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Role of PCBM in the Suppression of Hysteresis

in Perovskite Solar Cells

Yu Zhong, Martin Hufnagel, Mukundan Thelakkat, Cheng Li,* and Sven Huettner*

1. Introduction

The power conversion efficiency of inorganic—organic hybrid lead halide

perovskite solar cells (PSCs) is approaching that of those made from single
crystalline silicon; however, they still experience problems such as hysteresis
and photo/electrical-field-induced degradation. Evidences consistently show
that ionic migration is critical for these detrimental behaviors, but direct
in-situ studies are still lacking to elucidate the respective kinetics. Three
different PSCs incorporating phenyl-C61-butyric acid methyl ester (PCBM)
and a polymerized form (PPCBM) is fabricated to clarify the function of
fullerenes towards ionic migration in perovskites: 1) single perovskite layer,
2) perovskite/PCBM bilayer, 3) perovskite/PPCBM bilayer, where the fullerene
molecules are covalently linked to a polymer backbone impeding fullerene
inter-diffusion. By employing wide-field photoluminescence imaging micro-
scopy, the migration of iodine ions/vacancies under an external electrical field
is studied. The polymerized PPCBM layer barely suppresses ionic migration,
whereas PCBM readily does. Temperature-dependent chronoamperometric
measurements demonstrate the reduction of activation energy with the aid
of PCBM and X-ray photoemission spectroscopy (XPS) measurements show
that PCBM molecules are viable to diffuse into the perovskite layer and passi-
vate iodine related defects. This passivation significantly reduces iodine ions/
vacancies, leading to a reduction of built-in field modulation and interfacial

barriers.
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Driven by the demand for low cost and
high-efficiency renewable energy sources,
organometal trihalide perovskite (e.g.,
CH;3;NH;Pbl; and CH3;NH;Snls), first
emerged as solar cells at 2009, has
attracted an unprecedented attention. Since
then, extensive research has been carried
out, ranging from crystalline structure
characterization,”?! device performance opti-
mization®# to stability investigations,? etc.
Though the surprising and remarkable pro-
gress has been achieved, perovskite solar
cells (PSCs) are still suffering from several
problems impeding a quick commercializa-
tion. Among those are the current density—
voltage (J-V) hysteresis,®’! (the discrepancy
of J-V curve between two sweeping direc-
tions)® or photo/electrical-induced degra-
dation and stability,” for example. Recent
evidences consistently demonstrate that
ionic migration is responsible for these
unsolicited behaviors.'* The complexity
of the investigation arises from the strong
coupling between ionic migration and free
charge carrier transport under external
photo/electrical fields. Therefore, direct in situ characteriza-
tion of the ionic movement via electrical and optical methods is
becoming an emergent subject and will be used in this work.

It is widely observed that the involvement of phenyl-C61-bu-
tyric acid methyl ester (PCBM) molecules, either by mixing within
the bulk,">1° or inserting a single layer into devices, '8 is able
to significantly alleviate or eliminate hysteresis. Wojciechowski
et al.' ascribed the reduced hysteresis to the enhanced elec-
tron transfer at the TiO,/perovskite interface by a self-assembled
monolayer of fullerenes. Xing et al.?% observed the reduction of
perovskite/TiO, interfacial barrier by inserting a PCBM layer.
Shao et al.l”] attribute the elimination of hysteresis to the pas-
sivation of charge trap states in the bulk of perovskite film during
the thermal annealing process. Xu et al.'®! found that the ion
migration is significantly suppressed when PCBM are absorbed
on PDb-I antisite defects. In this paper we will investigate the
role of PCBM in detail. We utilize PCBM molecules as well as a
polymerized form of PCBM molecules to corroborate their func-
tion, that is, investigate the influence of incorporation or interdif-
fusion, their function as an interlayer or a passivating agent. We
intentionally used the typical organo-lead halide perovskite mate-
rial (CH3NH;PbI;,Cl,) with significant hysteresis. Very recent
developments in perovskite solar cells often involve materials

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.201908920&domain=pdf&date_stamp=2020-04-09

