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ABSTRACT: Inverted planar structure perovskite solar cells
(PSCs), due to their low-temperature precessing and lack of
hysteretic problems, are attracting increased attention by
researchers around the world. Fullerene derivatives are the
most widely used electron transport materials (ETMs) in
inverted planar perovskite solar cells, especially [6,6]-phenyl-
Cg -butyric acid methylester (PC;;BM), which exhibits very
good performance. However, to the best of our knowledge, the
influence of adducts on fullerene-based PSCs performance has
not been fully explored to date. In this work, two fullerene
derivatives, 2,5-(dimethyl ester) Cg, fulleropyrrolidine
(DMEC,,) and the analogous C,, derivative (DMEC,),
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were synthesized in high yield via a 1,3-dipolar cycloaddition reaction at room temperature and incorporated into CH;NH;Pbl,
perovskite solar cells as electron transport materials. Possibly because the attached pyrrolidine ester groups are able to coordinate
with the perovskite layer, the devices based on DMECy, and DMEC,, achieved power conversion efficiencies (PCE) of 15.2%
and 16.4%, respectively. Not only were both devices’ efficiencies higher than those based on PCy4BM and PC,;BM, but their
stabilities were also higher than those for PCBM-based devices. The results suggest that DMEC4, and DMEC,, are better

alternatives than PC;BM and PC,;BM for the ETMs in PSCs.
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1. INTRODUCTION

The unique properties of organic—inorganic hybrid perovskite
materials make them promising candidates for developing next-
generation photovoltaic cells for commercial applications to
compete with silicon solar cells.' ™ Perovskite solar cells
(PSCs) based on such materials have shown a remarkable
increase from 3.8% in 2009 to 22.1% in 2016."°~*

In an effort to meet commercial demand, the inverted planar
structure PSCs with the configuration substrate/PEDOT—
PSS/perovskite/fullerene derivative have recently attracted
more attention due to their simple structure, low-temperature
processing and negligible hysteric behavior.'> For the hole-
transporting material (HTM), besides PEDOT—PSS, NiO,,
and Cul have also been reported by some research
groups.”'*™*° However, the good electron transporting and
solution processable properties of most fullerene derivatives
have made them the most popular ETMs in PSCs.">*!

In 2013, Guo and co-workers first tried PCy4;BM as the ETM
in inverted planar PSCs and obtained a PCE of 3.9%. This
result suggested that PC¢;BM can work as a relatively efficient
ETM in PSCs.'® In 2014, Lam et al. reported an efficiency of
7.4% for PSCs using PC4BM as the ETM after optimizing the
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conditions for the preparation of the perovskite layers.”” Nie
and Im’s group, by further optimization of the conditions of
perovskite deposition, obtained even higher PCEs, as high as
1892324

Besides PC4BM, several studies have shown that other
fullerene derivatives or unique double fullerene layers can also
work as efficient ETLs in PSCs. Wu and co-workers reported a
device with a PCE of 16.3% by employing PC, BM as the
ETM, in which a solvent-annealing procedure was utilized.””
To further optimize the PSCs’ performance, Jen’s and Huang’s
groups, among others, have reported using different double
fullerene layers (consisting of PCsBM/Cgp, ICBA/Cy, Cgo/
bis-Cg, etc.) as the interface layer to get high effiencies.' 073
Meanwhile, conjugated polymer electrolytes and inorganic
oxide materials have also been developed as efficient interfacial
materials with a PC¢;BM layer by Snaith and others.'”**~%
These results demonstrate that fullerenes or fullerene
derivatives are excellent ETMs for high-performance PSCs.
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Scheme 1. Synthesis of DMEC,, and DMEC,,
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However, the influence of the functional groups on the
fullerene-based PSCs has not been systematically probed.””*’
Therefore, designing novel structures of fullerene derivatives to
probe the fundamental principles that underlie their structure—
perovskite performance is of utmost importance.

