M HCl solution and
vigorously stirred for 1 hour at room temperature. The solid was
separated by ltration and successively washed with water and
methanol. The product was dried under vacuum and puried by
chromatographic column with eluent DCM : MeOH [99 : 1] on
neutral Al2O3. The nal product was obtained as a purple powder
(0.273 g, 46.3% yield). (ESI:MS): [M + H]+ calculated for
C66H47O14N2: 1091.3021 and [M + Na]+ calculated for
C66H46O14N2Na: 1113.2841; found, 1091.2973 and 1113.2862
respectively. Elemental analysis (CHN) calculated for
C66H46N2O14: C: 72.65; H: 4.25; N: 2.57. Found: C: 72.61; H:
4.48; N: 2.50.

PDI-2. Compound 3 (0.22 g, 0.3 mmol), N-BOC-tyramine
(0.43 g, 1.79 mmol) and K2CO3 (0.25 g, 1.79 mmol) were
mixed in NMP (10 ml) and stirred at 110 �C for 20.5 h. Aer
cooling to room temperature, the mixture was poured into
a 0.5 M HCl solution and stirred for 5 minutes. Purication was
performed through a chromatographic column with
DCM : MeOH [95 : 5] eluent. The product was obtained as
a dark-red powder (0.285 g, 61.68% yield). (ESI:MS): [M + Na]+

calculated for C92H94O16N6Na: 1561.66185; found, 1561.6595.
Elemental analysis (CHN) calculated for C92H94N6O16: C: 71.76;
H: 6.15; N: 5.46. Found: C: 71.89; H: 6.29; N: 5.35.

PDI-3. Compound 3 (0.2 g, 0.27 mmol), methyl-4-
hydroxybenzoate (0.25 g, 1.63 mmol) and K2CO3 (0.23 mg,
1.63 mmol) were mixed in NMP (3.6 ml) and stirred for 15 h at
This journal is © The Royal Society of Chemistry 2022
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110 �C under N2. Once cooled to room temperature, the mixture
was added dropwise to a 1 M HCl solution, the precipitate was
ltered, dried and puried by chromatographic column with
DCM : ethyl acetate [25 : 1] eluent. The pure product was ob-
tained as a red powder (0.25 g, 77.4% yield). (ESI:MS): [M + Na]+

calculated for C72H50O16N2Na: 1221.30526; found, 1221.3056.
Elemental analysis (CHN) calculated for C72H50N2O16: C: 72.11;
H: 4.20; N: 2.34. Found: C: 72.00; H: 4.30; N: 2.27.

Corresponding NMR spectra and data are shown in Fig. S1.†
Fig. 2 Calculated geometry of PDI-1 to -3 and their corresponding
contortion angle.
Device fabrication

Materials. Unless otherwise stated, all the materials were
purchased from Sigma-Aldrich and used as received. Silver
pellets were obtained from Kurt Lesker; glass/ITO substrates
from Lumtec, and poly-triarylamine (PTAA) from Ossila
(product code M0511A5).

Planar heterojunction PSCs were fabricated with the following
architecture: ITO/PTAA/Cs0.04(MA0.17FA0.83)0.96Pb(I0.83Br0.17)3/
ETM/Ag (ETM ¼ PCBM or PDI-1, -2 or -3). First, a PTAA solution
(1.5 mg ml�1 in toluene) was spin coated under ambient condi-
tions at 5000 rpm for 30 s, followed by annealing at 100 �C for
10 min (z20 nm thick). Subsequently, the samples were trans-
ferred into a nitrogen-lled glovebox for the perovskite layer
deposition. For the perovskite precursor preparation, stock solu-
tions of PbI2 and PbBr2 (1.5 M) in dimethylformamide (DMF)/
dimethyl sulfoxide (DMSO) mixture [4 : 1 v/v] were prepared.
Then, for FAPbI3 and MAPbBr3 solutions, FAI and MABr powders
were weighed out into separate vials, followed by addition of PbI2
(into FAI) and PbBr2 (into MABr) solutions. Both lead solutions
were added in excess, to obtain an over stoichiometric lead
content (FAI/MABr : PbI2/PbBr2 equals 1.0 : 1.09). The nal
perovskite precursor solution was prepared by mixing the solu-
tions of FAPbI3 and MAPbBr3 in a [5 : 1 v/v] ratio. Then, 40 mL of
CsI solution (1.5 M solution in DMSO) was added to 1 ml of the
mixture. Perovskite layer (z580 nm thick) was deposited on top of
PTAA with a two-step spin-coating procedure, 1500 rpm for 2 s
and, 5000 rpm for 34 s. Anhydrous diethyl ether (500 mL) was
dispensed on the sample in the last 2 seconds of the spinning
sequence. The sample was annealed for 60 min at 100 �C. For the
control device, a PCBM solution (20 mg ml�1 in chlorobenzene)
was spin-coated at 2000 rpm for 30 s and annealed at 60 �C for
10 min. For the devices with PDI-1, -2 and -3 ETM, PDI solutions
(20 mg ml�1 in chlorobenzene) were spin coated at 4000 rpm for
30 s, The solution-processed ETMs were annealed for 10 min at
60 �C. Finally, 5 nm of BCP buffer layer and 95 nm of Ag electrode
were deposited on top of devices by thermal evaporation atz10�6