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(a) 20 (b) 20—
®
[
- > -
L) Reference ° %,
€ 10} . 5 10
<« <
E » E
] ° =
5F . 5
L]
® reverse - ® reverse s
v _forward % 3 i ° 0 v _forward " i ” . "
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0
Voltage (V) Voltage (V)
(c) = (d)
2 L 2.1eV
3L
13 3.7eV spi
. piro
4L .
47ey A3ev 43eV
— 5L MAPbI,,Cl, 5.1eV
E 10 ITO PCBM ———— ———
: &k - 53eV 5.2eV Au
£ Ti0; 6.0ev
- ab = 0.10:0.90 7F
50 s b
A 8.1eV
® reverse
0 v fowvarg , \
0.2 0.4 0.6 0.8 1.0
Voltage (V)

Figure 1. a—c) J-V curve characterization of different PSCs. a) Reference device, that is, FTO/compact TiO,/perovskite/Spiro-OMeTAD/Au. b) Solar
cells with a PCBM molecule layer, that is, FTO/compact TiO,/PCBM/perovskite/Spiro-OMeTAD/Au. c) Solar cells with a PPCBM layer, that is, FTO/
compact TiO,/PPCBM/perovskite/Spiro-OMeTAD/Au. d) Energy diagram of the perovskite device. Insets in (b) and (c) are the chemical structure of

PCBM molecule and PPCBM, respectively. The scanning speed is 0.8 V s~

such as FAI?! or 2D-perovskitel??l materials, where the hyster-
esis phenomena is not so obvious, which makes it more difficult
to study the crucial role of PCBM on hysteresis suppression.
Wide-field photoluminescence (PL) imaging microscopy is
employed to in situ study the motion of ions under an external
electrical field in three individual systems: 1) single perovskite
film 2) perovskite film deposited on top of a PCBM layer, called
perovskite/PCBM bilayer 3) perovskite/PCBM-grafted polymer
(PPCBM) bilayer. With this set of device structures we are able to
identify the function of the PCBM layer and especially address its
incorporation or interdiffusion and grain boundary passivation.
Furthermore, we carry out the stepwise temperature dependent
chronoamperometric measurements to obtain the activation
energy of ion migration in PSCs, with and without PCBM layer
respectively. X-ray photoemission spectroscopy (XPS) depth pro-
filing indicates the incorporation or diffusion of PCBM molecules
into the perovskite film, resulting in reduced ionic migration
within perovskite layer. Therefore, PCBM can play an important
role in the suppression of hysteresis by reducing ionic migration.

2. Results and Discussion

Figure 1a displays the J-V curve of a reference PSC using a
mixed halide perovskite precursor (CH3NH;I:PbCl, = 3:1). Note
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that in the reverse sweeping, from positive to negative voltage,
as shown in Table 1, the efficiency is =15.5%, however, in the
forward sweeping, from negative to positive voltage, the effi-
ciency drops to 6.2%. When a PCBM layer is inserted between
the perovskite and the TiO, electron transport layer (ETL), as
shown in Figurelb, the power conversion efficiency (1) of solar
cells is comparable with the reference device in reverse scan
direction. In forward scan direction, the PCBM-inserted devices
yield a better performance, that is, fill factor (FF) and open-
circuit voltage (V,), in comparison with that of the reference
device. The photovoltaic parameters from a series of solar cells
with and without PCBM are shown in Figure S1, Supporting
Information. To quantitatively compare the hysteresis between
the different solar cell structures, we utilize the so-called hyster-
esis index (HI). The HI is defined asf?*24
Voc

Jrcvcrsc (7) - Jforward (VT‘W)
HI=

1)
J!‘CVC\’SC (‘/UC )
2

A solar cell without hysteresis yields an HI of 0, while a HI
of 1 corresponds to a hysteresis as high as the magnitude of the
photocurrent. The HIs are derived from the results in Figure 1
and listed in Table 1. The data imply that the hysteresis of
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Table 1. Summary of device performance in Figure 1.

Device type Scan direction Voe V] Jse [mMAcm™?) FF [%] n[%] Hysteresis Index

Reference Forward 0.82 18.8 40.3 6.2 0.20
Reverse 1.10 19.0 73.4 15.5

PCBM layer Forward 1 19.4 55.1 1.8 0.03
Reverse 1.14 19.3 71.4 15.7

PPCBM Forward 1.10 19.1 35.1 7.4 0.19
Reverse 1.1 19.0 48.7 10.4

PCBM-incorporated devices significantly decreases compared
with reference one.

