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A simple two-step method was used to produce efficient planar organolead halide perovskite solar
cells. Films produced using solely iodine containing precursors resulted in poor morphology and
failed devices, whereas addition of chlorine to the process greatly improved morphology and
resulted in dense, uniform perovskite films. This process was used to produce perovskite solar cells
with a fullerene-based passivation layer. The hysteresis effect, to which planar perovskite devices
are otherwise prone, was greatly suppressed through the use of this interface modifier. The combined techniques resulted in perovskite solar cells having a stable efficiency exceeding 11%. This
straightforward fabrication procedure holds promise in development of various optoelectronic
C 2015 AIP Publishing LLC.
applications of planar perovskite films. V
[http://dx.doi.org/10.1063/1.4917238]

Organolead halide perovskites have garnered significant
interest in recent years in light of their rapid rise in photovoltaic (PV) power conversion efficiency (PCE). Building on
early reports of promising device performance,1–4 the certified efficiency has now reached over 20%.5,6 This is comparable to vacuum deposited thin film solar cells (such as
CdTe), but, remarkably for such efficiencies, perovskites are
amenable to low-temperature solution processing.7–9
Efficient perovskite devices have been developed in
many configurations, including both as planar films10 and
with perovskite infiltrated into mesoporous scaffolds of titania,11 alumina,12 nickel oxide,13 or zirconia.14 These structures have been used with conventional materials stacks on
TiO2 and with organic photovoltaic (OPV) style inverted
structures.15 While the most efficient devices are currently
mesoscopic in nature, planar films are of interest due to their
relative processing simplicity as well as their potential in
other non-PV applications such as photodetection and photoemission. However, one-step processing of uniform and
pinhole-free planar films has been found to require stringent
processing conditions.16 A two-step interdiffusion approach
has recently been shown to result in high quality films in an
OPV-style structure.17
Unfortunately, planar devices have also been shown to
be more susceptible to hysteretic effects18,19 which have
been attributed to the migration of ions within the perovskite
film.20,21 The ionic current can arise due to unpassivated trap
states that are found at perovskite grain boundaries due to
non-ideal formation conditions.22 Various schemes have
been developed to reduce the effect of these dangling bonds
by application of passivants at the film interfaces23,24 and
within the film.20 Indeed, fullerenes have been found to passivate these trap states efficiently and reduce hysteresis in
perovskite devices.20,25,26 Intriguingly, inverted (or OPV
a)
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style architecture) perovskite cells typically use fullerenes as
an electron extracting layer and tend to have low hysteresis.27,28 Here, we aimed to build efficient planar conventional
architecture perovskite solar cells through a two-step interdiffusion route using a phenyl-C61-butyric acid methyl ester
(PCBM, a fullerene derivative) interfacial layer to reduce
hysteresis.
The process used is depicted in Figure 1(a). Fluorinedoped tin oxide (FTO) substrates were coated with a 50 nm
TiO2 compact layer deposited by sputtering in an Angstrom
Engineering Åmod deposition system and followed by a TiCl4
treatment described previously.29 For devices using PCBM
interfacial layers, a 10 mg/ml solution of PCBM dissolved in
chlorobenzene was cast on top of the TiO2 at 4000 rpm. PbI2
was dissolved in dimethylformamide (DMF) to a 0.8 mol/ml
concentration and methylammonium iodide (MAI) was dissolved in isopropanol (IPA) at 0.25 mol/ml. Both the substrates and the PbI2 solution were heated to 65  C. 80 ll of the
PbI2 precursor was spin-cast onto the hot substrate at
6000 rpm and the film was left to dry at 65  C for 5 min. The
substrate was cooled to room temperature, after which 100 ll
of the MAI solution was cast while the substrate was spinning
at 3000 rpm. This led immediately to a darkening of the film
as perovskite was formed at the interface of the two precursors. To form the perovskite fully, the film was dried at 70  C
for 10 min, then ramped to 90  C for 15 min, and finally at
125  C for 12 min to encourage crystal growth.30 SpiroOMeTAD was dissolved in chlorobenzene at 63 mg/ml and
doped using 20 ll/ml of tert-butylpyridine and 70 ll/ml of an
acetonitrile solution containing 170 mg/ml bis(trifluoromethane)sulfonimide lithium salt. This solution was filtered and
spin-cast at 4000 rpm after the films had cooled. To form the
top contacts, 100 nm of gold was deposited through a shadow
mask by e-beam evaporation. The electronic structure of the
device is displayed in Figure 1(b), with the TiO2/PCBM serving as the electron-extracting electrode and the SpiroOMeTAD serving the same purpose for holes.
