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Abstract: Fullerene derivatives are promising electron transporting materials for low-

temperature processed inverted perovskite solar cells (PSCs). However, fullerene derivatives
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have some disadvantages, e.g. [6,6]-phenyl Ce1 butyric acid methyl ester (PCBM) has
unmanageable morphology, low electron mobility and easily generated non-radiative
recombination, which restrict the performance of PSCs. Herein, a novel n-type small organic
molecule, homologous perylene diimide tetramer (HPDT), is designed and synthesized in this
work to engineer the interface properties by enhancing interface contact, decreasing energetic
barrier and recombination losses. HPDT shows suitable energy levels and high electron
mobility and thus will increase the electron mobility when interface engineering in the
inverted PSCs. Moreover, coating HPDT on top of perovskite prior to the deposition of
PCBM is helpful to achieve a homogeneous pinhole-free PCBM layer, leading to enhanced
power conversion efficiency from 17.38% up to 19.75% for inverted MAPbI; PSCs along
with a negligible hysteresis. Significantly, our results undoubtedly enable new guidelines in

exploring n-type organic small molecules for high-performance PSCs.

1. Introduction

Organometallic halide perovskite solar cells (PSCs) have gained intense attention owing to
their rapid growing performance and favorable characteristics as optoelectronic materials [1-
3]. Despite the fact that the power conversion efficiency (PCE) of PSCs has increased from
3.8% [4] to 25.2% [5] within the last decade, great effort is still required to promote PSCs
from laboratory demonstration to industrial applications [6]. For instance, low-temperature,
low-cost, high-throughput and scalable manufacturing processes which are greatly needed for
commercialization of PSCs, are still far behind [7]. Moreover, some state-of-the-art electron
transport materials (ETM) such as titanium dioxide (TiO3) [8-11], tin dioxide (SnO») [12-19],
zinc oxide (ZnO) [20-23], metal sulfide (CdS) [24], metal selenide (CdSe) [25], BaSnOs [26],
and Nb,Os [27] have been investigated by employing low-temperature processing and surface
modification technologies. They have the advantages of high conductivity and excellent

electron mobilities, thus promoting the development of the field of perovskite solar cells.
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However, there are still some problems such as complex processing methods and poor
chemical stability for inorganic ETM [28]. In addition, the performance of PSCs still suffer
from surface trap states present at the inorganic ETM/perovskite interface which are
responsible for charge recombination. Therefore, we have a strong desire to develop novel
organic semiconductors for improving device performance and stability. Using n-type organic
materials as electron transport layers (ETLs) in the inverted PSCs can overcome the above
issues [29-31].

[6,6]-Phenyl Ce1 butyric acid methyl ester (PCBM) is the commonly utilized fullerene
derivative in the inverted PSCs [32-36]. However, the use of PCBM as ETL would lead to
additional recombination losses at the interface, limiting the performance potential of inverted
PSCs. For instance, the fragmented coverage of PCBM on the perovskite results in severe
non-radiative recombination owing to direct contact between the perovskite layer and the
metal electrode [37]. This problem can be partially relieved by introducing another layer like
lithium fluoride (LiF), 2,9-dimethyl-4,7-diphenyl-10-phenanthroline (BCP), and 4,7-diphenyl-
1,10-phenanthroline (Bphen) to cap the PCBM surface [38-44]. Moreover, the unregulated
energy level and low electron mobility of PCBM can also limit the performance of inverted
PSCs, which could be addressed by replacing PCBM with non-fullerene materials with
tunable energy level and electron mobility [45-48]. However, the small relative dielectric
constant of PCBM creates a large electron capture region, which results in severe
recombination at the interface between perovskite and PCBM layer [45].

In this work, we designed and synthesized a novel n-type organic molecule, homologous
perylene diimide tetramer (HPDT), which can significantly modify the electronic properties at
the perovskite/PCBM interface, leading to enhanced electron extraction and reduced
recombination losses. The LUMO level of HPDT was estimated to be -4.04 eV which is well
aligned to the conduction band of MAPbI3 perovskite (-4.00 eV), compared to that of PCBM

(-3.90 eV). As the nitrogen and sulfur atoms of HPDT could have strong intermolecular
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interaction with Pb atoms of the perovskite, HPDT can effectively passivate to perovskite
surface and would not be removed by the solvent during solution processing upper layers,
which have proved by the X-ray photoelectron and photoluminescence results. Moreover,
HPDT shows better electron mobility and the fragmented coverage of PCBM is avoided after
interface engineering with HPDT which are proved by space charge limited current method
and scanning electron microscopy results. As a result, the PCE of PSCs was greatly improved

from 17.38% to 19.75% along with negligible hysteresis.

2. Results and Discussion
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Figure 1. (a) Chemical structure and cyclic voltammetry (b) of HPDT; (c) XPS core level
spectra of Pb 4f for MAPDI; perovskite film and perovskite film coated with a thin HPDT

layer.