To further study the role of the PCBM layer, we replace the
PCBM layer with a polymerized PPCBM layer. The synthesis
of this PPCBM is describe elsewhere.?’! This PPCBM has a
molecular weight of M, = 17.2 kg mol™! and poly-dispersity of
b = 1.27 (measured with size-exclusion chromatography with
chlorobenzene as eluent and polystyrene calibration). Interest-
ingly, the HI becomes large again with the utilization of this
PPCBM. The HI approaches the value of the reference solar cell.
In this PPCBM shown in inset of Figure 1c, PCBM molecules
are bound to a polymer backbone and therefore immobilized
within the polymer layer. This result implies that the diffusion
of PCBM molecules into the perovskite layer is crucial to the
elimination of hysteresis in PSCs, consistent with the require-
ment of thermal annealing to passivate the defects and decrease
the trap density in the perovskite layer.??l Here, we note that,
the relatively poorer performance of the device with PPCBM is
probably caused by its relatively lower electron mobility,?®! hin-
dering the effective electron extraction by TiO,/FTO layer.

Though various models for the J-V curve hysteresis have been
proposed, including ferroelectricity,?”) charge trapping/detrap-
ping,?®l modulated Schottky barriersi?”! etc., it is supported by
many evidences that a combination of ion migration3®3! and
polarization at interfacesi*>*% serves as an essential factor in the
hysteretic behavior in PSCs. To study the ionic migration pro-
cess, perovskite films with laterally-configured electrodes have
demonstrated to be an excellent platform.?*3 In addition, PL
is an indication of the charge carrier recombination pathway®!
which has been employed to study the detailed charge carrier
dynamic processes within the perovskite film.’738] Here, we
investigate the dynamics of ion/vacancy migration with lateral
interdigitating electrodes (Figure S3, Supporting Information)
under an electrical field characterized by temporal-resolved PL
imaging microscopy (Figure S4, Supporting Information), while
the corresponding current is measured. The films were excited
with blue light and their PL response > 700 nm was imaged.
A detailed description of the setup has been reported previ-
ously.3%% In brief, we modified a commercial PL microscope
and used a blue light excitation filter, dichroic mirror, and a fast
charge-coupled device (CCD) camera to capture the PL response
in wide field with high time resolution. PL images of the perov-
skite films were recorded while a fixed external electric field was
applied laterally and its time-dependent current was measured.

Figure S5, Supporting Information depicts the temporal PL
evolution of a perovskite film under a constant electrical field. It
is observed that the overall PL intensity decreases after the injec-
tion of electrons. The reason is the formation of the quenching
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defect when electrons are injected.[*!] It has been observed that
the defects, for example, Frenkel defects with iodine vacancies
and interstitials,*? formed during the low-temperature fabrica-
tion method,*}l can be driven by the external electrical field.'>*2
Our previous study showed that migrating iodine vacancies play
a major role and migrate within the applied electric field. On
their way towards the cathode, they partially compensate for
interstitial defects but also leave behind a significant number
of non-radiative recombination centers as their counterpart in
Frenkel defects.*) The migration of vacancies goes ahead with
a decrease of the electron-hole concentration corresponding to
an effective reduction p-doping density. This phenomenon is
shown in Figure S5a-d, Supporting Information. A PL dark
area expands from the positive side to negative side. As evidence
of the reduction of electron-hole density (less p-type doping),
the measured current decays, as displayed in Figure S5e, Sup-
porting Information. Applying a dynamic model for the cur-
rent within the device leads to the ionic mobility in perovskite
reference samples (2 £ 1) x 107 cm? V7's7.3 The model
used to determine the mobility is demonstrated in Section S6,
Supporting Information.

Results were obtained for all three device structures, as illus-
trated in Figure 2. The ionic mobility of perovskite/PPCBM
is (1+£ 1) x 107 cm? V7! s71, which is in similar range as the
perovskite reference sample. The mobility of perovskite/PCBM
system, however, is only (4 + 2) x 108 cm? V™! s7! almost one
order of magnitude lower than that of the two other structures
as illustrated in Figure 2. This shows that the ionic migration
in perovskite films deposited on a PCBM layer is significantly
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N a2 fe .TA
w KA -
< 1E-T} ] v
g I ST -~
s il ' =
O
=
1E-8} l )
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Figure 2. The ionic mobility in perovskite film. The results are derived from
time-dependent current, as illustrated in Figure S5, Supporting Information.
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Figure 3. XPS spectra of Cls peak on a) PCBM, b) perovskite, and c) perovskite/PCBM mixed sample. d) perovskite/PCBM bilayer sample for depth
profile and e) its depth profile results after sputtering of gas cluster ion beam, where peaks A and B correspond to Cls from perovskite and PCBM

respectively.