Here, we report the design and synthesis of two pyrrolidine
ester functionalized fullerene derivatives, DMECy, and
DMEC,,, and their performance as the ETMs in PSCs. The
best efficiencies obtained for the devices based on DMEC, and
DMEC,, were found to be 152% and 16.5%, respectively.
These values were higher than those obtained for the
corresponding PCy4BM- and PC,;BM-based PSCs, 14.5% and
15.0%, respectively. We propose that specific binding of these
fullerene derivatives with the perovskite layer surface can not
only effectively enhance the electron extraction efficiency but
also increase the stability of the corresponding devices.

2. EXPERIMENTAL SECTION

2.1. Materials Synthesis. DMEC, was synthesized following a
reported procedure,”’ and DMEC,, was synthesized following the
same procedure (Scheme 1). The "H NMR of DMEC,, shows signals
for the amino group at 3.5S, 3.4, and 3.23 ppm, which indicates the
presence of three isomers. The ratio of the monoadducts in the
mixture was 82:9:9 (@—fango—Pexo), Tespectively, as determined by 'H
NMR (Figure SS), and the molecular mass was determined by matrix
assisted laser desorption ionization time-of-flight mass spectrometry
(MALDL-TOF-MS) (Figure S4).

2.2. Device Fabrication. PC¢,BM (99%) and PC,;BM (99%)
were bought from Nano-C. The purity of DMECg, and DMEC,, was
determined using NMR (>99%). Methylammonium iodide
(CH,NH,I) was synthesized using a previously reported method.”
Perovskite solar cells with the configuration FTO/PEDOT—PSS (40
nm)/CH,;NH,;Pbl; (330 nm)/PC4BM (PC,;BM, DMEC, or
DMEC,, fullerene derivatives) (100 nm)/LiF (0.5 nm)/Al (100

nm) were fabricated on FTO-coated glass substrates with a resistivity
of 10 Q/cm?. Prior to fabrication, the patterned FTO glass substrates
were cleaned sequentially with detergent, deionized water, acetone,
and isopropanol 10 min for each step. Next, the FTO glass substrates
were dried with nitrogen gas and treated in a UV—ozone oven for 30
min. After passing through a 0.45 ym PVDF filter, the PEDOT—PSS
solution (Baytron P VP AI 4083) was spin-coated onto the cleaned
FTO substrates at 5000 rpm for 30 s and baked at 150 °C for 15 min
in air. Next, a solution of 1 M Pbl, in DMF was spin-coated at 3000
rpm for 30 s on top of the prepared substrates and dried on a hot plate
at 70 °C for 10 min. Then, the FTO/PEDOT—PSS/Pbl, substrates
were transferred into a vacuum oven for conversion to CH;NH;Pbl;
by a vapor-assisted gas—solid crystallization process following
previously reported methods.”>** After the CH;NH,Pbl; films were
formed and then cooled to room temperature, 2 wt % PCqBM
(PC;;BM, DMEC, or DMEC,,) dissolved in chlorobenzene was spin-
coated onto the CH;NH;PbI; layer at 1200 rpm for 30 s. To complete
the devices, LiF (0.5 nm) and Al electrode (100 nm) were deposited
by thermal evaporation under a pressure of 2 X 107 Torr through a
shadow mask. The active area of the devices was 7 mm?

2.3. Device Characterization. The J—V characteristics of the
photovoltaic cells were recorded using a Keithley 2420 source measure
unit under a Photo Emission Tech SS100 Solar Simulator, and the
light intensity was calibrated by a standard Si solar cell. The external
quantum efficiency (EQE) was measured using a Bentham (Bentham
Instruments Ltd.) measurement system. The light intensity was
calibrated using a single-crystal Si photovoltaic cell as the reference.
The J—V and EQE measurements were carried out in air. The
scanning electron microscopy (SEM) images were taken on a ZEISS
Sigma FE-SEM. The SEM images were collected by using a ZEISS
Sigma FE-SEM, in which the electron beam was accelerated in the
range of 500 V to 30 kV. The X-ray diffraction (XRD) patterns were
recorded on a Bruker X-ray diffraction instrument using Cu Ka
radiation. Film thicknesses were measured using a KLA Tencor
profilometer. Time-resolved photoluminescence (TRPL) was analyzed
using an Edinburgh instruments FLS980 fluorescence spectrometer.
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3. RESULTS AND DISCUSSION