Figure la shows the chemical structure of the n-type small molecule, HPDT, a perylene
diimide derivative combined with linear and ladder conjugated framework which highlights
better electron transport than the other perylene diimide derivatives [49,50]. The synthetic

route is detailed in the supporting information. The optical band gap (Eg) of HPDT was



calculated to be 1.73 eV using the onset of the absorption spectra (Figure S4). As shown in
Figure 1b, the LUMO level of HPDT is -4.04 eV, which is well aligned to the conduction
band of MAPDbI; perovskite (-4.00 eV). The ground-state geometries were optimized by DFT
calculations as shown in Figure S7. Figure 1c¢ shows the X-ray photoelectron spectroscopy
(XPS) spectra of perovskite films with and without HPDT. The peaks of Pb 4f slightly moved
to the lower binding energy for the perovskite sample with a thin HPDT layer. The peaks are
hardly influenced/removed by overcoating chlorobenzene (CB) indicating the strong
intermolecular interaction between nitrogen and sulfur atoms of HPDT and Pb atoms of the
perovskite [51,52]. From the above results, it is supposed that HPDT has the potential to work

as the interlayer between perovskite and PCBM layer.

Figure 2. SEM images of the perovskite/PCBM (a) and perovskite/HPDT/PCBM (b) on ITO
glass substrates; water contact angles of ITO/perovskite/PCBM (c) and ITO/perovskite/
HPDT (d) films.

Figures 2a and 2b show the top view of scanning electron microscopy (SEM) images of

perovskite/PCBM and perovskite/HPDT/PCBM film. It is clear from Figure 2a that PCBM



suffers from fragmented coverage on the perovskite film. However, when a thin HPDT layer
was inserted between the perovskite and PCBM layer, the PCBM layer shows a full coverage
and pinhole-free film. In order to explain this phenomenon, the atomic force microscopy
(AFM) was conducted (Figure S10). The root mean square (RMS) roughness of
perovskite/HPDT film is 11.7 nm which is smoother than that of perovskite (18.4 nm). This
could be one reason why interface engineering with HPDT could give the uniform and high-
quality PCBM film, suggesting that interface engineering with HPDT can be beneficial for
reducing the non-radiative recombination. Next, the water contact angle of perovskite/HPDT
is higher than that of perovskite/PCBM as shown in Figure 2¢ and 2d, suggesting that
interface engineering with HPDT can increase the stability of PSCs. This phenomenon is
probably attributed to the nitrogen and sulfur atoms of HPDT, which could form hydrogen
bonds to prevent water from entering into the perovskite layer [52].

Steady-state PL spectra were conducted, as shown in Figure 3a, to further study the effect
of HPDT interface engineering. The perovskite/HPDT film shows a strong PL quenching
compared to the pristine perovskite film, which indicates that efficient electron transfer
occurred between the perovskite and HPDT layer. Furthermore, we compared the electron
transport property of HPDT with PCBM by space charge limited current (SCLC) and organic
field-effect transistors (OFET) methods. These results are shown in Figures S6 and S8. The
electron mobility of two compounds was estimated to be 1.76x107* cm? V! s! for HPDT and
1.19x107 cm? V! 57! for PCBM by the SCLC method. According to the OFET method, both
two compounds showed n-channel transporting characteristics with the electron mobility of
PCBM (1.51x102 ¢cm? V' s1) and HPDT (1.26x102 cm? V! s!). The difference in their
electron mobility obtained by OFET and SCLC is due to the different aggregation in the solid
films. As far as we know, PCBM is more inclined to edge-on aggregation, and HPDT is more
inclined to face-on aggregation. These results indicate that the electron transport property of

HPDT is comparable to PCBM. Due to the existence of a larger conjugated framework,
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HPDT has higher electron mobility than the perylene diimide dimer, trimer or tetramer
reported by our group [53,54]. The above results suggest that HPDT could be an efficient
electron transporting material. As shown in Figure S5, inverted PSCs incorporating HPDT

only as the ETL could achieve an optimized PCE of 15.84%.
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Figure 3. (a) Steady-state PL spectra for perovskite films covered by PCBM, HPDT,
PCBM/HPDT or HPDT/PCBM layer; (b) TRPL spectra for perovskite films covered by
PCBM or HPDT/PCBM layer; (c) working mechanism of HPDT interface engineering
method.

In addition, perovskite/HPDT/PCBM film shows a stronger quenching effect than that of
perovskite/PCBM, which proves that HPDT interface engineering could extract electron from
perovskite film more efficiently. Furthermore, time-resolved photoluminescence (TRPL)
spectra of perovskite/PCBM and perovskite/ HPDT/PCBM were measured (Figure 3b). The
TRPL decay curves were fitted with a bi-exponential decay function. Obviously, the
perovskite/HPDT/PCBM film exhibits a decreased decay lifetime with t; (1.7 ns) and t> (6.6
ns) compared to perovskite/PCBM (t1 and t> of 5.2 ns and 13.6 ns, respectively), which could

be attributed to the increased electron extraction and digressive radiative recombination.



Figure 3¢ shows the working mechanism of this interface engineering method. HPDT could
prevent the hole from moving to PCBM and improve the selectivity for the charge carrier
transport which can result in less recombination and an increase in the charge collection
efficiency.