reduced compared to the pure perovskite film and the perovskite
film on PPCBM. As we have mentioned above, the hysteresis is
strongly related to the ionic migration in PSCs. Ions accumu-
late at the contacts on either side, with the ETL or hole transport
layer (HTL), which will influence the built-in potential. Further-
more, a properly aligned built-in potential is favorable for charge
injection and is also related to the maximum achievable V.3

We find that PCBM which can freely interact or interdif-
fuse within a perovskite film decreases the ionic migration,
and hence reduces the hysteresis in PCBM. In comparison, the
glass transition temperature T, = 144 °C of this PPCBM is above
the processing temperature of the perovskite, the PPCBM layer
does not allow any strong interdiffusion within the perovskite
film.1»] Thus, the PCBM groups solely locate at the interface.
The PSCs using a PPCBM layer between TiO, and perovskite
still suffer severe hysteresis. This gives rise to the assumption
that PCBM molecules indeed diffuse into perovskite films facil-
itating a passivating effect towards ionic migration. In order
to corroborate our results, we analyzed the depth profile of a
perovskite/PCBM bilayer sample with XPS in detail.

Figure 3a and b show the Cls spectra of a pure PCBM
film and a pure perovskite film. PCBM shows a main peak at
285.3 eV, which originates from the C—C bond of the fullerene
moiety.***! The typical Cls signal of a perovskite film is the
C—N feature of CH;NH;* (286.7 eV).1*047] Furthermore, a third
sample was processed, which was prepared by directly mixing
the perovskite precursor solution with PCBM in a molar ratio
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of Pb:PCBM = 500:1 and annealing. It is noted that the mor-
phology of this intermixed film is sufficiently good to carry out
our XPS analysis, but it does not allow the fabrication of proper
solar cell devices. The Cls spectrum of this mixed perovskite/
PCBM film (displayed in Figure 3c) is composed of two distinct
peaks, which are ascribed to the C—N bond from perovskite
and the C—C bond from PCBM. It indicates that the contribu-
tion of CH3NH;PbI;,Cl, and PCBM can be easily separated by
analyzing the Cls peak. With this information we performed
a depth profile of a perovskite/PCBM bilayer sample. A gas
cluster ion beam (GCIB) was used to sputter into the organic
film and to obtain a depth profile of the perovskite/PCBM
bilayer sample, displayed in Figure 3d. The Cls spectrum
obtained after every cycle (0.5 min per cycle) of GCIB sput-
tering is shown in Figure 3e. The sputter rate is =17 nm min~!
and after 18min-GCIB sputtering, the substrate surface was
reached. It is obvious that through the perovskite layer two
Cls peaks were detected. Peak A, at higher binding energy,
which is ascribed to CH;3;NH;3"™ from the perovskite, locates
between 286.7 and 287.0 eV. This peak shifts to a lower posi-
tion when it reaches the interface. This thickness-dependent
shift has been reported.*®! The appearance of additional peaks
formed by sputtering and beam damage have been excluded as
shown in Figure S7, Supporting Information. Peak B, at around
285.3 eV, was also detected during the beginning cycles. Based
on the results above, Peak B is attributed to the C—C bond
stemming from PCBM, and shows their prevalence within

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) Temperature dependent chronoamperometric curve of reference device (blue) and PCBM (green) device, from 1.2 to 0.6 V with step of
0.2 V, each voltage lasts 40 s. The top part shows the applied voltage. b)Time dependent current density and fitting single exponential line at 0.8 V,
300 K. c) Activation energy of iodide ions in pure perovskite (reference) and perovskite on PCBM layer devices (PCBM device), respectively.

the perovskite layer. The detected PCBM may partially come
from the dissolved PCBM in dimethylformamide during spin
coating, as we make a detailed discussion in Figure S12, Sup-
porting Information. Furthermore, PCBM molecules can also
diffuse into perovskite film during film annealing. The evidence
of fullerene diffusion through (amorphous/crosslinked*¥l and
crystallinel®)) polymer films has been demonstrated and was
also suggested for perovskite films.l'”) Our XPS results corrobo-
rate that PCBM molecules can readily diffuse into a =300 nm
perovskite film at 105 °C within 75 min. This incorporation or
interdiffusion into grain boundaries of the PCBM molecules
seems to significantly reduce and hinder ionic migration.’>%