The synthetic method followed to prepare DMECy, and
DMEC,, is presented in Scheme 1. These two fullerene
derivatives were synthesized by a 1,3-dipolar cycloaddition
reaction using a modified procedure from previous work.’’
Detailed synthetic procedures and charaterizations are
described in the Experimental section and the Supporting
Information. The two ester groups enhance the solubility of the
fullerene derivatives and improve solution processing during
device fabrication.

To assess the potential implementation of DMEC, and
DMEC,, as the ETMs for PCSs, the electrochemical and
optical properties of DMECy, and DMEC,, were analyzed by
cyclic voltammetry (CV) and UV—vis absorption spectroscopy.
As shown in Figure la, both of the compounds exhibit three
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Figure 1. (a) Cyclic voltammetric results for DMECg, and DMEC, at
a scan rate of 100 mV/s. (b) UV—vis absorption spectra of DMEC,
and DMEC, in toluene solution.

reversible reduction waves in the potential range between 0 and
—2.0 V versus Fc—Fc". The energy of the lowest unoccupied
molecular orbital (LUMO) level was estimated from their onset
reduction potentials (Effy) and an equation (LUMO energy =
—e(E%Y + 4.80; eV),”” and the values are listed in Table 1. The

Table 1. Electrochemical and Photophysical Data of
DMEC,, and DMEC,,

compound Ay, (nm) E, (eV) EX (V) LUMO (V) HOMO (eV)
DMEC, 714 1.74 0.89 3.89 5.63
DMEC, 683 1.81 0.90 3.90 571

LUMO energy levels were estimated at —3.91 eV and —3.90
eV, respectively, which are identical to that of PC;;BM and
PC;BM (=391 eV).”” In agreement with previous literature
and our experimental data,”***' the LUMO energy levels of
DMEC, and DMEC,, suggest that both compounds could
serve as effective ETMs in PSCs.

The absorption spectra of DMEC, and DMEC, in toluene
solution at room temperature are shown in Figure 1b. Both
exhibit strong UV absorption from 300 to 400 nm. The
absorptions of DMECy, and PC4BM are very similar over the
whole region. The absorptions of DMEC,, are much stronger
than that of DMEC, due to the extended conjugated structure.
From the absorption onset of DMEC, and DMEC,,, we can
readily obtain the band gap for them. Combined with the
electrochemical results, they allow the determination of the
HOMO energy levels of these two compounds (Table 1).

The electron mobility of DMECy, and DMEC,, based on
electron-only devices was evaluated by the space-charge limited
current (SCLC) method and the Mott—Gurney law,” as
shown in Figure S8. Using this method, values of 7.21 X 107*

and 9.07 X 107* cm* V™! s™* were obtained for DMECg, and
DMEC,, respectively, which are very close to the values from
PC¢,BM and PC,BM (6.85 x 10™* cm? V™! s7* and 9.19 X
10~ em? V7! 571 respectively). On the basis of these relative
values, both DMECy, and DMEC,, are good candidates for
ETMs.2*

To evaluate the performance of DMEC¢, and DMEC,, as the
ETM in PSCs, devices with a configuration of FTO/PEDOT—
PSS/CH,NH,Pbl,/PCs,BM (PC,,BM, DMEC,, or
DMEC-,)/LiF/Al were fabricated. From the values in Table
1 and from previous reports, the energy-level alignment is
shown in Figure 2a. Because the LUMO energy level of
CH;NH;PbI; is —3.9 eV, the values are sufficient for electron
extraction from the perovskite to the fullerene derivative layer.
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Figure 2. (a) Energy-level diagram of the materials used in the PSCs.
(b) Top-view SEM image of the perovskite film. (c) Cross-sectional
SEM image of the device FTO/PEDOT—PSS/perovskite/fullerene
derivative film.

