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L
ow-temperature, solution-processable
solar cells have become very attractive
because they can be manufactured

cost-effectively on large scales and with high
throughput.1�5 Recently, methylammonium
lead halide perovskites (CH3NH3PbI3) have
been identified as promising absorbers for
solar cell applications with very impressive
power conversion efficiencies (PCEs) of over
15%,6�10 due to their remarkable long-
range, balanced electron and hole transport
diffusion lengths and their bipolar charge
transport capabilities.11�14 Previous studies
of high-efficiency perovskite solar cells have
often made use of (mesoscopic) metal ox-
ides, such asAl2O3, TiO2, andZnO,

15�18which
require high-temperature sintering to form a
scaffold structure. Structures with a planar
junction have also been reported,19�24

where the perovskite film is sandwiched
between selective electrodes, obviating
the need for a nanostructured (scaffold)
electron acceptor and simplifying the de-
vice processing procedure.

CH3NH3I and PbCl2 mixture are the most
commonly used materials in the deposition
solution in one step planar structures.21�23

The 3CH3NH3I:PbCl2 precursor, rather than
forming the mixed halide CH3NH3PbI3�xClx,
yields pure CH3NH3PbI3 perovskite accom-
panied by the release of gaseous CH3NH3Cl
(MACl) (or other organic chlorides in a simi-
lar form) byproduct, as indicated by the
weak Cl signal in the bulk perovskite
films.25,26 Since the crystallization process
of CH3NH3PbI3 can be controlled during the
phase of forming intermediate organometal
mixed halide, the photovoltaic properties of
the perovskite films are typically superior to
those of films formed directly in one step
precipitation process from a CH3NH3I and
PbI2 mixture.12,27 Nevertheless, controlling
the crystallization process of perovskite
films remains a challenging issue. The
CH3NH3PbI3 perovskite crystallization from
the 3CH3NH3I:PbCl2 precursor is found to be
strongly affected by the ambient, which in
turn can compromise the performance and
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ABSTRACT Solar cells incorporating lead halide-based perovskite absorbers can exhibit

impressive power conversion efficiencies (PCEs), recently surpassing 15%. Despite rapid

developments, achieving precise control over the morphologies of the perovskite films

(minimizing pore formation) and enhanced stability and reproducibility of the devices remain

challenging, both of which are necessary for further advancements. Here we demonstrate

vacuum-assisted thermal annealing as an effective means for controlling the composition and

morphology of the CH3NH3PbI3 films formed from the precursors of PbCl2 and CH3NH3I. We

identify the critical role played by the byproduct of CH3NH3Cl on the formation and the

photovoltaic performance of the perovskite film. By completely removing the byproduct through

our vacuum-assisted thermal annealing approach, we are able to produce pure, pore-free planar CH3NH3PbI3 films with high PCE reaching 14.5% in solar

cell device. Importantly, the removal of CH3NH3Cl significantly improves the device stability and reproducibility with a standard deviation of only 0.92% in

PCE as well as strongly reducing the photocurrent hysteresis.
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reproducibility of the perovskite device. For instance,
while ambient moisture has been reported to detri-
mentally affect the structure and stability of the
perovskite,28 a humidity-controlled environment has
also been reported to facilitate the crystallization of
perovskite films.29 In addition, in a glovebox, gases
and vapors released during film formation (e.g., sol-
vent vapor from the perovskite precursor solution) are
also difficult to control, which may affect the perov-
skite crystallization. Therefore, an effective approach
for enhancing the morphology of perovskite films
through controlling their crystallization process is
highly desired.
In this study, we propose a vacuum-assisted thermal

annealing method for providing favorable environ-
ment for effectively controlling the crystallization of
the perovskite films. Besides confirming the generation
of MACl byproduct, our studies indicate that MACl
plays a critical role during the perovskite film formation
and device degradation. By promoting the release
of MACl and suppressing residual MACl in the film
through the vacuum-assisted thermal annealing, we
are able to obtain pore-free and well crystallized pure
triiodide (CH3NH3PbI3) perovskite films that contained
no residual chloride species. As a result, we realize
highly stable and efficient solar cells displaying excel-
lent reproducibility (13.60 ( 0.92% among 60 devices;
highest PCE: 14.52%) and a very small photocurrent
hysteresis effect.Webelieve that this approachwill also
enable further improvements in the performance of
related perovskite materials.

