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A set of various perovskite precursor formulations was investigated to elucidate correlations between precursor
composition and the crystal structure, ﬁlm morphology as well as photovoltaic activity of H3CNH3PbI3-xClx
perovskite solar cells. Three precursor solutions in dimethylfromamide (DMF) with deﬁned ratios of lead(II)
halide (PbI2 and/or PbCl2) and methylammonium halide (H3CNH3I (MAI) and H3CNH3Cl (MACl)) such as 1:3
(PbCl2:MAI), 1:1:4 (PbI2:PbCl2:MAI) and 1:1:1 (PbI2:MAI:MACl) were used to prepare solar cells in primarily
ambient atmosphere. Processing the 1:3 (PbCl2:MAI) solution in ambient atmosphere yielded perovskite ﬁlms
with rather non-uniform morphology and devices with moderate performance. Perovskite thin ﬁlms prepared
from the 1:1:4 (PbI2:PbCl2:MAI) and 1:1:1 (PbI2:MAI:MACl) formulation showed nearly identical features, high
crystallinity, large and compact micrometer-sized crystal domains, and good photovoltaic performance. This
indicates that the overall ionic composition in the precursor solution is crucial for the perovskite formation, the
source of these ions, however, appears nonrelevant. Furthermore, the eﬀect of diﬀerent electron transport layers
(ETL), PCBM, bis-PCBM, and N-[4-(benzothiadiazol-4-yl)phenyl]-N′-(1-nonyldecyl)perylene-3,4,9,10-tetracarboxdimide (a-PTCDI) on the photovoltaic performance was analyzed. The highest hysteresis-free power
conversion eﬃciency (PCE) was achieved with PCBM (12.8%) followed by a-PTCDI (8.4%) and bis-PCBM (6%).
The degradation of MAPbI3-xClx based devices stored in nitrogen atmosphere was primarily revealed by a loss in
ﬁll factor.

1. Introduction
Organic-inorganic lead halide perovskites have emerged as highperformance photovoltaic materials and show great potential for next
generation photovoltaic technology due to their high eﬃciency and low
cost of fabrication (Burschka et al., 2013; Kim et al., 2012; Lee et al.,
2012; M. Yang et al., 2015; W.S. Yang et al., 2015). These perovskites
with appealing optoelectronic features are commonly prepared from
organic halide and metal halide salts to form crystals in the perovskite
ABX3 structure comprising of organic and/or metal mono cation A, a
divalent metal cation B, and halide anions X. Solution-processability
and, compatibility with large-area deposition techniques, inexpensive
base materials and desirable characteristics such as bandgap tunability,
(Noh et al., 2013) high open-circuit voltage (Voc), (Correa Baena et al.,
2015) strong light absorption with high absorption coeﬃcients (Kojima
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et al., 2012, Lӧper et al., 2015) and high carrier mobility (Kagan et al.,
1999; Mitzi et al., 1995) make this class of material very attractive for
solar energy conversion. Additionally, ambipolar carrier transport
within lead halide perovskites further highlights the unique excited
state character of this special group of semiconductors (Etgar et al.,
2012; Cui et al., 2017; Ke et al., 2015; Mei et al., 2014; Zhang et al.,
2016).
The fabrication processes available for perovskites are robust and a
myriad of approaches has been developed to deposit perovskite ﬁlms.
Perovskite solar cells can be processed using various techniques such as
spin coating, (Lee et al., 2012) dip coating (Burschka et al., 2013), twostep interdiﬀusion (Xiao et al., 2014), chemical vapor deposition, (Chen
et al., 2014) spray deposition, (Barrows et al., 2014) atomic layer deposition, (Sutherland et al., 2015) ink-jet printing (Wei et al., 2014) and
thermal evaporation (Liu et al., 2013; Malinkiewicz et al., 2014)
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precursor compositions, 1:3 (PbCl2:MAI), 1:1:1 (PbI2:MAI:MACl) and
1:1:4 (PbI2:PbCl2:MAI) dissolved in dimethylformamide (DMF), were
investigated regarding their conversion into perovskite thin ﬁlms in
ambient atmosphere. Using identical processing procedures the emphasis of the study is on the composition of the three precursors formulations. While 1:1:4 and 1:1:1 use in parts diﬀerent base components, the overall composition of ions in the two precursor formulations
is identical (Pb2+:MA+:I−:Cl− = 1:2:3:1). In the precursor formulation
1:3 (Pb2+:MA+:I−:Cl− = 1:3:3:2) the content of the excessive MACl is
twice as high. The morphology and crystallinity of the obtained perovskite ﬁlms were investigated by means of scanning electron microscopy (SEM), atomic force microscopy (AFM) and X-ray diﬀraction
(XRD), respectively. The solar cell performance was investigated by
current density-voltage and external quantum eﬃcient measurements.
The processing of 1:3 (PbCl2:MAI) in ambient air resulted in poor ﬁlm
morphology and was found to be detrimental to the perovskite crystal
structure. In contrast we found substantial better and nearly identical
morphology and crystallinity, as well as performance in the perovskite
ﬁlms obtained from the 1:1:1 (PbI2:MAI:MACl) and the 1:1:4
(PbI2:PbCl2:MAI) precursor formulations. Another critical element in
our device layout was the deposition of an inert electron-transporting
layer (ETL). We probed three electron-transport materials, bis-PCBM,
PCBM and an amorphous PTCDI derivative (a-PTCDI) simply deposited
from solution at room temperature. The best performing planar perovskite solar cells employing PCBM, a-PTCDI and bis-PCBM as electron
transport materials achieved power conversion eﬃciency of 12.8, 8.4
and 6%, respectively. Solar cells which were obtained from the 1:1:1
(PbI2:MAI:MACl) formulation showed good shelf stability in nitrogenﬁlled glove box.

