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1 Introduction

Solution-processed photovoltaics manufactured by
high-throughput printing and coating techniques are

ABSTRACT

We demonstrate that charge carrier diffusion lengths of two classes of perovskites,
CH;NH,Pbl, ,Cl, and CH;NH,Pbl;, are both highly sensitive to film processing
conditions and optimal processing procedures are critical to preserving the long
carrier diffusion lengths of the perovskite films. This understanding, together
with the improved cathode interface using bilayer-structured electron transporting
interlayers of [6,6]-phenyl-Cg-butyric acid methyl ester (PCBM)/ZnO, leads to
the successful fabrication of highly efficient, stable and reproducible planar
heterojunction CH;NH,Pbl; ,Cl, solar cells with impressive power-conversion
efficiencies (PCEs) up to 15.9%. A 1-square-centimeter device yielding a PCE
of 12.3% has been realized, demonstrating that this simple planar structure is
promising for large-area devices.

attractive for low-cost and large-area solar energy
harvesting. For many solution-processed photovoltaics,
such as organic solar cells, dye-sensitized solar cells
and colloidal quantum dot solar cells, the exciton or
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charge carrier diffusion lengths of the absorber materials
are considerably shorter than their absorption lengths
[1-5]. Hence complex device structures with highly
nanostructured or mesostructured heterojunctions
are required to overcome this imbalance and achieve
high power-conversion efficiencies (PCEs) [5-7].

Recently solution-processed methylammonium lead
halide perovskites, with absorption depths between
100 and 200 nm depending on the wavelengths of the
incident light, were identified as promising absorbers
for high-performance solar cells [8-25]. Stranks and
coworkers conducted a time-resolved photolumines-
cence (PL) quenching experiment on the mixed
halide perovskite, CH;NH;Pbl; ,Cl,. By fitting the data
to a diffusion model, they showed that the diffusion
lengths for both electrons and holes in the material
are greater than 1 um [12]. Xing et al. [13] identified
balanced long-range electron-hole diffusion lengths
of at least 100 nm for CH;NH;PbI; by a similar method.
The remarkably long charge carrier diffusion length is
a key factor in simultaneously allowing sufficient light
absorption and efficient charge transport/extraction to
achieve high photocurrents. Therefore the perovskites
are ideal for thin film photovoltaics, as demonstrated
by a number of recent publications reporting that
devices with simple planar heterojunction structures
exhibited high PCEs ranging from 3.9% to more than
15% [12, 16, 23-33].

Herein, we show that the charge carrier diffusion
lengths of methylammonium lead halide perovskites
are largely controlled by processing conditions. By
fitting the PL decay data to the diffusion model, we
find that annealing the CH;NH;Pbl, ,Cl, film at 150 °C
for 1min leads to decrease of electron and hole
diffusion lengths from 1,133 + 113 and 594 + 59 nm to
297 + 30 and 220 + 20 nm, respectively. The electron
and hole diffusion lengths for the CH;NH;Pbl, films
from sequential deposition can reach 807 + 30 and
813 + 30 nm, respectively, much longer than the lower
limit of ~100 nm estimated from the CH;NH,PbI; films
prepared by different processing conditions [12, 13].
These results demonstrate that optimal processing
procedures are required to preserve the long charge
carrier diffusion lengths of perovskite films. Based
on this understanding, we succeeded in designing
a high-performance planar heterojunction solar cell
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structure that can be low-temperature processed to
avoid degradation of the carrier diffusion lengths of
the perovskite films. Furthermore a ZnO nanocrystal
layer, fabricated from solution by annealing-free
processing, is introduced as an electron-transporting
and hole-blocking interlayer to improve the cathode
interface. The optimized device structure and fabri-
cation procedures yield highly efficient, stable and
reproducible CH;NH;Pbl;_,Cl, solar cells with PCEs
up to 15.9%.