RESULTS AND DISCUSSION

The Importance of MACl Release Rate in Perovskite Forma-
tion. Starting with CH3NH3I (MAI) and PbCl2 as mixed
precursors in a 3:1 molar ratio (hereafter referred to as
“3MAI:PbCl2”), the overall stoichiometry of the conver-
sion reaction is as follows25 (intermediate phase during
the reaction is omitted):

3CH3NH3Iþ PbCl2 f CH3NH3PbI3 þ 2CH3NH3Cl (MACl)v (1)

During the reaction, a chloride compound with the
chemical composition of MACl is generated. We con-
firmed the generatedMACl by performing XPS analysis
on the white mist collected during the thermal anneal-
ing process of the perovskite precursor, which con-
tained compound signals for chlorine, carbon and
nitrogen atoms [Supporting Information Figure S1].

At the onset of the conversion reaction 1, MACl is
generated at a certain rate upon thermal annealing.
Here, we find that achieving a faster release rate than
the generation rate of MACl is key for preventing pore
formation in perovskite films. To fulfill this require-
ment, we introduce a vacuum-assisted thermal anneal-
ing (VATA, seeMethods section for details) approach as
a means for controlling the removal of the MACl
byproduct.

To illustrate the importance of the MACl release
rates during the crystallization of pore-free CH3NH3PbI3
perovskite, we thermally annealed samples prepared
from the 3MAI:PbCl2 solutions separately in a vacuum
chamber and in a glovebox. First, we observed the
color of the film changed from yellow to red-brown
upon annealing concurrently with crystallization. There-
fore, we could correlate the rate of color change to
that of the crystallization. We found that the vacuum
condition of thermal annealing, which determines the
release rate of MACl by vaporization, strongly affects
the crystallization time of CH3NH3PbI3 films. It has been
reported that 3CH3NH3I:PbCl2 film with poly(methyl
methacrylate) coating (preventing the release of MACl)
showed little changes in color even after high tem-
perature thermal annealing for long period.26 In our
experiment, as revealed in Figure 1a,b, the crystal-
lization time of the perovskite film in a glovebox
was 80 min when annealed at 60 �C. In the vacu-
um chamber, the crystallization time of the perovskite
films decreased to 30 min when annealed at the
same temperature. Therefore, the release of MACl
byproduct, which leaves room for the perovskite, sig-
nificantly accelerates the perovskite crystallization
process.

It should be noted that the humidity levels during
film formation can also considerably affect the crystal-
lization rate of the perovskite films, which were speci-
fically excluded from our vacuum and nonvacuum
devices for rational comparison of theMACl byproduct:
the humidity level in our glovebox and vacuum cham-
ber was strictly controlled to less than 1 ppm. As a
reference, we added 3% H2O into the perovskite pre-
cursor solution, andobserved the crystallization time at
60 �C in glovebox greatly increased to∼10 h. We have
also fabricated perovskite films in air (with certain
humidity) and observed different morphologies com-
pared to films formed in glovebox and in vacuum
[SEMs pictures of the samples are shown in Supporting
Information Figures S4�S6]. Because of its high sub-
limation point of about 200 �C,30 the release of MACl
can happen at annealing temperature higher than
∼170 �C.30 We deduce that the MACl released from
the film could be in the form of MA and HCl gas state
molecules. These MA and HCl gas state molecules can
convert to solid state MACl when they recombine. The
solvent, e.g., H2O, would retain these molecules, mak-
ing the escape of MACl harder than that of the
moisture-free samples.