mbar, through a shadow mask.
Current–voltage measurements. J–V characterization and

stabilized power output measurements were performed using
a Keithley 2461 source measure unit (SMU) under simulated
AM1.5G irradiation (100 mW cm�2) using an AAA-rated solar
simulator (Abet Technologies, sun 2000) calibrated against an
RR-208-KG5 silicon reference cell (Abet Technologies). The
mismatch factor for the studied perovskite solar cells was
calculated to be 0.968 using external quantum efficiencies
(EQEs) of the reference and test cells, lamp's spectrum, and
This journal is © The Royal Society of Chemistry 2022
AM1.5G, and this value was used to correct the intensity of the
solar simulator lamp to provide one sun illumination.
Results and discussion
Structural and optoelectronic characterisation

Geometry optimisation of PDI-1 to -3 was carried out through
DFT calculations using Gaussian 09 soware with the hybrid
B3LYP functional and the standard 6-31G(d) basis set for
insight into the optoelectronic properties and the core contor-
tion approach that inuences the molecular geometry.

Fig. 2 shows that the perylene core in all the PDI derivatives
was twisted in the range from 30� to 31� due to the steric effects
of the bulky substituents (calculated from the torsion angles
(Fig. S2†)); the loss of planarity of the molecules led to a higher
solubility compared to unsubstituted perylene, which is prone
to intermolecular stacking.38

All the compounds (measured in solution) exhibited similar
optical properties with absorption and emission maxima within
the ranges of 560–590 nm and 590–625 nm, respectively (Fig. 3);
the shiing between spectra is a result of the electronic inter-
action between the core and the functional groups attached to
it. Compared to the literature values of unsubstituted per-
ylene,39 PDI-1 and -2 showed a more signicant bathochromic
shi of lmax(abs) due to the electron-donating (ED) nature of the
methoxyphenol and the BOC-tyramine groups respectively. In
contrast, PDI-3 with the electron-withdrawing (EW) methyl-
hydroxybenzoate substituent showed the shortest absorption
and emission wavelengths among the three derivatives.40

The linear relation between solutions with different
concentrations and their corresponding absorption (Fig. S3†)
was used to calculate the molar extinction coefficient of each
derivative, the optical data are summarised in Table 1.

The electrochemical properties were measure through
square wave voltammetry (SWV) and cyclic voltammetry (CV).
The SWV in Fig. 4a shows two reversible reduction peaks, each
of which represents a one-electron reduction to the stable
radical anion and dianion species, respectively.

The chemical and electrochemical reversibility was
conrmed by cyclic voltammetry (Fig. 4b), through the reduc-
tion and subsequent oxidation of the product to its original
form. In addition, no shi of the current peaks with different
J. Mater. Chem. A
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Fig. 3 Normalised absorption (solid line) and emission (dashed line)
spectra of each PDI.