making them one of the most versatile photovoltaic (PV) technologies
and potentially enables large ﬂexibility in device design at low fabrication cost. A remarkable feature of the organic-inorganic halide perovskite system is the tunability of the crystal lattice dimensions through
cation and/or anion variation, which deﬁnes the bandgap of these absorbers. Recent examples are the use of formamidinium cations (FA,
HC(NH2)2+) and of alternative halides. (Eperon et al., 2014a; Lee et al.,
2015; Saliba et al., 2016; Yang et al., 2016) While pure perovskite
compounds such as MAPbX3, FAPbX3 and CsPbX3 (MA = H3CNH3+,
X = I−, or Br−) showed numerous short comings, formulations based
on mixed cations and halides yielded perovskite compounds with improved power conversion eﬃciency (PCE) as well as structural and
thermal stability of the solar cell devices (Heo and Im, 2016; Jeon et al.,
2015; Nie et al., 2015; Noh et al., 2013).
Understanding how to control the transformation from precursor
solution into solid semiconductor is critical to produce high performance perovskite devices (Manser et al., 2016). Even in the relatively
simple case of MAPbX3 (X = I−, Br−, or Cl−) precursor solutions, aside
from the chosen halide (Lee et al., 2012; Stranks et al., 2013; Zhao and
Zhu, 2014) variations in the solvent (Jeon et al., 2014; Kim et al.,
2014), stoichiometry of the components (Manser et al., 2015; M. Yang
et al., 2015; W.S. Yang et al., 2015), processing atmosphere (Ko et al.,
2015; You et al., 2014), annealing temperature and time (Eperon et al.,
2014b; Saliba et al., 2014) can aﬀect the morphology and optoelectronic properties of the resulting ﬁlm distinctively. Hence, it is of great
signiﬁcance to explore new processes for low-temperature fabrication
of organic-inorganic perovskites and provide a better understanding of
some fundamental physical and chemical properties of these materials.
To date all high-eﬃciency perovskite solar cells reported make use of
formulations based on mixed cations and halides (Jeon et al., 2015).
Another common feature of such high-performance perovskitebased solar cells is the integration of mesoscopic metal oxide interlayers
such as Al2O3, TiO2 or ZrO2 with an expense of high-temperature sintering process. Such a high temperature processes, however, are usually
not compatible with low-cost, lightweight and ﬂexible plastic substrates
(Docampo et al., 2013; Roldán-Carmona et al., 2014; Sun et al., 2014)
and multi-junction device architectures (Bailey and McGehee, 2012).
Substitution of the metal oxide layers by organic semiconductors can
help to overcome such obstacles and to simplify the fabrication of devices.
To enhance exciton separation, charge transportation and collection, the deposition of a conformal and chemically inert electron
transport layer (ETL) on top of the perovskite ﬁlm to complement the
underlying hole transport layer appears essential for the fabrication of
high-eﬃcient planar heterojunction perovskite solar cells (Yin et al.,
2016). Reports on polymer-based bulkheterojunction solar cells showed
the use of bis-PCBM instead of PCBM can lead to an increase in Voc,
which is attributed to its signiﬁcant higher lowest unoccupied molecular orbital (LUMO) level. (Han et al., 2016; He and Li, 2011; Lenes
et al., 2008). Perylenetetracarboxylic diimides (PTCDIs), originally
developed as pigments with high resistance to degradation, are used as
non-fullerene acceptors due to their n-type properties and the vast
possibilities of structural modiﬁcations to tune their optoelectronic and
morphological features (Huang et al., 2011; Zhan et al., 2011).
Kaltenbrunner et al. (2015), reported eﬃcient planar heterojunction
MAPbI3-xClx solar cells using N,N′-dimethyl-3,4,9,10-tetracarboxylic
perylene diimide, thermally deposited in vacuum, as an electron
transporting material. In addition to this, the stability of perovskite
based devices remains an open question and perhaps will determine the
fate of these promising materials for technological application in the
long run.
In this work, we investigate the straightforward fabrication of
planar p-i-n heterojunction perovskite solar cells, (ITO/PEDOT:PSS/
perovskite/ETL/Al), excluding high temperature processing steps and
using almost exclusively solution-processing techniques in ambient atmosphere. As a ﬁrst objective, three diﬀerent MAPbI3-xClx perovskite