More importantly, we found that the morphologies
of the films thermally annealed in the glovebox
[Figure 1a] and vacuum chamber [Figure 1b] were
considerably different. In the former case, the annealed
films generally featured loosely packed, larger crystals
surrounding pores. Here, we attribute the morpholog-
ical features, i.e., crystal size and pore structure of the
perovskite to the accumulation of theMACl byproduct,

A
RTIC

LE



XIE ET AL. VOL. 9 ’ NO. 1 ’ 639–646 ’ 2015

www.acsnano.org

641

whichmay be driven by the thermal kinetics within the
perovskite film. The accumulation of the MACl bypro-
duct is controlled by the ratio of generation rate versus
the release rate of MACl. From reaction 1, it can be
inferred that an increase in the annealing temperature
would favor the forward reaction, such that the rate of
generation of MACl would increase. At low annealing
temperature (60 �C) in glovebox, small pores are
formed as shown in Figure 1a. Due to the high sub-
limation point of 195 �C, the release rate of MACl in
ambient pressure is very small. Here, the balance of
MACl is dominated by MACl generation, leading to
moderate accumulation of MACl. The moderately ag-
gregated MACl thus left small pores after thermal
annealing. For the samples thermally annealed at
higher temperatures, the generation ofMACl increased
further, giving rise to MACl accumulation to a greater
extent. As a result, we could observe crystals of larger
size (Supporting Information Figure S4). In contrast,
when the films were annealed in vacuum at 60 �C, the
sublimation point of MACl decreased upon decreasing
the pressure, thereby facilitating the release of MACl.
The MACl release rate thus exceeds that of generation,
which can effectively suppress MACl aggregation in
the film. Such an environment enables the perovskite
to grow into a compact, pore-free, and better crystallite
structure at 60 �C in vacuum [Figure 1b]. Therefore, it
can be concluded that the key for obtaining con-
densed and pore-free film is a controlled balance of
MACl where the release rate is greater than the gen-
eration rate. Due to the high sublimation point ofMACl,
achieving such a criterion under ambient pressure (in
glovebox) is very difficult. However, under vacuum, it
can be easily realized by the VATA approach.

Next, we studied the surface roughness of the films
prepared via the VATA method. The AFM image in
Figure 2a reveals formation of a smooth film having a
root-mean-square roughness of 9.59 nm for a film
thickness of 300 nm. The AFM measurement was
carried out over an area of 5 μm2, which was chosen

randomly from a large and uniform VATA film. The
uniformity of the large-area filmwas confirmed by SEM
[Supporting Information Figure S9], which could en-
sure minimal uncertainty in our measurement. The
corresponding root-mean-square roughness of perov-
skite film in glovebox is 12.4 nm [Supporting Informa-
tion Figure S7a]. From the phase image of the
perovskite film in Figure 2b, we observed that small
crystals were formed their quality being comparable to
that of evaporated CH3NH3PbI3 films.7,31 Figure S8 in
Supporting Information displays the morphologies of
samples of various thicknesses (300, 250, 200, and
100 nm) that had been subjected to an annealing
temperature of 60 �C in the vacuum chamber. In each
case, we obtained the same smooth, pore-free film,
suggesting that such vacuum annealing is a very
efficient and reproduciblemethod for different proces-
sing conditions. The excellent compactness of the
perovskite films was also revealed from the real and
imaginary parts of the refractive index n and k, respec-
tively [Supporting Information Figure S17a]. The de-
rived absorption length is given in Supporting
Information Figure S17b. The real part of the refractive
index of the thermally annealed perovskite film
reached as high a value as 2.86 at 520 nm, while the
absorption length at 600 nm is 235 nm. The measured
high refractive indices are comparable with, or even
higher than values previously reported,32 indicating that
our films are compact. Consequently, by balancing the
rates of generation and release of MACl through a
combination of thermal and vacuum treatment, we
could obtain smooth, pore-free perovskite films exhibit-
ing high refractive indices and extinction coefficients.