2 Results and discussion

The mixed halide perovskite, CH;NH;Pbl; ,Cl,, is used
as a model system to investigate the effects of post-
deposition annealing treatment on the charge carrier
diffusion lengths. The methylammonium lead halide
perovskites are known to be moisture sensitive
[34, 35]. Therefore all fabrication procedures for the
CH;NH,Pbl, Cl, films were carried out in a nitrogen
filled glovebox with moisture level below 1 ppm to
ensure the consistency of material properties. The
“pristine” CH;NH,Pbl, ,Cl, films (Fig. S1 in the in the
Electronic Supplementary Material (ESM)) of 200 +
20 nm in thickness, were obtained by spin-coating
the precursor solutions onto oxygen plasma-cleaned
glass substrates, followed by annealing at 95 °C for
~15 min. To study the temperature effect, four sets
of samples were prepared by annealing the pristine
CH,;NH,PbI,_Cl, films at 80 °C for 10 min, at 100 °C
for 10 min, at 130 °C for 3 min and at 150 °C for 1 min,
respectively. Figure S2(a) (in the ESM) shows the
typical absorption and PL spectra of the pristine
perovskite films, confirming that the PL corresponds
to the band edge transition. The PL lifetime (the time
taken for the PL to fall to 1/e of its initial intensity)
for the pristine film, measured at the peak emission
of 775+5nm by the time-correlated single-photon
counting (TCSPC) technique, is 205 ns (Fig. 1(a)).
Upon further annealing, the PL intensity measured
under identical conditions starts to decrease (Fig. S2(b)
in the ESM). At the same time the PL lifetimes of
the annealed films are decreased to 171, 127,59 and
30 ns, respectively, following the increase of the post-
deposition annealing temperature (Fig. 1(a)).
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Figure 1 Effects of post-deposition annealing treatment on PL
lifetime and charge carrier diffusion lengths of the CH3;NH;Pbl; ,Cl,
films. (a) Time-resolved PL decay transients measured at the
peak emission of the perovskite films (covered with PMMA). (b)
Time-resolved PL decay transient data (open symbols) of the
perovskite films that were treated at 130 °C for 3 min, including
the perovskite films covered with PMMA, PCBM quencher or
spiro-OMeTAD quencher layers, along with PL decay fittings
(solid lines), i.e. the stretched exponential fitting to the
perovskite/PMMA sample and the fitting to the quenching
samples by using the diffusion model described in the ESM. (c)
The electron and hole diffusion lengths of the CH;NH;Pbl;_Cl,
films. The errors quoted arise predominantly from thickness
variations of the films.
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Time-resolved PL quenching experiments were
conducted on these samples by using 2,2'7,7-
tetrakis(N,N'-di-p-methoxyphenylamine)-9,9'-spirobi
fluorene (spiro-OMeTAD) as the hole-quenching layer
or [6,6]-phenyl-C¢-butyric acid methyl ester (PCBM)
as the electron-quenching layer (Fig. 1(b)). Based on
the PL decay data, charge carrier diffusion lengths
of the perovskite films were extracted following
the method described by Stranks and coworkers [12]
(details provided in the ESM). The results are
summarized in Fig. 1(c) and Table 1. Due to the app-
roximations and assumptions of the diffusion model,
e.g. 100% quenching efficiency at the extraction-layer
interface, these values may be underestimated and
should be considered as the lower limits. The electron
and hole diffusion lengths for the pristine films are
1,133 + 113 and 594 + 59 nm, respectively. In contrast,
after annealing at 150 °C for 1 min, the electron and
hole diffusion lengths are found to be 297 + 30 and
220 +20 nm, respectively. The electron and hole
diffusion lengths are relatively unbalanced in our
mixed halide perovskites as compared to those
reported by Stranks and coworkers [12]. We suggest
that the hybrid perovskite films may exhibit very
different charge carrier diffusion lengths since many
factors, including film compositions, film-deposition
methods, and processing conditions may influence
the electronic structures. For example, in a recent
report, Eperon and coworkers [33] showed that the
hole diffusion length for the formamidinium lead
trihalide perovskite films is 813 + 72 nm, much longer
than the electron diffusion length, 177 + 20 nm.

Further control experiments on the CH;NH;Pbl,; Cl,
films show that for a given post-deposition annealing
temperature, extending the annealing time also leads
to decrease of both PL lifetime and charge carrier
diffusion lengths (Fig. S3(a) in the ESM). For example,
the PL lifetime and the electron and hole diffusion
lengths for the films annealed at 130 °C for 5 min are
45ns and 411 * 41 and 249 +
shorter than those for the films annealed at 130 °C for
3 min (Fig. S3(a) in the ESM). Although we could not
obtain the exact values for the films that were annealed