2. Experimental
2.1. Materials
Chemicals and solvents were purchased from commercial suppliers
and used as received, if not stated otherwise. Pre-patterned indium
doped tin oxide (ITO) coated glass (15 Ohm/cm2), PbI2 (99.9%, Sigma
Aldrich), PbCl2 (99.9%, Sigma Aldrich), dimethylformamide (DMF,
anhydrous, Sigma Aldrich), poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS, Clevios PH 1000), Zonyl®FS-300 ﬂuorosurfactant (40% in H2O, Fluka), dimethyl sulfoxide (DMSO, AnalR,
VWR Chemicals), [6,6]-phenyl-C61-butyric acid methyl ester (PCBM;
SolenneBV), bis-adduct of phenyl-C61-butyric acid methyl ester (mixtures of isomers, bis-PCBM, SolenneBV), chlorobenzene (GPR, VWR
Chemicals), chloroform (AnalR, VWR Chemicals), isopropanol (AnalR,
Fisher Chemicals) and methylammonium chloride (MACl, MERCK)
were used as received. Methylamine (33 wt%, in absolute ethanol,
Sigma Aldrich), hydroiodic acid (57 wt%, aqueous, Riedel de Haën),
diethyl ether (VWR Chemicals), and ethanol (absolute, MERCK) were
used to synthesize and purify methylammonium iodide (MAI) according
to literature (Burschka et al., 2013). N-[4-(benzothiadiazol-4-yl)
phenyl]-N′-(1-nonyldecyl)perylene-3,4,9,10-tetracarboxdimide
(IUPAC: (2-[4-(2,1,3-benzothiadiazol-4-yl)phenyl]-9-(1-nonyldecyl)anthra[2,1,9-def:6,5,10-d′e′f']diisoquinoline-1,3,8,10(2H,9H)-tetrone;
registry number 1417610-38-8) an amorphous PTCDI derivative, in
here abbreviated as a-PTCDI, was synthesized according to literature
(Langhals et al., 2012).
2.2. Perovskite precursor solutions
MAPbI3-xClx perovskite precursor formulations of 0.8 M concentration were prepared by dissolving deﬁned molar ratios of lead halides
and methylammonium halides, 1:3 (PbCl2:MAI), 1:1:4 (PbI2:PbCl2:MAI)
and 1:1:1 (PbI2:MAI:MACl), in DMF. To ensure a complete dissolution
the mixtures were stirred overnight at room temperature. The solutions
were ﬁltered through a PTFE syringe ﬁlter (0.45 µm) before use.
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Fig. 1. SEM (top) and AFM (tapping mode scan, bottom) images of perovskite ﬁlms on glass/ITO/PEDOT:PSS substrates obtained with diﬀerent precursor solutions (a) 1:3 (PbCl2:MAI), (b)
1:1:4 (PbI2:PbCl2:MAI) and (c) 1:1:1 (PbI2:MAI:MACl), spin coated and annealed in ambient atmosphere.

using a lock-in ampliﬁer (SR830, Stanford Research Systems) and a
Jaissle 1002 potentiostat functioning as a preampliﬁer. The devices
were illuminated by light from a xenon lamp passing through a
monochromator (Oriel Cornerstone). A ﬁlter wheel holding long-pass
ﬁlters and a mechanical chopper was mounted between the Xenon lamp
and the monochromator. Chopping frequencies in the range of
10–200 Hz were used. X-ray diﬀraction measurements were conducted
in ω/2θ geometry using a Bruker AXS diﬀractometer with Fe Kα irradiation. Surface and cross section scanning electron microscopy (SEM)
measurements were carried out using a ZEISS 1540XB cross beam
scanning electron microscope equipped with an energy dispersive X-ray
spectroscopy (EDX) unit. Furthermore, atomic force microscopy (AFM)
measurements were conducted using a Bruker Innova to record surface
morphologies and to characterize the roughness of perovskite ﬁlms. A
photoluminescence (PL) setup consisting of a coherent UV GaN-based
laser (VIOFLAME 405 nm/25 mW), a Shamrock SR-303i monochromator, and an Andor™ iDus Si-CCD detector was utilized for PL
quenching experiments. The charge mobility measurements at OFETs
were conducted using an EverBeing mini probe station in a nitrogenﬁlled glove box and an Agilent B1500A semiconductor parameter
analyzer.