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FIG. 1. Fabrication process used in this work. (a) PbI2 is deposited on the
TiO2 substrate followed by casting of a methylammonium halide solution.
Perovskite is formed at the interface between the two layers. Upon annealing, the precursors interdiffuse and the complete perovskite film is formed.
(b) Electronic band structure of the device. Electrons are extracted through
the TiO2, while holes are extracted through the Spiro-OMeTAD layer.

Though perovskite was formed, the films were visibly
hazy and in our initial tests the devices were often shortcircuited. This suggested that poor morphology was preventing full coverage of each device layer and resulting in
non-selective charge carrier extraction.
We used scanning electron microscopy (SEM) to verify
this hypothesis. Since the haziness occurred as the MAI solution was deposited, we first inspected a sample immediately
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prior to the annealing step. Surprisingly, the film did not consist of a flat MAI layer on top of PbI2, as shown in Figure
2(a); instead, large micron-scale protrusions from the surface
of the film were observed. These dramatic features are much
larger than the combined thickness of the device layers. As
seen in the 45 view of Figure 2(c), many of these features
are distributed over the film, resulting in large nonuniformity. Rapid reaction of the precursors may lead to perovskite
growth over droplets of MAI solution as the IPA is evaporating. In some cases, the solution is pushed upwards as the perovskite grows, leading to the structures seen in Figure 2(a).
Following the annealing process, the structures are not as
apparent but result in large morphological variations
throughout the film, as shown in Figure 2(e).
Since these poor morphologies showed poor performance, we sought to control the crystallization of the film by
adding chlorine into the process. The addition of chlorine as
a precursor has been shown to improve electronic properties
of perovskites, even though it is not detected in the final
product.22,31,32 Chloride is also known to aid formation of
high quality perovskite films by controlling crystallization.33,34 We took the view that this would be particularly
helpful for the two-step interdiffusion method to maintain
uniform growth from the interface between the precursors.
We introduced Cl in the form of methylammonium chloride
(MACl, prepared according to literature methods).32 A
0.25 mol/ml solution of MACl in IPA was produced and
mixed with the MAI solution at a ratio of 2:1 (MAI:MACl).
The mixture was then used in place of the MAI solution in
the film preparation.

FIG. 2. Scanning electron micrographs
of the perovskite films formed with
and without chlorine inclusion. (a) and
(b) Cross sectional view of the films of
PbI2 and either (a) MAI or (b) MAI
and MACl, both prior to annealing. (c)
45 view of the iodide only film prior
to annealing. (d) 45 view of the film
with chlorine inclusion prior to annealing. (e) 45 view of the iodide only
film after annealing. (f) 45 view of the
film with chlorine inclusion after
annealing. Inset: close-up view to
show grains.
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Notably, the film formed following deposition of the
precursors was specularly reflective, in contrast to the diffuse
reflectance of the films prepared using iodine only. SEM of
the chloride prepared film, shown in Figure 2(b), showed flat
films with no apparent protrusions caused by rapid reaction.
The unreacted precursors are apparent and evenly distributed. As seen from the 45 micrograph in Figure 2(d), the
film has long range uniformity. Finally, upon annealing, a
dense perovskite film is formed, with crystallites in the range
of hundreds of nanometers (Figure 2(f)). In sum, through
simple addition of a chlorine precursor, the morphology was
drastically improved. Absorption and photoluminescence
(PL) measurements confirmed that, for both precursor sets,
MAPbI3 perovskite was formed. As seen in Figure S1,35 the
absorption onsets for both films are the same, and sharp PL
peaks were observed. Notably, the film with MAI precursor
had better absorption beyond 550 nm, likely due to the difference in morphology. Indeed, as seen in Figure S2,35 the
film formed without chloride varied greatly in thickness as a
consequence of the rapid film reaction. MACl inclusion
resulted in a generally thinner film, but with long range
thickness uniformity.
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The improved dense and uniform perovskite films
allowed us to build devices with a high yield. We proceeded
to build solar cells and observe the effect of a PCBM interlayer. A Keithley 2400 source-meter was used to measure the
current density-voltage scans of the devices under AM1.5G
simulated solar illumination. Scans were recorded both for
increasing and decreasing voltage to observe any hysteretic
effects. The stability at the maximum power point (MPP) was
determined by measuring the current density while the voltage
was held at MPP as determined by the open-circuit to shortcircuit scan. The source intensity was measured using a
Melles-Griot broadband power meter and spectral mismatch
was corrected for using a calibrated reference Si solar cell.