The device preparation process was similar to that reported
in previous reports.””*> The morphology of the perovskite layer
was studied by scanning electron microscopy (SEM). As shown
in Figure 2b, the perovskite films, which were formed on the
PEDOT—PSS layers exhibit full surface coverage and uniform
microscale grain structure with no pinholes.

Additionally, the cross-section shown in Figure 2c allows the
clear observation of all of the layers. An extremely uniform and
thick perovskite layer (ca. 330 nm) was obtained on the
PEDOT—PSS layer. The results from Figure 2b,c clearly show
that the microscale and homogeneous grains of the perovskite
layer should allow very good contact with the ETM layer, thus
efficiently decreasing the grain boundary energy. This suggests
that the perovskite films prepared using this procedure should
lead to high-efficiency PSCs. The perovskite layer was also
analyzed by X-ray diffraction (XRD). As shown in Figure S9,
the diffraction peaks were located at 26 values of 14.19, 20.09,
23.57, 24.56, 28.49, 31.95, 35.19, 40.69, and 50.29, correspond-
ing to planes (110), (112), (211), (202), (220), (310), (312),
(224), and (404) of the perovskite tetragonal structure,** ™"
which indicates that the Pbl, layer was fully converted into the
perovskite layer.

The current—voltage (J—V) characteristics of PSCs using
PC¢,BM, PC,;BM, DMEC,;, and DMEC,, as the ETMs were
tested under AM 1.5G irradiation (100 mW cm™2). The best
performances of the cells are shown in Figure 3 and the key
photovoltaic performance parameters of V, J,., FF, and PCE of
the devices are listed in Table 2. The best devices employing
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Figure 3. J—V curves for perovskite solar cells fabricated by using
DMEC, and DMEC,, as ETMs and reference cells with PC4;BM and
PC, BM ETMs.

Table 2. Summary of the Device Performance Analysis in
Figure 3 (Calculated J,. Values Obtained from EQE Results)

Voo Jic (mA/ calculated J,. (mA/ FF PCE

type v) cm?) cm?’) (%) (%)
PC,BM 091 2092 20.1 760 145
PC, BM 0.95 21.03 20.3 75.5 15.1
DMEC, 0.92 21.73 20.5 75.8 15.2
DMEC,, 0.95 22.44 21.3 77.1 16.4

DMECy, and DMEC,, as ETMs resulted in PCEs of 15.2% and
16.4%, respectively. The efficiencies are not only significantly
higher than that of the devices with PC4;BM as ETM, which
yielded a PCE of 14.5% under the same conditions, but also
higher than that of PC,;BM-based devices (15.1%).

As shown in Figure 4, a histogram of the PCEs of 30
individual devices based on PC¢BM, PC,,BM, DMEC,, and
DMEC,, as the ETLs are presented with average efliciencies of
13.5 + 0.9%, 14.0 + 1.2%, 14.1 + 1.1%, and 152 + 1.2%,

15.2:1.2%
10| DMEC,
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Figure 4. Histograms of device PCE measured for 30 individual
devices based on PC¢BM, PC,,BM, DMEC,, and DMEC,;, ETMs.

respectively. The statistical diagram of the values of J, V,, and
FF for the devices with different fullerene derivatives is shown
in Figure S10, and the average of these values is presented in
Table 2.

Compared with the PC4BM- and DMEC-based devices,
the PC,BM- and DMEC,,-based devices displayed a slightly
higher V.. On the basis of previous reports, the higher V.
could be attributed to the higher electron mobility of PC, BM
and DMEC,, compared with those of PC4;BM or DMEC,
because the high electron mobility can effectively reduce charge
recombination at the perovskite—fullerene interface and
minimize potential losses across this interface.”’