A further parameter which directly describes the viability
for ion migration is the related activation energy. In a working
perovskite solar cell, ions can migrate under an applied bias
due to the prevalence of defects and may involve MA ions/
vacancies®'?? or iodine ions/vacancies.”**/ Among them,
the dominant moving species are iodine ions/vacancies.>
The movement of these defects is in the form of hopping, also
described as “jumping” in early days, between neighboring
sites within the bulk with a rate I" that can be expressed in an
Arrhenius relation:®

-E
Focexp(k ;)
B

in which E, is the activation energy, the energy required to
move the defects from the equilibrium states to the neighbor
sites in the bulk of perovskite. kg and T are Boltzmann constant
and absolute temperature, respectively.

Furthermore, we analyzed the activation barrier of ion
migration of a pure perovskite film and another processed on
a PCBM layer. This was done by applying voltage steps (0.2 V)
to the device from 1.2 to 0.6 V and measuring the current evo-
lution versus time, as shown in Figure 4a. The using voltage
steps last 40s. The electrical current exhibits a decay-function

(2)
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—t/T

at each voltage step. A single exponential function ¢ was
used to evaluate the time constants as shown in Figure 4b. An
Arrhenius plot shows a linear relationship between In(7) and
1/T and suggests that the movement of ions is facilitated by a
single hopping mechanism.’® The constant of 7 related with
the “jumping rate” of ions T' is used to describe the ionic migra-
tion within the bulk of the perovskite film.l”]

As shown in Figure 4c, it indicates that ions are moving faster
in the perovskite film than the one on PCBM layer in all tem-
peratures, consistent with the pervious PL microscopy observa-
tion. In the meantime, we note that the activation energy E, of
the pure perovskite is 0.13 + 0.03 eV. This value agrees with a
previous experiment and theoretical papers, =0.2 eV.?>>1.>8]
In direct comparison the meassured activation energy with a
PCBM layer is 0.24 + 0.04 eV, implying a higher energy required
to drive these ions from equilibrium sites to the nearby sites in
perovskite with the presence of PCBM molecules.

Taking account of the above experiments, the mechanism of
suppression of hysteresis in PSCs incorporating with PCBM
molecules becomes clearer. As proposed previously that the
origin of the hysteresis in PSCs is due to the migration of
iodine ions/vacancies. These ions are driven by the external
field and accumulate at the interface between perovskite/ETL
and HTL. This accumulation effectively enhances or decreases
the builtin potential.®¥ While, in PSCs incorporating with
PCBM layer, PCBM molecules distribute within the bulk of
perovskite film. Absorbed at perovskite defective sites along
the grain boundaries, these PCBM molecules passivate these
defect states, for example, iodine interstitials or iodide vacan-
cies as we propose, decreasing or even halting ion migra-
tion within the perovskite film. It is possible that iodide ions
from defects form strong bonding with PCBM molecules, by
direct electron transfer from anions (iodide ions here).'! In
this respect, the iodide ions/defects are immobilized by tying
up with the PCBM molecules in the bulk of perovskite. Alter-
natively, PCBM molecules only form a physical hindrance for

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Schematic diagram for the PCBM passivating iodide ion related defects in perovskite materials, particularly in the vicinity of grain boundary.
a) Schematic of a perovskite film deposited on PCBM layer. b) Zoom in image of the rectangle area in (a), showing PCBM molecules penetrate into the
grain boundary of perovskite layer. ) Zoomed-in image of circle area in (b), showing that PCBM molecules form hindrance of the iodide ions movement.

the ion migration or occupy some vacancy space, as displayed
in Figure 5c. As a consequence, the moving defect density
in perovskite reduces and the hysteresis is significantly sup-
pressed due to the reduction of ionic migration.

For the PPCBM inserted device, the joint fullerene mole-
cules are difficult to diffuse through the perovskite bulk
material. Thus, the suppression of hysteresis is not distinct in
these devices. However, V,. of these devices in forward scan
and reverse scan yields no pronounced difference. The reason
is that the mismatch of TiO,/perovskite interface is weakened
by the PPCBM layer.® The interfacial barrier is hard to form
at this contact and thus the change of the built-in potential is
tiny. The ionic migration still exists in this perovskite/PPCBM
bilayer system and so we observed a clear S-shape curve in
forward scan direction.