A J-V scan for a device with no PCBM layer is shown
in Figure 3(a). It can be seen that there is a large discrepancy
between the two scans in different directions due to the lack
of passivation. While the open-circuit to short-circuit scan
displays good short-circuit current (JSC), open-circuit voltage
(VOC), and fill factor (FF), the reverse scan shows significant
losses in all of these parameters. In contrast, the device with
a PCBM interfacial layer (Figure 3(b)) demonstrates greatly
reduced hysteresis.

FIG. 3. Device performance of chloride derived perovskite films with and
without PCBM layer. (a) J-V scans of
a device with no PCBM interfacial
layer. The arrows correspond to the
scan direction. (b) J-V scans for a device with a PCBM interfacial layer
demonstrating reduced hysteresis. (c)
Static PCE scan with the voltage held
at the MPP voltage. Open blue squares
represent the device with no PCBM,
while closed red circles indicate the
device with PCBM layer. (d)
Distribution of device performance.
For each box plot, the horizontal line
represents the mean of the data set,
while the shaded box shows the standard error of the mean. The whiskers
represent the standard deviation and
each point is a different device. (e)
Transient photoluminescence curves at
770 nm emission for perovskite films
on TiO2 with (red circles) and without
(open blue squares) PCBM. (f)
Semilog plot of transient PL measurements at short time scales to show fast
decay behavior.
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The operation of a solar cell must be judged not be
through J-V scans, but rather through constant power output
at MPP conditions. Thus, the efficiency of the cells in
Figures 3(a) and 3(b) was measured over time in order to approximate the expected efficiency of an operating device and
eliminate the complications of hysteretic J-V curves. The device with no PCBM layer dropped nearly 50% from its initial
value before settling at 6.2% PCE. In contrast, the addition
of a PCBM interlayer resulted in a very stable PCE output at
11.1% PCE. The PCBM interlayer significantly reduces the
hysteresis and leads to high efficiency devices due to
improved passivation of the TiO2/perovskite interface. It is
likely that PCBM infiltrates somewhat into the relatively
thin (250 nm) perovskite film and thus reduces internal traps
while improving electronic extraction.20 The distribution of
device performance can be seen in Figure 3(d). Here, we
show the PCE of each device based on a static MPP scan to
most fairly compare the performance. The use of the passivating PCBM layer increases the mean PCE from 4.4% up to
9.0% over approximately 30 devices.
To better understand the effect that the PCBM layer had
on the device performance, we measured time-resolved photoluminescence decay curves (Figures 3(e) and 3(f)) of perovskite films on TiO2 with and without a PCBM interfacial layer.
Measurements were carried out on a Horiba FluoroLog-3 spectrofluorometer using a 504 nm pulsed laser diode excitation
source and the emission was monitored at 770 nm. Without
PCBM, the decay exhibits single exponential character with a
decay time of 43.5 ns. Inclusion of the PCBM layer changes
the decay to bi-exponential, with a fast component of 2.1 ns
and a slow component of 74.5 ns. The addition of PCBM
results in a remarkable increase in PL quenching, indicating
very fast electron transfer to the PCBM. This improved extraction can prevent the accumulation of excess capacitive charge
that leads to hysteresis.19 This explanation is supported by the
observation of an increased hysteresis appearing at very fast
scan rates (Figure S3)35 when settling time is insufficient to
eliminate the effect of stored charge. PCBM may also be passivating interface states that trap charge carriers, both at the
junction26 and at grain boundaries.20 This result also serves to
emphasize the importance of reporting the steady state power
output, as in Figure 3(d), in order to avoid transient effects that
can obscure actual device performance.
In summary, we have demonstrated a method of producing efficient planar perovskite solar cells with high yield
through morphological and interfacial improvements. Addition
of a chloride precursor to the film fabrication results in a significantly more uniform film that prevents device short-circuiting.
A PCBM passivation layer serves to significantly reduce the
hysteresis that plagues many planar perovskite devices and
results in a high, stable PCE. Furthermore, the technique
should be extendable to other perovskite stoichiometries,
including those containing bromide or alternative organic compounds. This work provides a simple route to development of
various planar perovskite optoelectronic devices.
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