Table 1 Summary of the optical properties of PDI-1 to -3. Literature
values of unsubstituted PDI are shown as a ref. 27

Sample
lmax(Abs)

[nm]
3

[cm�1 M�1]
lmax(Em)

[nm] Eoptgap
a [eV]

PDI-1 590 47 200 623 2.04
PDI-2 582 65 200 622 2.05
PDI-3 562 59 300 594 2.14
PDI27 525 58 000 553 2.13

a Optical band gap (Eoptgap) was estimated from the intersection of
normalised absorption and emission spectra.

Fig. 4 (a) SWV of PDI-1 to -3, measured at a scan rate of 0.5 V s�1; the
arrows indicate the scan direction. (b) CV of PDI-1 to -3 at different
scan rates and the linear relation between the square root of the scan
rate and the current peak. Both measurements were carried out in
a 0.1 M solution of [TBA] [PF6] in DCM at room temperature.

Table 2 Summary of the electrochemical properties of PDI-1, -2, and
-3. Corresponding potentials (E) were determined from SWV peaks
and are quoted against ferrocene/ferrocenium

Sample Eox [V] E1stred [V] E2ndred [V] ECVgap [eV] EHOMO [eV] ELUMO [eV]

PDI-1 +0.81 �1.15 �1.30 1.96 �5.91 �3.95
PDI-2 +0.86 �1.13 �1.28 1.99 �5.96 �3.97
PDI-3 +1.00 �1.00 �1.15 2.00 �6.10 �4.10
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scan rates was observed, and a linear relationship between the
square root of the scan rate and the current peak was observed.

The electrochemical properties and the calculated levels of
highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO) are summarised in Table 2.

From the data in Table 2, the reduction potentials of the
different derivatives are shied as a result of the electronic
nature of the substituents used in each molecule. For instance,
PDI-1 has the most negative potentials (due to the high ED
nature of the methoxyphenols), followed by PDI-2; whereas PDI-
3 has the potentials shied to more positive values due to the
EW nature of the ester group on the substituents. It was also
observed that the rst reduction potential of each derivative is
broadly comparable to the literature value of PCBM (E1stred ¼
�1.16 V vs. Fc),41 which suggests that all derivatives could be
suitable candidates as PCBM substituents. However, from the
calculation of HOMO and LUMO levels using the CV experi-
mental data and the equation:

EHOMO/LUMO ¼ �(Eox/red + 5.1) (eV)42 (1)

PDI-3 shows a better band alignment to the conduction band
(�4.05 eV (ref. 43)) of the triple cation perovskite used in this
work. It is important to keep in mind however, that CV
measurements carried out in solution do not account for any
solid-state effects on the material within the nal device.
J. Mater. Chem. A This journal is © The Royal Society of Chemistry 2022
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Table 3 PV parameters of champion devices tested at different
deposition speeds. A and B denotes 2000 and 4000 rpm deposition
speed, respectively. Data in parenthesis are the average over 8 devices

Sample Jsc [mA cm�2] Voc [V] FF [%] PCE [%]

PDI-1 A 7.61 (2.99) 0.84 (0.14) 37.7 (30) 2.60 (0.84)
B 9.80 (8.51) 0.85 (0.80) 60.2 (50) 5.01 (4.20)

PDI-2 A 0.21 (0.10) 0.69 (0.77) 18.9 (15) 0.03 (0.01)
B 0.70 (0.15) 0.98 (0.38) 20.6 (18) 0.06 (0.01)

PDI-3 A 16.90 (16.5) 1.01 (0.98) 54.6 (45) 8.70 (8.50)
B 16.90 (16.1) 1.02 (0.98) 58 (55) 9.80 (7.50)
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Photophysical characterisation

To investigate the suitability of the derivatives as ETMs, steady-
state photoluminescence quenching (PLQ) and time-resolved
photoluminescence (TRPL) were measured in glass/perovskite
and glass/Cs0.04(MA0.17FA0.83)0.96Pb(I0.83Br0.17)3/ETM (ETM ¼
PCBM or PDI-1, -2 or -3) devices. The PL spectra in Fig. 5a show
an intense emission peak at 760 nm from the perovskite-only
device when excited at 405 nm; whereas the devices with the
different ETMs (PDI-1 to -3 or PCBM) deposited on top of the
perovskite show a signicant quenching in emission (PCBM >
PDI-3 > PDI-2 > PDI-1). Notably, the emission peak in these
devices shows a blue shi of approximately 5 nm, which
suggests passivation and reduction of trap density in the ETM/
perovskite interface.44

TRPL spectra in Fig. 5b shows a similar trend, in which PL
lifetime of bare perovskite lm (164 ns) decreases upon depo-
sition of PCBM (20 ns), PDI-3 (70 ns), PDI-2 (76 ns) and PDI-1 (79
ns). Collectively, these spectroscopic and electrochemical
results indicate the suitability of the PDIs to be tested as ETMs
in n–i–p perovskite solar cells.