2.3. Device fabrication and characterization
Planar heterojunction perovskite solar cells were prepared with a
layer conﬁguration of ITO/PEDOT:PSS/perovskite/ETL/Al using almost
exclusively solution processing (spin coating) in ambient atmosphere.
The glass/ITO substrates were cleaned successively with acetone and
isopropanol in an ultrasonic bath. The Clevious PH 1000 PEDOT:PSS
dispersion was mixed with DMSO (5 vol%) and Zonyl (0.7 vol%), and
ﬁltered through regenerated cellulose (RC) syringe ﬁlter (0.45 µm),
before spin coating (1000 rpm for 1 min) on top of ITO. This was followed by annealing (heating plate at 110 °C for 10 min), rinsing with
isopropanol, and another 10 min annealing at 110 °C (Adam et al.,
2016). Subsequently the perovskite precursor solution, MAPbI3-xClx,
was deposited by spin coating (1800 rpm for 15 s and 2000 rpm for 5 s).
The transformation of the perovskite layer was completed by annealing
at 110 °C for 45 min. On top of the perovskite ﬁlm an ETL was deposited
from solution. For PCBM and bis-PCBM (20 mg/ml in chlorobenzene/
chloroform (1:1 by volume)) spin coating (1500 rpm for 30 s) was
performed. After the wet processing steps the substrates were loaded
into a glove box (N2 atmosphere), and the aluminum contacts were
thermally deposited in a vacuum chamber (4 × 10−6 mbar). The
completed photovoltaic devices were kept in inert atmosphere (N2) for
the following characterizations. For photoluminescence (PL) quenching
experiments perovskite ﬁlms were fabricated on cleaned and O2plasma-treated glass substrates using the precursor formulation 1:1:4
(PbI2:PbCl2:MAI). ETL materials, PCBM, bis-PCBM and a-PTCDI, were
deposited on top to investigate the impact on the photoluminescence of
the perovskite layer. To measure charge carrier mobility of a-PTCDI,
organic ﬁeld eﬀect transistor (OFET) devices were fabricated by drop
casting a-PTCDI from its solution in chlorobenzene in a bottom-gate,
bottom-contact geometry on heavily doped Si wafers (Fraunhofer
IPMS), consisting of a 90 nm SiO2 layer integrated with 30 nm thick Au
source drain electrodes on a 10 nm ITO adhesion layer.
To test the fabricated solar cells under standardized light irradiation
(AM1.5G) a LOT-QD solar simulator (LS0821) was used. The intensity
of radiation was adjusted to 100 mW/cm2 using a calibrated reference
silicon diode (Hamamatsu S2281). Current density–voltage curves were
recorded with a Keithley 2400 source-measurement unit in dark and
under illumination. To check for hysteresis, current density–voltage
scans were performed in both, forward and reverse direction, at a rate
of 20 mV/s. External quantum eﬃciencies (EQEs) were recorded by

3. Results and discussion
3.1. Perovskite thin ﬁlm morphology
In this work, a one-step fabrication protocol in ambient atmosphere
is used to cast perovskite ﬁlms from diﬀerent precursor solutions with
organic (MAI and/or MACl) and inorganic (PbI2 and/or PbCl2) components. Subsequent annealing drives the formation of the perovskite
phase towards completion. The morphology of the ﬁlms obtained from
the MAPbI3-xClx precursor solutions, 1:3 (PbCl2:MAI), 1:1:1
(PbI2:MAI:MACl) and 1:1:4 (PbI2:PbCl2:MAI), were investigated by
scanning electron microscopy (SEM) and atomic force microscopy
(AFM). Recorded images are depicted in Fig. 1.
The morphologies of the MAPbI3-xClx crystallites (Fig. 1), obtained
under the given processing conditions, is massively aﬀected by the
fraction of volatile MACl evolving during the formation of the MAPbI3dominated perovskite ﬁlms. The 1:3 PbCl2:MAI precursor, known to
yield high performance when processed in inert atmosphere (Ke et al.,
2015; Heo and Im, 2016) gave a ﬁlm with non-uniform perovskite
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morphology upon spin coating and annealing in air (Fig. 1a). The ﬁlm
casted from the 1:3 formulation appeared extremely moisture sensitive
until the crystallization had ﬁnalized. The poor surface morphology is
likely to aﬀect charge transport and extraction unfavorably. In comparison to 1:3 (PbCl2:MAI) the perovskite ﬁlms prepared from 1:1:4
(PbI2:PbCl2:MAI) (Fig. 1b) and 1:1:1 (PbI2:MAI:MACl) (Fig. 1c) exhibit
the same appearance with nicely dense micron-sized perovskite crystal
domains. The morphological diﬀerences are also reﬂected in the
roughness of the perovskite ﬁlms. The root-mean square (RMS)
roughness, determined by AFM, is almost identical for the ﬁlms from
the 1:1:4 (PbI2:PbCl2:MAI) and the 1:1:1 (PbI2:MAI:MACl) perovskite
precursor formulation, about 42 nm. With 53 nm the RMS roughness of
the ﬁlm casted from the 1:3 (PbCl2:MAI) formulation is signiﬁcantly
higher. While apparently changes in the overall ionic composition of
the precursor solution can impact the perovskite ﬁlm formation dramatically, the original source of the ions (via organic or inorganic salts)
seems not to matter. Recent and previous reports conﬁrm that the addition of Cl- to the system via either MACl or PbCl2 modiﬁes the crystallization pathway from precursor-perovskite to precursor-intermediate-perovskite and dramatically changes kinetics of crystallization
(Stranks et al., 2013; Zhao and Zhu, 2014).
To probe if the diﬀerence in morphology between 1:3 (PbCl2:MAI)
ﬁlms (Fig. 1a), and the ﬁlms obtained from either the 1:1:4
(PbI2:PbCl2:MAI) (Fig. 1b) or the 1:1:1 (PbI2:MAI:MACl) formulation
(Fig. 1c) might be rooted in variations in their crystal structure, X-ray
diﬀraction spectroscopy (XRD) measurements were carried out.
MAPbI3-xClx perovskite ﬁlms were spin-coated on glass/ITO/PEDOT:PSS substrates. Fig. 2 presents the XRD patterns of perovskite ﬁlms
deposited from 1:3 (PbCl2:MAI) and 1:1:1 (PbI2:MAI:MACl) precursor
solution. Characteristic perovskite diﬀraction peaks at about 15.4°,
29.5° and 43.4° can be assigned to (1 1 0), (2 2 0) and (3 3 0) planes of
crystalline MAPbI3-xClx, respectively.
X-ray diﬀraction evidences the formation of a tetragonal perovskite
phase (Poglitsch and Weber, 1987) in agreement with previously reported XRD data (Kim et al., 2016; Liang et al., 2014; Liu et al., 2013).
There are no apparent peaks corresponding to unreacted PbI2 or PbCl2
indicating no secondary phase and suggesting complete transformation
of PbI2 and PbCl2 into perovskite (Liu et al., 2013). The increased intensity of the [1 1 0] and [2 2 0] peaks in the case of 1:1:1
(PbI2:MAI:MACl) precursor indicates preferential orientation of these
planes parallel to the substrate surface. This shows that though the
crystal structures are similar their growth and orientation on the substrate is diﬀerent as can be seen in the SEM images in Fig. 1.