It is necessary to note that apart from iodide ions, methylam-
monium (MAY) ions may play a role in the hysteresis and deg-
radation of perovskites.P21 The interaction between PCBM and
MA* as well as characterization of MA* migration, however, are
still not clearly elucidated. In addition, more and more evidences
offer to present the critical role of grain boundary in the ion
migration. However, due to resolution limitation of PL imaging
microscopy, which is in =um scale, it is difficult to directly
explore the ion motion in the vicinity of grain boundary in our
perovskite films (with grain size =100 nm). In the following
experiment, by investigating perovskite films with various sizes,
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it is possible to reveal the influence of grain boundary or even
directly visualize the migration of ions in the grain boundary.
Our study also provides prospects for addressing the hyster-
esis problem in perovskite light-emitting diodes (LEDs), which
is also much of concern.®¥ Reducing defect/ion accumulation
at perovskite/external contacts can increase the device stability
as it has been demonstrated with the help of 2D or low-dimen-
sional layered perovskites.*l PCBM, however, may have to be
used with care in LED devices as PCBM can greatly quench
the emission of LEDs. Immobile (i.e., polymerized) derivatives,
instead may become of great interest as PSC/ETL interlayers.

3. Conclusion

In summary, the comparison of PSCs using PCBM and PPCBM
layer reveals that diffusion of PCBM molecules into grain
boundaries of a polycrystalline perovskite film takes place and
plays a significant role in the suppression of hysteresis in J-V
curve. By employing PL imaging microscopy, we directly in situ
visualize and parameterize the ionic migration under external
electrical fields. The ionic mobility is reduced by one order of
magnitude, and temperature dependent chronoamperometric
measurements show that the activation energy increases with
the presence of PCBM molecules. Accounting for these results,
we close with a proposed mechanism in the suppression of

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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hysteresis in PSCs with PCBM layer. PCBM molecules immo-
bilize the iodine ions or vacancies in the bulk of the perovskite
layer, reducing the impact of modulation of internal field/inter-
facial barriers under the external electrical field. This finding
will pave paths to the improvement on the device stability and
better performance. We reiterate that especially grain bounda-
ries are responsible for an effective ion/vacancy migration
which can be impeded through efficient passivation.

4. Experimental Section

Sample Preparation: CH3;NH;l (MAI) was purchased from Dyesol
company, Spiro-OMeTAD was purchased from Merck company, all
the other chemicals were purchased from Sigma-Aldrich and were
used as received without further purification. For CH3;NH;Pbl;_Cl,
precursor solution, CH3;NHj3l, and PbCl, were dissolved in anhydrous
Dimethylformamide at 3:1 molar ratio. Preparation of Spiro-OMeTAD
solution: 72.3 mg Spiro-OMeTAD was dissolved in T mL chlorobezene
with an additive of 43.2 uL 4-tert-butylpyridine. After that, 26.3 uL lithium
bis(trifluoromethane)sulfonimide solution (520 mg mL™" in acetonitrile)
was added.

Fluorine-doped tin oxide (F:SnO,) coated glass was patterned by Zn
power and HCl solution. FTO glasses were washed successively with
acetone, 2% hellmanex diluted in deionized water, deionized water, and
isopropanol for 10 min each. A compact TiO, layer was deposited by
spraying a solution of titanium diisopropoxide bis(acetylacetonate)
(0.6 mL) in ethanol (21.4 mL) at 450 °C for 90 min in ambient
atmosphere. The PCBM and PPCBM layer thicknesses were optimized
for best electronic performance. For PCBM a 10 mg mL™' solution in
chlorobenzene was spin-coated at 3000 rpm for 30 s. After 10 min
annealing at 100 °C, CH;NH;Pbl;_Cl, perovskite solution was spin-
coated on the PCBM layer at 3000 rpm for 60 s. For the devices using
PPCBM, 5 mg mL™' PPCBM in 1,2-dichlorobenzene was spin-coated
at 2000 rpm for 30s. Following that, the CH3NH;Pbl;_,Cl, perovskite
solution was spin-coated on this PCBM layer at 3000 rpm for 60s.
After drying in a nitrogen glovebox for 30 min, the as-spun films were
annealed at 105 °C for Th15min on a hotplate. Subsequently, the hole
transport layer (Spiro-OMeTAD solution) was deposited by spin-coating
at 4000 rpm for 30 s. The device fabrication steps above were carried
out in a nitrogen filled glovebox. After this, devices were transported to
a dry box and stored there overnight enabling Spiro-OMeTAD oxidation.
Finally, a 70 nm Au electrode was deposited by thermal evaporation
in a chamber with a pressure of 1 x 10 mbar. The structure of the
fabricated solar cell is FTO/TiO,/perovskite/Spiro-OMeTAD/Au or FTO/
TiO,/PCBM or PPCBM/perovskite/Spiro-OMeTAD/Au.