In addition, the J,. data of the devices involving DMEC, and
DMEC,, (21.73 and 2244 mA cm™? for DMECy, and
DMEC;,,, respectively) are higher than those of PCqBM
(20.92 mA cm™?) and PC,;BM (21.03 mA cm™2). The J,. of
PC4BM-, PC,;,BM-, DMEC,-, and DMEC,-based devices can
be verified by their external quantum efficiency spectra. As
shown in Figure S11, the EQE spectra of perovskite solar cells
using PC4,BM, PC,;BM, DMECy, or DMEC,, as the ETMs
were measured by IPCE measurements. The integrated current
densities from the EQE spectra for devices using PC4BM,
PC,,BM, DMECy,, and DMEC,, as ETMs are 20.1, 20.3, 20.5,
and 21.3 mA cm ™2, respectively, which is in accordance with the
corresponding ], values obtained from the J—V curves, with
differences within 5%. In view of the very similar film quality of
the perovskite layers for all fullerene ETMs, we speculate that
the increase in J,. could be due to two possible reasons.

According to previous reports,”” the ETM in PSCs usually
plays two roles: to extract electrons from the perovskite and to
transport electrons to the cathode. As discussed above,
DMECg, and DMEC,, have similar electron transporting
abilities to those of PC4BM and PC,BM; thus, they can
efficiently transfer electrons from the perovskite to the
corresponding electrode.

As described in previous reports, lead atoms can not only
readily coordinate with ligands through lead—oxygen inter-
actions to form lead complexes™ > but also coordinate with
the solvent (esgecially DMF and DMSO) through lead—oxygen
interaction.”””* To probe the specific interfacial interactions
between the perovskite and the fullerene layers, Fourier
transform infrared (FTIR) spectra of the films of different
components were recorded. The FTIR spectra of PC4BM,
PC,;BM, DMEC, DMEC,, PC4BM/perovskite, DMEC,/
perovskite, PC, BM/perovskite, and DMEC,,/perovskite are
shown in Figures S12—S14. The stretching C=O vibrations
appear at 1736, 1749, 1736, and 1744 cm™' for the pure
PC4BM, DMECy, PC,BM, and DMEC,,, respectively, and
these are shifted to 1732, 1741, 1733, and 1738 cm™! for the
corresponding perovskite composite. These shifts are attributed
to the decrease in bond strength for C=O upon interfacial
complexation. The stretching N—H vibrations appear at 3295
and 3293 cm™ for the DMECy, and DMEC,, films,
respectively, and these are not observed after combining the
compounds with the perovskite layers as DMECy,/perovskite
and DMEC,,/perovskite. Because similar phenomena have also
been reported in previous articles,”* we propose that the C=
O peak shifts and N—H vibration disappearances can be
attributed to specific interactions between the oxygen and
nitrogen atoms on the fullerene derivatives with the lead atoms
in the perovskites. These interfacial interactions between
DMECy, (or DMEC,,) and the perovskite layers may
effectively reduce charge recombination at the DMEC,, (or

DOI: 10.1021/acsami.6b 10668
ACS Appl. Mater. Interfaces 2016, 8, 31426—31432


http://pubs.acs.org/doi/suppl/10.1021/acsami.6b10668/suppl_file/am6b10668_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b10668/suppl_file/am6b10668_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.6b10668/suppl_file/am6b10668_si_001.pdf
http://dx.doi.org/10.1021/acsami.6b10668

ACS Applied Materials & Interfaces

Research Article

DMEC,,)—perovskite interfaces and increase the electron
extraction efliciencies from the perovskite to the fullerene
layers.

To further probe the electron transporting property of
DMEC4, and DMEC,, as ETMs, time-resolved photo-
luminescence (TRPL) spectra were measured. As shown in
Figure S, the films with perovskite/DMECy, (or DMEC,)

——PC,,BM

Intensity (a.u.)

%
o

)

A
e By o

TR

Time (ns)

Figure S. TRPL decay transient spectra of FTO/perovskite/PCgBM,
FTO/perovskite/PC, BM, FTO/perovskite/DMECy,, and FTO/per-
ovskite/DMEC,.

displayed shorter photoluminescence decay times of 6.3 ns (or
6.1 ns) compared to those of PC¢;BM (8.5 ns) or PC,,BM (7.8
ns). This shorter photoluminescence decay time indicates that
employing DMECy, or DMEC,; as ETMs can enhance the
electron extraction efficiency from the perovskite layer to the
DMECg, (or DMEC,,) layer, thus leading to improved J. in
DMEC,- and DMEC,-based PSCs.