3.2. Photovoltaic characterization
3.2.1. Current density-voltage (J-V) characteristics and external quantum
eﬃciencies (EQE)
The two ion compositions, Pb2+MA+3I-2MA+2Cl- (precursor solutions 1:3) and Pb2+MA+3I- MA+Cl- (precursor solutions 1:1:4 and
1:1:1), processed under identical conditions produce a diﬀerent perovskite morphology (grain size/shape, ﬁlm roughness and surface
coverage). The diﬀerences in crystallization impact the photovoltaic
performance in the ﬁnal devices. The J-V curves of the best-performing
solar cells as well as the corresponding external quantum eﬃciencies
(EQE) are depicted in Fig. 3. All the three precursor compositions allowed the fabrication of diodes with excellent rectiﬁcation and lowreverse-bias dark currents (Fig. S1). The device characteristics of 1:1:4
(PbI2:PbCl2:MAI) and 1:1:1 (PbI2:MAI:MACl), show high resemblance,
Voc ∼ 950 mV, Jsc ∼ 17 mA/cm2 (EQE), FF ∼ 0.76, PCE ∼ 12.7%,
which appears to reﬂect the analogies in the ion composition and the
obtained ﬁlm morphologies.
Power conversion eﬃciencies of about ∼18% have been reported
for devices based on 1:3 (PbCl2:MAI) formulation, if the fabrication was
conducted in a dry nitrogen atmosphere. The processing of the 1:3
(PbCl2:MAI) perovskite precursor solution in ambient air, however, was
found to be detrimental to the device performance Voc = 900 mV, Jsc =
15.7 mA/cm2 (EQE), FF = 0.54, and PCE = 7.8%, (Fig. 3c,d). The small
grain sizes in case of 1:3 (PbCl2:MAI) (Fig. 1a) increase the volume of
grain boundaries, which can act as charge traps and facilitate trap assisted recombination within the perovskite layer, thereby limiting device eﬃciency. The higher crystallinity induces a better performance
for the 1:1:1 (PbI2:MAI:MACl) and the 1:1:4 (PbI2:PbCl2:MAI) derived
devices. Large perovskite grains provide a favorable interface between
the active layer and transport layers permitting photogenerated charges
to be extracted through device electrodes without the need to pass
through grain boundaries. Furthermore, the volume of grain boundaries
in perovskite ﬁlms with large crystallite grains is signiﬁcantly reduced,
which decreases the density of defects facilitating charge-recombination.
The overlaid EQE spectra of the 1:3 (PbCl2:MAI), 1:1:1
(PbI2:MAI:MACl) and 1:1:4 (PbI2:PbCl2:MAI), devices are shown in
Fig. 3d. The absorption onset in EQE is identical regardless of the
precursor composition indicating no change in bandgap. The EQE peaks
for 1:1:1 (PbI2:MAI:MACl) and 1:1:4 (PbI2:PbCl2:MAI) are reaching
maxima (∼80%) around 550 nm, whereas in case of 3:1 (MAI:PbCl2)
the trend is slightly diﬀerent with a maximum plateau of about 68% in
the range of 450–650 nm. In the blue (300–450 nm) and in the red
(650–800 nm) the spectral response is substantially smaller leading to a
signiﬁcant reduction in photocurrent. This loss can be attributed to
parasitic absorption in the ITO and PEDOT:PSS layer as well as the poor
reﬂectance of the metal back aluminum electrode. The integrated short
circuit currents from the EQE were determined to 15.6 mA/cm2 for 3:1
MAI:PbCl2 based device and 17.4 mA/cm2 for the devices prepared
from the other two precursors formulations, and matched well with the
Jsc values obtained from J-V curves under illumination. Power conversion eﬃciencies of 7.8, 12.5 and 12.9% were obtained for the 1:3
(PbCl2:MAI), 1:1:4 (PbI2:PbCl2:MAI) and 1:1:1 (PbI2:MAI:MACl) devices respectively. In general, no signiﬁcant diﬀerences were observed,
neither in morphology nor in the photovoltaic performance, for the
solar cells fabricated from the 1:1:1 (PbI2:MAI:MACl) and 1:1:4
(PbI2:PbCl2:MAI) precursor solution.
As 1:1:4 and 1:1:1 basically show identical characteristics and
performance, only the formulations 1:1:1 and 1:3 were tested for hysteresis behavior. Fig. 4 shows that at a scan rate of 250 mV/s hysteresis
is clearly evident for 1:3 (PbCl2:MAI) (Fig. 4a) while it is negligible for
the 1:1:1 (PbI2:MAI:MACl) derived solar cells (Fig. 4b), demonstrating
once again the signiﬁcant impact of the precursor composition. The
hysteresis in 1:3 (PbCl2:MAI) gets even more pronounced with increasing scan rate (Fig. S2). The observed hysteresis behavior might