Additionally, charge mobility studies were carried out, using
the space-charge limited current (SCLC) method (Fig. S4†) to
assess the electron transport characteristics of the materials.
Although it was not possible to observe the trap-free regime, a t
that estimated the trap-lling regime enabled mobilities of the
order 10�5 cm2 V�1 s�1 for PDI-1 and PDI-3 and lower mobility
around 10�6 cm2 V�1 s�1 for PDI-2, consistent with the bulkier
substituents of the latter.
Device characterisation

To screen the performance of the ETMs, an initial set of
perovskite solar cells with the conguration ITO/PTAA/Cs0.04(-
MA0.17FA0.83)0.96Pb(I0.83Br0.17)3/ETM/Ag (ETM ¼ PDI-1 to -3)
with a 5 nm buffer layer of BCP in the ETM/Ag interface
(Fig. S5†) were fabricated in ITO coated PET substrates and
characterised. The PDI solutions were optimised to a concen-
tration of 20 mg ml�1 and two different spin coating deposition
speeds were tested (2000 (A) and 4000 (B) rpm). Fig. S5c† shows
the box plots over eight repeats while Fig. S5b† shows the J–V
curves of champion devices with each PDI, and Table 3
summarises the corresponding PV parameters.
Fig. 5 (a) Steady-state photoluminescence quenching (PLQ). (b)
Time-resolved photoluminescence (TRPL) of glass/perovskite and
glass/perovskite/ETM devices.

This journal is © The Royal Society of Chemistry 2022
It was found that PDI-3 was the only derivative suitable to be
used as ETM in a full device, delivering the best performance
when deposited at 4000 rpm. PDI-1 showed low performance at
high-speed deposition whereas low-speed deposition showed
an S-type curve, which could be related to a charge accumula-
tion at the PDI-1/perovskite interface due to band offset and
non-homogeneous interface.45 The device with PDI-2 did not
show any signicant photocurrent output at all.

However, these results are in good agreement with the
LUMO energy values calculated previously for the PDI deriva-
tives. In particular, the LUMO level of PDI-3 (ELUMO ¼ �4.1 eV)
has a suitable energy alignment with the conduction band of
the triple cation perovskite (Econduction ¼ �4.05 eV)43 used in the
devices, which can also be linked to the PLQ in Fig. 5a, where
PDI-3 showed the best quenching among the tested PDIs sug-
gesting better charge extraction from the perovskite photoactive
layers compared to the other two ETMs. In contrast, the LUMO
values of PDI-1 and -2 (�3.95 and�3.97 eV, respectively) are not
as energetically favourable for charge transfer. The apparently
poorer (10 times lower) electron mobility of PDI-2 compared to
PDI-1 and -3 may also play a role.

Based on the previous results, PDI-3 was used in another set
of devices using ITO coated glass substrates and optimising
deposition conditions to 5000 rpm (�40 nm lm thickness).
The results were compared with the well-established solution-
processable PCBM ETM (�30 nm lm thickness). The J–V
plots of champion cells are shown in Fig. 6a, and the PV
parameters are summarised in Table 4.

Fig. 6b shows the stabilised power output over time under
a bias voltage at maximum power point.46 A stabilised PCE of
16.5% and 14.5%were observed within 35 s for PCBM and PDI-3
devices, respectively. Fig. 6c shows a high spectral response in
the range of 400 to 750 nm for both devices and the integrated
current density (derived from the IPCE) is 19.2 and 19.3 mA
cm�2 for PCBM and PDI-3, respectively. The lower value of the
Jsc from EQE compared to Jsc from J–V plot may account for
several reasons such as measuring time, sample degradation or
measurement conditions,47 however, the obtained values are
consistent with the trend of Jsc values measured in the J�V
curves.