25 nm, respectively,

at 150°C for 10 min due to the weak emission
properties and the very short PL lifetime of ~2ns
(Fig. S3(b) in the ESM), we believe that both the
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Table 1 Summary of PL lifetime (ze) and diffusion lengths (Lp) of the perovskite films. The errors quoted arise from the film thickness
variations, which are + 20 nm for the CH;NH;Pbl;_,Cl, films and £+ 10 nm for the sequential deposited CH;NH;PbI; films

Perovskite z, (ns) Species Lp (nm)
Electrons 1,133 £ 113
CH;NH;PblI;  Cl, Pristine film 205
Holes 594 + 59
Electrons 729 £ 77
80 °C for 10 min 171
Holes 569 £ 61
100 °C for 10 mi 127 Electrons 535+£54
or 10 min
CH;NH;PbI;,Cl, Holes 459 + 46
(Post-deposition
. Electrons 444 + 44
annealing treatment) 130 °C for 3 min 59
Holes 308 £31
Electrons 297 + 30
150 °C for 1 min 30
Holes 220+ 20
) o Electrons 807 +30
CH;NH;PbI; Sequential deposition 16
Holes 813 +30

electron and hole diffusion lengths should be no
longer than 100 nm. These results indicate that post-
deposition annealing temperatures of above 100 °C
are not favorable in terms of preserving the long
charge carrier diffusion lengths of the perovskite films.
These results also imply that for the processing of
perovskite films by one-step annealing of precursors,
once the perovskite structures are formed, elongating
the thermal treatment at high temperatures may
deteriorate the carrier diffusion lengths of the films.
X-ray diffraction (XRD) and scanning electron
microscopy (SEM) measurements were performed to
explore the origin of the decreased carrier diffusion
lengths in the relatively high temperature treated
samples. We investigate the pristine CH;NH;Pbl,_,Cl,
film and four other films annealed at 80 °C, 100 °C,
130 °C and 150 °C for 10 min, respectively. XRD results
reveal that the higher is the annealing temperature, the
stronger is the intensity of the peak at 12.6°. This peak
corresponds to the Pbl, phase (Fig. 2(a)). This trend is
consistent with the SEM images (Figs. 2(b)—2(e) and
Fig. 54 in the ESM) showing that small domains grow
on the surfaces of perovskite films upon annealing at
temperatures above 100 “C. We therefore suggest that
annealing the pristine films at temperatures above
100 °C may result in the partial decomposition of the
perovskites, generating Pbl, domains in the films.
Therefore the nanoscale three-dimensional structure

of the hybrid perovskite deteriorated, leading to
structural defects that significantly quench the PL,
shorten the PL lifetimes, and reduce the charge carrier
diffusion lengths. In the course of preparing this
manuscript, we noticed a very recent report by Dualeh
et al [36]. on solar cells using CH;NH;Pbl; as the
sensitizer. They found that increasing the film-
formation temperature to over 100 °C is accompanied
by an increased amount of Pbl, content in the film,
which is coincident with our post-deposition annealing
results.

Based on the above findings, we fabricated thin-film
planar heterojunction CH;NH;Pbl, Cl, solar cells by
low-temperature (< 100 °C) processing to preserve the
long charge carrier diffusion lengths of the perovskite
absorbers. We also modified the cathode interface and
developed a photovoltaic structure of indium tin oxide
(ITO)/poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS)/perovskite/PCBM/ZnO nano-
crystal/Al (Fig. 3(a)). A typical cross-section SEM image
of the devices is shown in Fig. 3(b). In this device
structure, thick CH;NH;Pbl, ,Cl, layers (~400 nm) are
used to maximize photon absorption. PCBM acts as
an excellent electron-extracting layer for the perovskite
absorbers, as demonstrated by several previous studies
[25, 26, 28-30, 32]. As discussed below, introducing
additional layers of ZnO nanocrystals significantly
improves the cathode interface. These concerted
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Figure 2  Effects of post-deposition annealing treatment (10 min) on the structural and morphological properties of the CH;NH;Pbl;_,Cl,
films. (a) XRD profiles of the CH;NH;Pbl; Cl, films. (b)—(e) SEM images showing the top-views of the CH;NH;Pbl;_,Cl, film in (a)
treated at 80 °C (b), 100 °C (c), 130 °C (d) and 150 °C (e). Larger magnification SEM images of the perovskite films with or without
post-deposition annealing treatment are shown in Fig. S4 (in the ESM).
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Figure 3 Device structure and performance of our CH;NH;Pbl; ,Cl, solar cells. (a) Schematic structure. (b) A typical cross-sectional
SEM image showing the device configuration. The layers are tinted by different colors. (c) Energy level (relative to vacuum) diagram of
the various components used in our devices. The ordinate refers to the electron energy relative to the vacuum level. (d) A histogram of
PCEs measured from 150 devices. The histograms of other electrical parameters are shown in Fig. S5 (in the ESM). (e) J-V curves of
our champion device under AM 1.5G illumination of 100 mW-cm ™ (red line) and in the dark (black line). (f) Light J~¥ curve of a

large-area (1 cm?) device.