Fig. 2. X-ray diﬀraction (XRD) spectrum of a MAPbI3-xClx ﬁlm prepared by spin-coating
of the precursor solutions 1:3 (PbCl2:MAI) (black dotted line) and 1:1:1 (PbI2:MAI:MACl)
(red solid line ) on a glass/ITO/PEDOT:PSS substrate and annealing at 110 °C. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the
web version of this article.)
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Fig. 3. Current density-voltage (J-V) characteristics recorded in dark and under illumination (AM1.5G), of the solar cells processed from (a) 1:1:4 (PbI2:PbCl2:MAI), (b) 1:1:1
(PbI2:MAI:MACl) and (c) 1:3 (PbCl2:MAI) as well as their corresponding EQE measurement (d).

also be a consequence of the diﬀerences in perovskite ﬁlm morphology
(Kim and Park, 2014, Kim et al., 2016). The observed defects and high
number of crystal grain boundaries in the 1:3 (PbCl2:MAI) perovskite
layers might worsen the interface with the transport layers and act as
traps of carriers causing the hysteresis. The observed hysteresis is an
indication of poor electronic contact between perovskite and charge
collection layer. Not only larger perovskite crystals but also the addition of a perovskite capping layer can reduce hysteresis (Ko et al.,
2015). Small perovskite crystals and planar structures, on the other

hand, are supposed to accumulate charge and promote hysteresis (Jeon
et al., 2015; Kim et al., 2016).
Fig. 5 shows the scanning electron microscopy cross-section of a
MAPbI3-xClx based device, glass/ITO/PEDOT:PSS/MAPbI3-xClx/PCBM/
Al, fabricated from the 1:1:1 (PbI2:MAI:MACl) precursor formulation.
The individual layers with distinct features and contrast are visible,
conﬁrming the planar heterojunction architecture of the fabricated
device. The perovskite absorber layer is well implemented into the
device with intimate contact to adjacent layers – PEDOT:PSS at the

Fig. 4. Scan direction-dependent J-V curves of (a) 1:3 (PbCl2:MAI) and (b) 1:1:1 (PbI2:MAI:MACl) solar cells at a scan rate of 250 mV/s.
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the PEDOT:PSS/MAPbI3-xClx interface alone is apparently less eﬃcacious in promoting exciton dissociation and charge transfer. All other
devices with PCBM, bis-PCBM or a-PTCDI as ETL show typical photovoltaic behavior. The photovoltaic performance of the solar cells employing the diﬀerent electron transport materials decreases in the order
PCBM > a-PTCDI > bis-PCBM (Fig. 7, Table 1).
Compared to MAPbI3-xClx perovskite (ELUMO = −3.75 eV) bis-PCBM
and a-PTCDI possess only slightly lower LUMO levels, −3.8 and
−3.9 eV, respectively. Such small diﬀerences in energy might hinder a
highly-eﬃcient electron transfer to the electrode. PCBM, on the other
side, exhibits a much lower LUMO (−4.3 eV), which should ensure a
quick electron transfer from the perovskite to PCBM. Negative eﬀects
such as electron accumulation and charge recombination at the interface, or even an electron back transfer from PCBM to the perovskite can
be basically excluded. MAPbI3-xClx devices employing PCBM exhibited
the best performance and J-V characteristics; PCE of 12.8% with a Voc
of 0.940 V, Jsc of 17.92 mA/cm2 and FF of 0.76, followed by the devices
with a-PTCDI, and eventually the solar cells using bis-PCBM as ETL.
Despite the rather high LUMO levels of bis-PCBM and a-PTCDI no enhancement in Voc or in any other photovoltaic parameters was observed
in comparison with the PCBM-based devices (Fig. 7, Table 1). While the
Voc of the cells using bis-PCBM is just slightly lower (0.934 V), a signiﬁcant drop can be observed for the devices with a-PTCDI (0.897 V).
Photoluminescence (PL) measurements were performed at perovskite ﬁlms, fabricated with the 1:1:4 (PbI2:PbCl2:MAI) formulation on
glass substrates, without and in combination with an ETL layer, PCBM,
bis-PCBM or a-PTCDI (Fig. 8).
In the presence of the ETLs the emission of the perovskite layer is
substaintially quenched indicating an eﬃcient charge transfer from the
perovskite to the electron transport material. While the samples with
bis-PCBM and a-PTCDI exhibit some residual emission, PCBM appears
to annihilate the PL of the perovskite almost entirely. This ﬁnding
correlates with the observed performance trend in the investigated solar
cells.
Considering the electron mobility of the ETLs used, PCBM has the
highest (5 × 10−2 cm2/Vs) followed by bis-PCBM (3 × 10−3 cm2/Vs)
(Steiner et al., 2015). From the typical transfer characteristic of aPTCDI OFET devices fabricated in this work (Fig. S3), a-PTCDI shows
typical n-type behavior under positive gate bias, and the electron mobility was found to be 2 × 10−6 cm2/Vs which is lower than that of bisPCBM. Nevertheless a-PTCDI yields a better device performance than
bis-PCBM. The low Jsc, observed in bis-PCBM devices, might be caused
by a bad interface. With PCBM and a-PTCDI the coverage of the irregular perovskite grain boundaries seems better yielding decent Jsc