Highly Stable and Efficient Solar Cells with Excellent Repro-
ducibility and Very Little Photocurrent Hysteresis. To demon-
strate that our pore-free CH3NH3PbI3 film would be
an efficient light harvester for solar cells, we pre-
pared a simple device structure using typical or-
ganic semiconductors19,33 as selective electron and
hole extracting materials; as displayed in Figure 2c,

Figure 1. SEM images of the top surfaces of perovskite films. SEM images of perovskite films obtained from 3MAI:PbCl2
precursor, formed on PEDOT:PSS/ITO glass substrates, after thermal annealing in (a) a glovebox and (b) a vacuum chamber
at 60 �C.
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the embodiment was indium tin oxide (ITO)/poly-
(3,4-ethylenedioxythiophene):polystyrenesulfonate
(PEDOT:PSS, 50 nm)/spin-coated CH3NH3PbI3/6,6-
phenyl-C61-butyric acid methyl ester (PCBM, 50 nm)/
poly(9,9-bis(30-(N,N-dimethyl)-N-ethylammonium-pro-
pyl-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene))dibromide
(PFN-Br)/Ag (100 nm). Here, we used PFN-Br to de-
crease the Schottky barrier between PCBM and Ag
and, thereby, greatly enhance the electron extraction
from the perovskite solar cell (see Supporting Informa-
tion Figure S14). We performed device optimization
over 200 independent pure-triiodide (CH3NH3PbI3) films
prepared from the mixed CH3NH3I and PbCl2 precursor.
Supporting Information Figure S12 andTable S1provide
the device performances of 300 nm-thick CH3NH3PbI3
solar cells prepared using different annealing tempera-
tures. Supporting Information Figure S13 and Table S2
list the performances of device incorporating films of
various thicknesses that had been prepared at 60 �C;
Supporting Information Figures S18 and S19 present
the corresponding absorptions of the perovskite films of
various thicknesses and the incident photon-to-current
efficiencies (IPCEs) of the various devices along with
the short circuit photocurrents derived from integrating
the IPCE over the AM1.5G solar spectrum. The good
agreement between the measured and the integrated
photocurrents (also shown in Supporting Information
Table S2) indicates that any spectral mismatch during
the measurement is negligibly small.

The most efficient devices employing a perovskite
film with a thickness of 300 nm were obtained from a
3MAI:PbCl2 solution having a concentration of 50%
by weight, applying a spin rate between 2000 and
2500 rpm, and with vacuum thermal annealing at
60 �C. The maximum PCE was 14.30% at the forward
scan [Figure 3a]; this value is comparable with those of
state-of-art perovskite solar cells prepared using either
solution or vacuum deposition methods.7,31 The aver-
age performance, from 60 measured devices, corre-
sponded to a short-circuit photocurrent density (JSC) of
18.28 mA/cm2, an open-circuit voltage (VOC) of 1.02 V,
and a fill factor (FF) of 0.73, leading to an PCE of 13.60%
(with a standard deviation of only 0.92%) under AM1.5
solar illumination at 100 mW/cm2 [see Figure 3c�f
and Supporting Information Tables S1 and S2]. The
deviation in PCE of less than 10% suggested excellent
reproducibility from device to device. It should be
noted that due to the very high mobility of the
perovskite material, each unit of the cell was cut
separately to ensure accurate measurement. We attri-
bute the high efficiency and reproducibility to the
smooth, finely crystalline, and pore-free CH3NH3PbI3
films formed through vacuum-assisted thermal an-
nealing. The performance of the glovebox-annealed
devices [Supporting Information Figure S10] sug-
gested that the existence of pores in the perovskite
films had a much greater impact than did the crystal
size.