The relatively higher Jsc of PDI-3 device compared to the
PCBM device could be related to a lower rate of recombination
in the ETM/perovskite interface, which is in good agreement
with the slightly higher value of IPCE for PDI-3 compared to
J. Mater. Chem. A
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Fig. 6 (a) J–V curves of champion devices over four repeats. (b)
Stabilised power output of PDI-3 and PCBM-based devices. (c) IPCE
for PDI-3 and PCBM-based devices and the integrated short circuit
current density.

Table 4 PV parameters (reverse scan) of PSCs using PDI-3 or PCBM
ETMs. Data in parenthesis are the average over 4 devices

ETM Jsc [mA cm�2] Voc [V] FF [%] PCE [%]

PCBM 22.46 (21.70) 1.09 (1.08) 71.5 (70.7) 17.30 (17)
PDI-3 23.02 (22.80) 1.08 (1.08) 67.5 (64.5) 16.80 (16.10)

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
A

pr
il 

20
22

. D
ow

nl
oa

de
d 

on
 4

/2
9/

20
22

 2
:3

4:
36

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
PCBM device, as shown in Fig. 6c.48–50 However, the PCBM
device showed a better FF compared to the PDI-3 one, which
could be related to a higher mobility of PCBM (mPCBM ¼ 1.22 �
10�3 cm2 V�1 s�1)51 compared to that of PDI-3 (mPDI-3 ¼ 1.6 �
10�5 cm2 V�1 s�1).
Conclusions

In this work, we have designed, synthesised and assessed per-
ylene diimide derivatives as solution-processable ETMs for
PSCs. Also, their synthetic versatility and easy tailoring of
optoelectronic properties was studied through the attachment
of different functional groups (with different electronic nature)
to the molecule. Substitution at the bay-positions of the PDI
enabled excellent solubility of the molecules while maintaining
sufficient charge mobility. Electrochemistry characterisation
and LUMO calculations showed that PDI-3 had a better energy
alignment with the triple cation perovskite compared to PDI-1
and -2, which indicates that the appropriate control of the
electron donating/withdrawing character of functional groups
benets charge extraction through the modulation of electron
affinity in the molecule. PLQ and TRPL experiments revealed
a comparable charge extraction between commonly used PCBM
and PDI-3, indicating that selection of the appropriate side-
groups enables performance of PDI-derivatives which is
similar to that of PCBM. Accordingly, the champion PDI-3-
J. Mater. Chem. A
based device delivered a PCE of 16.8%, which was comparable
to the PCBM-based device with a 17.3% PCE. These results
demonstrate that bay-substituted PDIs provide a successful
strategy for replacement of PCBM by small-molecule ETM.
Further design and tailoring of properties to optimise perfor-
mance can be achieved through straightforward organic
synthetic routes.
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C. Ocal, I. Garćıa-Benito, A. Molina-Ontoria, N. Mart́ın,
A. Vidal-Ferran and E. Palomares, Energy alignment and
recombination in perovskite solar cells: Weighted
J. Mater. Chem. A
inuence on the open circuit voltage, Energy Environ. Sci.,
2019, 12, 1309–1316.

44 D. W. de Quilettes, S. M. Vorpahl, S. D. Stranks, H. Nagaoka,
G. E. Eperon, M. E. Ziffer, H. J. Snaith and D. S. Ginger,
Impact of microstructure on local carrier lifetime in
perovskite solar cells, Science, 2015, 348, 683–686.

45 F. Xu, J. Zhu, R. Cao, S. Ge, W. Wang, H. Xu, R. Xu, Y. Wu,
M. Gao, Z. Ma, F. Hong and Z. Jiang, Elucidating the
evolution of the current-voltage characteristics of planar
organometal halide perovskite solar cells to an S-shape at
low temperature, Sol. Energy Mater. Sol. Cells, 2016, 157,
981–988.

46 F. Cai, L. Yang, Y. Yan, J. Zhang, F. Qin, D. Liu, Y.-B. Cheng,
Y. Zhou and T. Wang, Eliminated hysteresis and stabilized
power output over 20% in planar heterojunction perovskite
solar cells by compositional and surface modications to
the low-temperature-processed TiO2 layer, J. Mater. Chem.
A, 2017, 5, 9402–9411.