Fig. 5. Cross-sectional SEM image of MAPbI3-xClx planar heterojunction perovskite solar
cell fabricated from the 1:1:1 (PbI2:MAI:MACl) precursor solution.

anode side and PCBM at the cathode side. The thickness of the PEDOT:PSS layer, the perovskite layer, the PCBM layer and the Al contact in
the optimized device conﬁguration, presented in this study, were 130,
350–400, 70, and 110 nm, respectively.

3.3. Eﬀect of electron transport materials on the photovoltaic performance
Seeking further improvement in performance of devices processed
from 1:1:1 (PbI2:MAI:MACl) precursor, three potential electron transporting materials, PCBM, bis-PCBM and a-PTCDI were compared. The aPTCDI investigated here is soluble in organic solvents, and forms
amorphous ﬁlms when processed from solution (Langhals et al., 2012).
Moreover, its rather high LUMO level seems auspicious for achieving
high open circuit voltage values. The energy level diagram of all device
materials, and the chemical structures of the organic electron transport
materials are shown in Fig. 6. The HOMO levels of PCBM, bis-PCBM and
a-PTCDI are rather deep, −6.0, −6.1 (Ye et al., 2013) and −6.0 eV,
(Huang et al., 2011) respectively, which is highly beneﬁcial for eﬀective hole-blocking.
The J-V curves as well as the EQE measurements of the investigated
devices (Fig. 7) display distinct diﬀerences for the device performances.
The photovoltaic parameters are summarized in Table 1. Devices
without ETL fail to perform properly despite the reported ambipolar
characteristics of organic-inorganic halide perovskites and their use as
n-type transporters (Ball et al., 2013; Lee et al., 2012; Noh et al., 2013).
Indeed, high eﬃciency electron acceptor-free perovskite solar cells
(PCE ∼ 14%) (Ke et al., 2015) have been reported. Our devices, however, use a low work function metal electrode (Al), which in direct
contact with perovskite shows very poor performance. This suggests,

Fig. 6. Schematic of the energy level alignment for the investigated device conﬁguration ITO/PEDOT:PSS/MAPbI3-xClx/ETL/Al, (top), as well as the molecular structures of the ETL
materials, PCBM, bis-PCBM and a-PTCDI, (bottom).
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Fig. 7. J-V characteristics of MAPbI3-xClx devices without and with ETL (PCBM, bis-PCBM or a-PTCDI (a), and the EQE spectra of the devices with ETL (b).

recently utilized in the preparation of perovskite solar cells, which
showed superior characteristics compared to the PCBM-assisted counterparts (Zhang et al., 2017).
A signiﬁcant challenge in the use of a-PTCDI was, the rather poor
ﬁlm formation by spin coating which made us to use drop casting instead. Even with a rather ill-deﬁned layer of a-PTCDI the solar cells
outperformed their counterparts, which used bis-PCBM. Improving the
processability of a-PTCDI by optimization of its molecular structure
and/or the processing parameters could yield devices with signiﬁcantly
enhanced performance.

Table 1
Performance parameters of ITO/PEDOT:PSS/MAPbI3-xClx/ETL/Al solar cells with different electron transport materials.
ETL

Voc (V)

Jsc (mA/cm2)

FF

PCE (%)