Figure 2. Top-surface AFM images of perovskite films and cross-sectional SEM images of complete perovskite device. (a and b)
AFM (a) topographic and (b) phase images of the surface of a perovskite film formed on a PEDOT:PSS/ITO glass substrate
and thermally annealed in a vacuum chamber at 60 �C. (c) Cross-sectional SEM image of perovskite device having the
structure ITO/PEDOT:PSS/CH3NH3PbI3/PCBM/PFN-Br/Ag.
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To examine the importance of a pore-free
CH3NH3PbI3 film on the various electronic properties
of the perovskite materials, we performed time-re-
solved photoluminescence (PL) measurements to de-
rive the electron diffusion lengths of perovskite films
that we had prepared using vacuum-assisted thermal
treatment. We deposited CH3NH3PbI3 layer with a
thickness of 250 nm on PEDOT:PSS support acting as
hole selective contact. Figure 3b reveals that the PL
decay of the neat CH3NH3PbI3 film exhibited a time-
constant (τ) of 31.2 ns, when fitted by a single expo-
nential decay model. The addition of the PCBM elec-
tron extraction layer accelerated the PL decay, the
decay kinetics of which can be analyzed by a one-
dimensional diffusion model.11,12 From the time-
resolved PL decay measured at the peak emission
(770 nm), we determined the electron diffusion length
to be 229.7 ( 8.5 nm. Thus, the measured diffusion
length of our perovskite is comparable to the reported
values.11,12 We conclude that the long carrier diffusion
length in the finely crystalline, pore-free triiodide
absorbers enabled the observed high photocurrent
output from the corresponding solar cells.

To detect any hysteresis in the photocurrent�
voltage curve, we recorded the J�V curve both in
forward and reverse bias directions. The efficiency of
the forward scan (14.3%) only deviated slightly from
that of the reverse scan (14.75%), averaging 14.52%

[Figure 3a]. Supporting Information Figure S 15 pre-
sents the effect of the scan rate on the J�V character-
istics. JSC and FF exhibited no substantial dependence
on the scan rate, confirming the absence of any sub-
stantial hysteresis effects in our devices. Meanwhile,
perovskite device thermally annealed in glovebox
shows significant hysteresis effect (Supporting Infor-
mation Figure S11). One cause of photocurrent hyster-
esis can be the presence of trapped ions within a
device and from a large number of electron traps
which are prone to be formed in disordered porous
perovskite layers.34 In our device, the formation of such
electronic surface states is impaired by the use of
organic conductor (PEDOT:PSS, PCBM/PFN-Br) as hole
and electron scavenging layer, creating a smooth
contact with the perovskite absorber, thereby mitigat-
ing the possibility of carrier trapping at the interface.
More importantly, the pore-free perovskite layer
ensured that minimal charge carriers were trapped
at defect-related trap sites. Moreover, the residual
chloride was removed through vacuum-assisted an-
nealing treatment, resulting in the formation of a pure
triiodide absorber; this factor contributed to decreas-
ing the hysteresis effect caused by an excess of mobile
ions within the crystal lattice.34 Thus, vacuum-assisted
processing in the perovskite solar cell resulted in
both high performance and diminished photocurrent
hysteresis.