47 M. Saliba and L. Etgar, Current Density Mismatch in
Perovskite Solar Cells, ACS Energy Lett., 2020, 5, 2886–2888.

48 W. Xu, X. Ma, J. H. Son, S. Y. Jeong, L. Niu, C. Xu, S. Zhang,
Z. Zhou, J. Gao, H. Y. Woo, J. Zhang, J. Wang and F. Zhang,
Smart Ternary Strategy in Promoting the Performance of
Polymer Solar Cells Based on Bulk-Heterojunction or
Layer-By-Layer Structure, Small, 2022, 18, 2104215.

49 X. Ma, A. Zeng, J. Gao, Z. Hu, C. Xu, J. H. Son, S. Y. Jeong,
C. Zhang, M. Li, K. Wang, H. Yan, Z. Ma, Y. Wang,
H. Y. Woo and F. Zhang, Approaching 18% efficiency of
ternary organic photovoltaics with wide bandgap polymer
donor and well compatible Y6: Y6-1O as acceptor, Natl. Sci.
Rev., 2021, 8, 8.

50 C. Xu, K. Jin, Z. Xiao, Z. Zhao, X. Ma, X. Wang, J. Li, W. Xu,
S. Zhang, L. Ding and F. Zhang, Wide Bandgap Polymer with
Narrow Photon Harvesting in Visible Light Range Enables
Efficient Semitransparent Organic Photovoltaics, Adv.
Funct. Mater., 2021, 31, 52.

51 H. Wang, F. Yang, Y. Xiang, S. Ye, X. Peng, J. Song, J. Qu and
W.-Y. Wong, Achieving efficient inverted perovskite solar
cells with excellent electron transport and stability by
employing a ladder-conjugated perylene diimide dimer, J.
Mater. Chem. A, 2019, 7, 24191–24198.
This journal is © The Royal Society of Chemistry 2022

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ta01321e

	Solution-processable perylene diimide-based electron transport materials as non-fullerene alternatives for inverted perovskite solar cellsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ta01321e
	Solution-processable perylene diimide-based electron transport materials as non-fullerene alternatives for inverted perovskite solar cellsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ta01321e
	Solution-processable perylene diimide-based electron transport materials as non-fullerene alternatives for inverted perovskite solar cellsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ta01321e
	Solution-processable perylene diimide-based electron transport materials as non-fullerene alternatives for inverted perovskite solar cellsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ta01321e
	Solution-processable perylene diimide-based electron transport materials as non-fullerene alternatives for inverted perovskite solar cellsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ta01321e
	Solution-processable perylene diimide-based electron transport materials as non-fullerene alternatives for inverted perovskite solar cellsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ta01321e
	Solution-processable perylene diimide-based electron transport materials as non-fullerene alternatives for inverted perovskite solar cellsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ta01321e
	Solution-processable perylene diimide-based electron transport materials as non-fullerene alternatives for inverted perovskite solar cellsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ta01321e
	Solution-processable perylene diimide-based electron transport materials as non-fullerene alternatives for inverted perovskite solar cellsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ta01321e
	Solution-processable perylene diimide-based electron transport materials as non-fullerene alternatives for inverted perovskite solar cellsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ta01321e

	Solution-processable perylene diimide-based electron transport materials as non-fullerene alternatives for inverted perovskite solar cellsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ta01321e
	Solution-processable perylene diimide-based electron transport materials as non-fullerene alternatives for inverted perovskite solar cellsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ta01321e
	Solution-processable perylene diimide-based electron transport materials as non-fullerene alternatives for inverted perovskite solar cellsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ta01321e
	Solution-processable perylene diimide-based electron transport materials as non-fullerene alternatives for inverted perovskite solar cellsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ta01321e

	Solution-processable perylene diimide-based electron transport materials as non-fullerene alternatives for inverted perovskite solar cellsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ta01321e
	Solution-processable perylene diimide-based electron transport materials as non-fullerene alternatives for inverted perovskite solar cellsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ta01321e
	Solution-processable perylene diimide-based electron transport materials as non-fullerene alternatives for inverted perovskite solar cellsElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ta01321e