Without ETL
bis-PCBM
a-PTCDI
PCBM

0.25
0.934
0.897
0.940

0.29
10.67
14.43
17.92

0.31
0.48
0.65
0.76

0.02
6.0
8.4
12.8

3.4. Shelf stability
For practical applications, not only the power conversion eﬃciency
but also the stability and lifetime of the photovoltaic device are critical.
The environmental stability of perovskite solar cells is aﬀected by the
intrinsic instabilities of the perovskite absorber, as well as extrinsic
factors which degrade the device as a whole and remains a key challenge to the commercialization of perovskite solar cells. The shelf stability under inert atmosphere (nitrogen-ﬁlled glove box) of unencapsulated MAPbI3 perovskite solar cells fabricated from chloridefree precursor formulation (Tombe et al., 2017) and of the best performing CH3NH3PbI3-xClx solar cells fabricated from the 1:1:1
(PbI2:MAI:MACl) precursor formulation was monitored over six
months. The J-V performance parameters of the devices are shown in
Fig. 9 and are summarized in Tables S1 and S2.
The perovskite solar cells are known to be susceptible to moisture
ingress (Habisreutinger et al., 2014; Noh et al., 2013), methylammonium iodide egress, (Conings et al., 2015) and corrosion of metal
electrodes by the reaction with the halides in the perovskite. The use of
a pinhole-free metal oxide layer to prevent metal-halide interaction was
reported as a viable approach to enhance stability in PSCs (You et al.,
2016).
It is noteworthy that initially the open circuit voltage and the short
circuit current density for both devices, MAPbI3-xClx and MAPbI3, exhibit relatively small losses over time. The reduction in ﬁll factor, on
the other hand, appears as the primary symptom of the device degradation (Fig. 9, Tables S1 and S2). Both MAPbI3 and MAPbI3-xClx
perovskite solar cells showed distinct sign of aging without encapsulation or any special protection displaying irreversible degradation, most likely due to traces of moisture in the glove box atmosphere.
After 6 months, the MAPbI3 device retained 33% of its original
power conversion eﬃciency whereas the MAPbI3-xClx device retained
50%, reﬂected in reduced FF and Jsc (Tables S1 and S2). This might be
also indicative for the hygroscopic nature of PEDOT:PSS, which can
induce degradation of ITO (de Jong et al., 2000) and decomposes the

Fig. 8. PL spectra of perovskite ﬁlms prepared on glass substrates from 1:1:4
(PbI2:PbCl2:MAI) precursor solution: without ETL (black squares), with bis-PCBM layer
(red dots), with a-PTCDI layer (blue triangles) and with PCBM layer (magenta upside down
triangles). (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)

numbers (Table 1).
The eﬃciency of devices with bis-PCBM was limited by a much
lower FF and Jsc inﬂicted by lower parallel resistance as can be seen
from the slope of J-V curves in reverse bias. So we found that the ETL
layer quality and its interface property are very critical for achieving
high performance. The external quantum eﬃciency (EQE) spectra of
the best-performing perovskite solar cells (PSC) with PCBM, bis-PCBM
and a-PTCDI as ETL are presented in Fig. 7b. The EQE data corroborate
the J-V results and show a gradual decrease, PCBM > a-PTCDI > bisPCBM. The rather poor performance of bis-PCBM compared to PCBM is
likely to be related to its composition of numerous isomers, which is
linked to deﬁcient morphological and energetic order inducing a reduction of the short circuit current density (Jsc) in polymer solar cells
(Bouwer et al., 2012). Isomeric pure α-bis-PCBM, however, has been
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Fig. 9. J-V response under AM1.5G illumination for typical freshly-prepared and aged glass/ITO/PEDOT:PSS/perovskite/PCBM/Al solar cells, (a) MAPbI3 and (b) MAPbI3-xClx kept in
glove box (N2) and measured once per month over the course of six months.
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4. Conclusion
Seeking to understand and improve the performance of perovskite
solar cells fabricated in a straight forward fashion, we demonstrated
that overall ion composition of precursor formulation has a critical
inﬂuence on the perovskite crystallization and ﬁlm morphology while
the components by which these ions are introduced, lead and/or methylammonium halides, seem non-relevant. The apparent correlation
between device performance and perovskite grain size shows, that large
(micrometer-sized) grains are an important morphological feature of
high eﬃcient perovskite solar cells. The presence of a suitable non
stoichometric amount of MACl in the perovskite formulations 1:1:1
(PbI2:MAI:MACl) and 1:1:4 (PbI2:PbCl2:MAI), facilitates favorable
crystallization dynamics in ambient atmosphere. Rather high amounts
of MACl, in 1:3 (PbCl2:MAI) formulation, however, appear to yield
perovskite layers with poor morphology and device performance under
the used conditions. Furthermore, an electron transport layer between
perovskite and low work function electrode proofed to be essential for
our cell design, glass/ITO/PEDOT:PSS/perovskite/ETL/Al, for better
charge extraction, to inhibit electrode corrosion and perovskite degradation. Out of the three solution-processable electron acceptor materials tested, PCBM, bis-PCBM and an amorphous a-PTCDI, PCBM
provided the best performance due to a favorable interface and energy
level alignment promoting eﬀective electron transfer and low probability for charge recombination.
Perovskite solar cells prepared in absence of MACl (purly PbMAI3
formulation) showed quite good performance initially, but signiﬁcantly
lower shelf live time compared to the devices fabricated with the
mixed-halide MAPbI3-xClx perovskite formulation. The realization of
practical goals such as commercialization of perovskite solar cells will
be strongly determined by a detailed understanding of the roles played
by perovskite chemistry, crystallization dynamics, the eﬀects of processing parameters, key materials employed in perovskite device layers
and the achievable stability.

Appendix A. Supplementary material
Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.solener.2018.01.083.
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