Figure 3. Characteristics of photovoltaic performance and PL behavior of a perovskite device. (a) J�V curve of the best solar
cell, after forward and reverse scans with a delay time of 100 ms with a voltage step of 0.01 V. (b) PL decay measurements
fitted to a single-exponential decay and diffusionmodel for the triiodide (CH3NH3PbI3) in the presence and absence of PCBM
quenchers. (c�f) Histograms of the solar cell reproducibility from 60 tested devices: (c) Jsc, (d) Voc, (e) FF, and (f) PCE.
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Finally, we investigated the stability of devices
incorporating the pore-free triiodide absorbers. All
cells were tested unsealed in ambient air (45�50%
humidity, 25 �C). Here, we find that MACl is responsible
for rapid device degradation. Figure 4a,b presents
X-ray photoelectron spectroscopy (XPS) data for per-
ovskite films prepared from thermally annealing the
film at 60 �C for 2 h in a glovebox and in vacuum
chamber, respectively. Upon thermally annealing the
film at 60 �C for 2 h in a glovebox (without vacuum
treatment), the elemental contents of Pb, I, and Cl were
(in atom percent) 10.4, 30.78, and 1.36%, respectively
[Figure 4a], which we marked as “with MACl residue”.
When the perovskite film underwent thermal anneal-
ing inside a vacuumoven at 60 �C for 2 h, the content of
Cl decreased below the detection limit of 0.01 atom %
[Figure 4b], which was marked as “No MACl residue”.
Therefore, we conclude that within the detection
depth of XPS (5�10 nm) in the films, chlorine content
is removed by the vacuum assisted thermal annealing.

We observed very poor stability for the sample
“with MACl residue”. The perovskite film turned yellow
when it was exposed to air for several hours
(Supporting Information Figure S20), presumably due
to a small amount of MACl absorbing water from the
air, which subsequently decomposes the CH3NH3PbI3
crystallites. The devices featuring MACl-containing
perovskite absorbers also degraded quickly (<2 h,
Figure 4c). In contrast, we observed almost no color

change for our pore-free films of “No MACl residue”
sample;even after they were exposed to air for more
than one month (Supporting Information Figure S20).
Furthermore, we also found that the presence of PCBM
as an acid inert interface layer and Ag as an electrode
can impede the halide corrosion (Supporting Informa-
tion Figure S 21). Not surprisingly, our devices featuring
an Ag electrode could sustain up to 10 days in air
without corrosion of the film. As revealed in Figure 4c,
d, the device performance after 10 h of continuous
illumination remained stable, confirming that greatly
improved stability could be achieved after the removal
of MACl.

CONCLUSION

In conclusion, precise control over the composition
and morphology of perovskite thin films produced
from 3MAI:PbCl2 is possible when using vacuum-
assisted annealing, which promotes the removal of
MACl, resulting in pure, pore-free, finely crystallized
triiodide (CH3NH3PbI3) films from a one-step solution
deposition method. Highly efficient CH3NH3PbI3
solar cells (PCE: 14.52%) can be obtained using this
method, with very high reproducibility. Furthermore,
through elimination of residual MACl from the
CH3NH3PbI3 film, we can enhance long-term stability
of the perovskite solar cells and preventing notorious
and unwanted hysteresis effects. Consequently, this
new processing scheme allows the preparation of

Figure 4. XPS spectra (Cl 2p core level) of (a) a perovskite film derived from 3MAI:PbCl2 precursor with thermal annealing
at 60 �C in a glovebox, (b) a perovskite filmderived from3MAI:PbCl2 precursorwith thermal annealing at 60 �Cunder vacuum.
(c and d) Stability of a perovskite photovoltaic devices with and without MACl recidue. The device structure was ITO/PEDOT:
PSS/CH3NH3PbI3/PCBM/PFN-Br/Ag. The perovskite film incorporating MACl residue was prepared with thermal annealing at
60 �C for 2 h in a glovebox (no vacuum treatment). The perovskite film without MACl residue was prepared with thermal
annealing at 60 �C for 2 h in a vacuum chamber. Measurements under AM1.5 solar continuous illumination (100 mW/cm2)
for 10 h.
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excellent-quality triiodide (CH3NH3PbI3) thin films.
We anticipate that our findings will enable further

improvements in the performance of the perovskite
photovoltaic family.