Because the observation of hysteretic behavior in PSCs has
become an important issue,”’ the hysteresis effects of the
devices were measured. As shown in Figure S15, all the devices
displayed relatively consistent J—V curves regardless of the scan
direction, indicating a negligible hysteresis effect in the PSCs
with PC¢;BM, PC,,BM, DMEC, or DMEC,, as the ETMs.
The results also indicate that the fullerene derivatives effectively
reduce the charge traps at the fullerene—ggrovskite interface,
which is consistent with previous reports.””*’

Meanwhile, to avoid overestimation of device efficiencies, the
maximal steady-state power and photocurrent output were
tested (Figure S16). DMEC,,- and PC,;BM-based cells lead to
20.6 and 19.0 mA cm ™2 at 0.79 V, respectively, corresponding
to PCEs of 16.3% and 15.0%. DMEC,- and PCgBM-based
cells lead to 19.6 and 18.6 mA cm™> at 0.77 V, respectively,
corresponding to PCEs of 15.1% and 14.3%, which are very
close to the values determined from the J—V curves.

The stability of the devices with DMEC, and DMEC,, as
the ETMs were tested under AM 1.5 illumination in air.
Because the LiF/Al electrode can be corroded upon air
exposure and thereby potentially affect the device stability, the
devices were encapsulated by mounting a glass sheet on top. As
illustrated in Figure 6, the devices with PC4BM and PC, BM
as the ETM lost ca. 60% of their performance after 10 days,
while the devices with DMECg, and DMEC,, kept more than
80% of their original performance. As shown in Figure S17,
water droplets on perovskite/PC4BM, perovskite/PC,BM,
perovskite/DMEC,, and perovskite/DMEC,, exhibit contact

31430

Normalized PCE (%)

0.2

T T T T T

4 6
Time (day)

10

Figure 6. Normalized PCE of perovskite solar cells employing
PC4BM, PC,,BM, DMEC,, and DMEC,, ETMs as a function of
storage time in air.

angles of 83°, 85°, 85° and 86°, respectively. These values show
the wetting capability of the different substrate surfaces to
water, and it appears that the pyrrolidine group on DMECy,
and DMEC;, make them slightly more hydrophobic than
PCBMs. Another possible reason for the higher stability of the
DMECy,- or DMEC,-based devices could be the result of the
stronger adhesion and enhanced interfacial coupling between
DMECg, (or DMEC,,) and the perovskite, preventing the Al
from rapidly diffusing across the DMEC4, (DMEC,,) layer into
the perovskite layer. This phenomenon has been observed for
devices employing a spiro-MeOTAD HTM and a Au or Ag
back-contact.” These results also highlight the importance of
the structure and composition of the attached group on the
fullerene cage.

4. CONCLUSIONS

In conclusion, we designed and synthesized two ester-based
fulleropyrrolidine derivatives, DMECg, and DMEC,,, as ETMs
for PSCs. The devices based on DMEC,, and DMEC,, as
ETMs yield PCEs up to 15.2% and 16.4%, respectively, which
are higher than those measured for devices based on PC4BM
(14.5%) and PC,;BM (15.1%). The higher performance of the
devices with DMECy, and DMEC,, as the ETMs can be
attributed not only to the suitable LUMO energy level and
electron mobility but also to the ability to extract electrons
efficiently, likely the result of specific interactions between the
attached groups on the fullerene derivatives and the perovskite
layers. The stability of the devices was improved when DMEC,
and DMEC,, are used as the ETMs. DMECg, and DMEC,, are
also convenient due to their much-easier synthesis and higher
yield than those of PC4BM and PC, BM. Therefore, these
fullerene derivatives have the potential to become highly
desirable alternatives in perovskite solar cells.
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