Perovskite films for PL imaging microscopy and XPS are prepared
as follows: The glass substrates were cleaned using an ultrasound
bath with acetone for 5 min and another 5 min in isopropanol. After
treatment with O plasma, the perovskite precursor solution was spin
coated on the substrates in a N, glove box. For perovskite PCBM bulk
heterojunction devices, the perovskite precursor solution was mixed
together the with PCBM solution with molar ratio Pb/PCBM = 500:1.
For the perovskite/PCBM bilayer and perovskite/PPCBM devices, the
perovskite film was directly deposited on the PCBM layer or PPCBM
layer. All the films were annealed at 105 °C for 1 h 15 min. For PL
imaging microscopy, in order to apply electrical field, lateral configured
gold electrodes were evaporated on top of these films using a shadow
mask. The distance between parallel electrodes was 200 um and the
interdigitating electrode geometry provided a ratio between channel
width W and length L, W/L of 500. In the end, to protect the film from
the oxygen and water, a 40 mg mL™" poly(methyl methacrylate) (PMMA)
solution dissolved in butyl acetate (anhydrous, 99%) was spin-coated at
speed of 2000 rpm for 60 s.

J-V Measurement of Device: |-V measurements were carried out
within inert environment using a Keithley 2400 source measure unit
under 100 mW cm™2 illumination from an AM 1.5 solar simulator (Oriel

Adv. Funct. Mater. 2020, 30, 1908920 1908920 (7 of 9)

company). The active area of 4 and 9 mm? were defined by the overlap of
a black mask aperture area, the FTO and the evaporated top electrode.
The light intensity was calibrated by a Si detector. No biasing process
was applied prior to the scanning, we scanned from 1.2 to —0.1 V and
then measured the reverse scanning continuously. The scanning speed
is 0.8 V s7' and each step was 0.01 V. Number of power line cycles
(NPLC) was 0.1.

PL Imaging Microscopy: The setup of PL microscope is shown in
detail in Figure S4, Supporting Information. The excitation source was
a white light LED and it was combined with a dichroic mirror and a
PL filter (HC 440 SP, AHF analysentechnik AG) in the excitation beam
path. There was another filter (HC-BS 484, AHF analysentechnik AG)
for the emitted PL signal from the sample. As a result, the wavelength
of excitation beam was up to 440 nm and the emission signal comes
to detector was above 490 nm. All the PL images were recorded by a
CCD camera (Pco. Pixel fly, PCO AG) with an exposure time of 200 ms.
For in situ electric measurement, samples were fixed on the microscope
table and regions between Au electrodes were focused. An electric field
was applied between the Au electrodes, simultaneously PL images were
captured. The applied electric field varied from 5 to 40 V.

XPS Characterization: All the XPS measurements were carried with a
PHI 5000 VersaProbe Il system. An Al Ko excitation source was used
(hv = 1486.6 eV) at a pass energy of 55 eV. A gas cluster ion beam
(GCIB) forming clusters of =2500 Argon atoms was used to sputter the
film step by step with a sputtering energy of 10 kV 30 nA and a duration
of 0.5 min of each cycle.

Temperature Dependent  Chronoamperometric Measurements:  For
temperature dependent J-V curves measurement, the samples were
put into a continuous flow cryostat (Oxford Instruments, Optistat CF).
PSCs (with and without PCBM layer) with effective area 4 mm? were
measured in different temperatures (180, 220, 260, and 300°K) without
light illumination. Step-wise voltage was applied to the cell from 1.2 to
0.6 V with the step of —0.2 V. The corresponding current density was
recorded per microsecond.

Supporting Information

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