METHODS
Materials. AnhydrousN,N-dimethylformamide (DMF, 99.8%),

methylamine (CH3NH2, 33 wt % in EtOH), hydroiodic acid (HI,
57 wt % in H2O), and PbCl2 (99.999%) were purchased from
Aldrich. PC61BM was obtained from Solarmer Material. Poly(9,9-
bis[30-(N,N-dimethyl)-N-ethylammoinium-propyl-2,7-fluorene]-alt-
2,7-(9,9-dioctylfluorene)]dibromide-Electrolyte (PFN-Br) was
purchased from 1-Material. CH3NH3I was synthesized according
to the reportedmethod.15Methylamine (33wt% in EtOH; 20mL)
was diluted with absolute EtOH (100 mL) and then reacted with
HI (57 wt % inwater; 10mL) in a 250mL round-bottom flask, and
cooled in an ice bath, for 2 hwith stirring. Awhite precipitate was
obtained after evaporation at 40 �C for 6 h in a vacuum chamber.
The precursor solution was prepared by stirring CH3NH3I and
PbCl2 (molar ratio, 3:1) at room temperature for 24 h.

Device Fabrication. Devices were prepared on cleaned half-
coated ITO substrates. First, a commercial aqueous dispersion of
PEDOT:PSS (Clevios PVP Al 4083) was spin-coated (2000 rpm) on
a precleaned ITO substrate, forming a PEDOT:PSS layer having a
thickness of 40 nm. On top of this layer, perovskite layer was
deposited from a DMF solution (50 wt %), forming a 300 nm-
thick film. The film thickness was controlled by varying the
concentration of the perovskite solution and the spin-coating
speed. The substrates were then either thermally annealed in
glovebox or transferred to a vacuum chamber and thermally
annealed at a temperature from60 to 100 �Cunder a pressure of
1 mbar. The samples in these processes should avoid exposure
to air or other solvent vapors.

The PCBM layer was spin-coated (3000 rpm) from a chloro-
benzene solution (20 mg/mL) in a N2-filled glovebox. The PFN-
Br layer was assembled on then PCBM layer from 0.2% MeOH
solution. Ag electrode was thermally evaporated on top of the
device under a base pressure of 3� 10�4 mbar to a thickness of
150 nm, with a device area of 0.06 cm2. The thickness of each
layer was determined using a surface profiler.

Measurement and Characterization. Solar-simulated AM 1.5 sun-
light was generated using a Newport AM 1.5G solar simulator
(100 mW/cm2), calibrated with an ISO 17025-certified KG3-
filtered silicon reference cell. The spectral mismatch factor was
calculated to be less than 1%. The J�V curves were recorded
using a Keithley 2650 apparatus. Because the perovskite material
had very highmobility, each unit of the cell was cut separately to
ensure the accuracy of the measurement.

XPS was performed using a Physical Electronic 5600 multi-
technique system (monochromatic Al KR X-ray source). AFM
was performed using a NanoScope III microscope (Digital
Instrument) operated in tapping mode. SEM images were
recorded using a Hitachi S-4800 microscope.

Time-resolved photoluminescence (PL) spectra of the sam-
ples were measured using a Hamamatsu Steak Scope C4334
apparatus. Femtosecond pump pulses were provided by the
Coherent Model Mira 900 titanium:sapphire laser and fre-
quency-doubled to 405 nm. The repetition rate of the output
pulses from the laser was reduced to 4.75 MHz through use of a
Coherent Model 9200 Pulse Picker. The pump fluence at the
sample was approximately 1.33 μJ/cm2/pulse. The PL lifetimes
of the bare CH3NH3PbI3 film on a PEDOT:PSS/ITO glass substrate
was calculated by fitting the experimental decay transient data
to the single-exponential decay model. The PL decay dynamics
of the perovskite devices with a layer of PCBM on the active
layer was also modeled according to the one-dimensional
diffusion equation:

Dn(x, t)
Dt

¼ D
D2n(x, t)
Dx2

� kn(x, t)

where n(x,t) is the number and distribution of the laser pulse-
generated charge carrier density in the active material film, D is
the diffusion coefficient of the charge carrier, and k is the

original charge carrier consumption rate in the absence of the
PCBM layer.11,12
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