To further explore the effect of HPDT interface engineering on the device performance, we
fabricated the inverted planar PSCs with a structure of ITO/PTAA/PMMA/MAPDbI;/HPDT/
PCBM/Bphen/Al, as shown in Figure 4a. Figure 4b shows the J-V curves of PSCs with
different thickness of HPDT layer. The detail parameters of the device performance are
shown in Table 1. The inverted PSCs without HPDT exhibited low performance with a PCE
of 17.15% due to the high recombination losses at the perovskite/PCBM interface. The
performance of PSCs was improved to 19.16% and 19.75% by introducing 8 nm and 15 nm
HPDT, respectively. The electron-only devices were carried out to evaluate the trap density
and electron mobility of two perovskite films with or without HPDT layer (Figure S12). The
perovskite/HPDT/PCBM film shows reduced trap density and improved electron mobility
compared with the perovskite/PCBM film. These results could be attributed to the decreased
charge recombination and improved interface contact while inserting a thin HPDT layer

between the perovskite and PCBM layer.

Table 1. Device performance of perovskite solar cells with different thickness of HPDT.

Thickness ? Jse Voe FF PCE
(nm) [mA em™] [V] [70] [7o]

0 22.67 1.084 70.7 17.38

8 23.44 1.098 74.5 19.16

15 23.97 1.110 74.2 19.75

22 23.65 1.108 72.7 19.06

2 The film thickness was measured by using a step meter.

Figure 4c shows the J-V curves of PSCs with or without HPDT in the forward and reverse

scan. The origin of hysteresis in PSCs is usually due to the ionic motions within perovskite,
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perovskite crystal defects, and band bending between the different interfaces. There is only
negligible hysteresis in the PSCs with 15 nm HPDT owing to the successful suppression of
charge recombination. It is worth mentioning that the PCE of the devices by using HPDT as
the only ETL layer (15.84%) is a bit lower than that of PCBM, which could be attributed to
the unsuitable thickness of HPDT resulting in the incomplete coverage on the surface of the

perovskite layer.
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Figure 4. (a) Schematic structure of inverted PSCs; (b) champion J-V curves of PSCs with
different thickness of the HPDT engineering layer; (c) J-V curves in forward and reverse
scanning of the PSCs; (d) EQE curves and the integrated Ji. of PSCs; (e) stabilized
photocurrent density and PCE output of the PSC with or without HPDT engineering layer; (f)
PCE histograms of the PSCs with or without 15 nm HPDT interface engineering (40

independent devices for each condition).

The integrated Jy. was obtained by the external quantum efficiency (EQE) curves as shown

in Figure 4d, indicating that the integrated Js. values are in agreement with the J-V
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measurement. The improvement of EQE spectra for HPDT engineered device could be
attributed to the reduced trap density, decreased charge recombination, improved interface
contact and improved electron mobility in the PSCs. Figure 4e shows the steady photocurrent
and PCE measured at the maximum power output for the PSCs with or without HPDT. The
steady photocurrent was 23.46 mA cm™ and the stabilized PCE reached up to 19.45% for the
PSCs with 15 nm HPDT, while the steady photocurrent was 21.43 mA cm™ and the stabilized
PCE reached up to 16.73% for the control PSCs, which agrees well with the J-V
measurements. To provide an insight into the reproducibility and reliability of the devices, the
PCE statistical distribution histograms of 40 devices are displayed in Figure 4f and Table S1.
The average PCE values are 16.72+0.31% for control devices and 19.4540.27% for the PSCs
based on 15 nm HPDT, suggesting excellent reproducibility by HPDT interface engineering.
In addition, we also fabricated the PSCs with the structure of ITO/PTAA:F4-TCNQ/PMMA
/Perovskite/HPDT/PCBM/AIl and ITO/PTAA:F4-TCNQ/PMMA/Perovskite/PCBM/Al. The
J-V curve and detailed parameters are shown in Figure S13 and Table S2, respectively. The
HPDT interface engineered devices without Bphen also shows enhanced performance along

with a decreased hysteresis.

Table 2. Device performance of perovskite solar cells with or without 15 nm HPDT as

interface engineering layer.

Condition Scan Jse Voc FF PCE
direction [mA cm?] [V] [%] [%]

HPDT Forward 23.97 1.110 74.2 19.75

Reverse 23.80 1.108 74.8 19.72

Control Forward 22.67 1.084 70.7 17.38

Reverse 22.37 1.070 71.2 17.03
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3. Conclusion

In summary, a novel n-type small organic molecule, homologous perylene diimide
tetramer (HPDT), was synthesized and used for interface engineering in the inverted
perovskite solar cells. HPDT has higher electron mobility than PCBM that interface
engineering enhanced the electron mobility of the ETL and decreased the recombination in
PSCs. Furthermore, the performance of inverted MAPbIz-based PSCs was greatly enhanced
from 17.38% for control devices up to 19.75% for that with HPDT. This excellent
performance is attributed to the suitable energy levels and high electron mobility of the HPDT
layer, and reduced non-radiative recombination at the interface between perovskite layer and
ETL. This work presents a novel method for interfacial engineering with conductive organic

small molecules for high-performance PSCs.
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