efforts lead to highly efficient and reproducible solar
cells with excellent ambient stability. As shown by the
histograms of device parameters for 150 solar cells
(Fig. 3(d) and Fig. S5 in the ESM), the high average
PCE of 13.8% and low relative standard deviation in
PCEs of 6.6% are both encouraging. Notably all the

devices were tested without any encapsulation under
ambient conditions. While no systematic investigation
has been undertaken in the present work, our devices
were found to be stable under ambient conditions
(Fig. S6 in the ESM). For comparison, the devices
without ZnO nanocrystal interlayers exhibit poor
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stability. The efficiency degraded completely after
30 min of air exposure (Fig.S6 in the ESM). The
champion device exhibits a remarkable fill factor (FF)
of 0.80 and a PCE of 15.9% (Fig. 3(e)). Integrating the
overlap of the external quantum efficiency (EQE)
spectrum (Fig. S7(a) in the ESM) with the AM 1.5G
solar photon flux generates a current density of
19.2 mA-cm™, which is close to the measured short-
circuit photocurrent (Jsc) density of 20.5 mA-cm™. The
internal quantum efficiency (IQE) spectrum, derived
from the EQE and light harvesting efficiency (LHE)
spectra (Fig.S7 in the ESM), indicates near-unity
quantum yield for the generation and collection of
charge carriers. The large Jsc and the high photon-to-
current conversion efficiency reflect the combination
of maximized optical absorption, excellent charge
transport, and minimized interfacial losses of our
devices. The average PCE of 13.8% and the champion
PCE of 15.9% make our perovskite devices one of the
best-performing solution-processed solar cells ever
reported to date. Note that an anomalous hysteresis
is often observed in the current-voltage measurements
of the perovskite solar cells, but the origin of this
hysteresis is not understood [37]. In this regard, we
also measured the hysteresis behavior of our devices.
As shown in Fig. S8 (in the ESM), the PCE for the
scan from the forward bias to short-circuit is about
1% higher than that of the scan from the short-circuit
to forward bias.

We highlight that the introduction of an additional
ZnO nanocrystal interlayer between the PCBM and
Al electrode is critical in terms of improving the hole-
blocking properties of the cathode contacts, preventing
the direct contact of the electrodes and the perovskite
layers, and enhancing the ambient stability of the
devices. The ZnO interlayer dramatically improves
the hole-blocking capability due to its deep valence
band level (Fig. 3(c)). The enhanced charge selectivity
of the cathode contacts is confirmed by the suppressed
dark currents of the devices. As shown in Fig. S9 (in
the ESM), the reverse saturation dark current of our
device is about one order of magnitude lower than
that of the device without the ZnO nanocrystal
interlayer. We found that for devices with thick
perovskite layers (~400 nm), a single PCBM layer is
often insufficient to achieve full coverage and com-
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pletely isolate the perovskite semiconductor from the
top electrodes (Fig. S10 in the ESM). As shown by our
control studies, devices with the top electrode of Al
directly contacting the perovskite layer exhibit very
small PCEs (Fig. S11 in the ESM). Accordingly, the
devices without the ZnO interlayers exhibit a lower
average PCE of 7.5% and a larger relative standard
deviation in PCE, 28.6% (Fig. S12 in the ESM). The
introduction of additional ZnO interlayers solves this
contact problem and significantly improves the device
reproducibility. Furthermore, the ZnO interlayer pre-
vents metal diffusion into the PCBM layer, enhancing
ambient stability of our devices [38—40]. It is worth
mentioning that to achieve the device structure that
yields high photovoltaic performance we select
ethanol to disperse ZnO nanoparticles (Fig. S13 in the
ESM) such that (1) the ZnO solution does not
dissolve the underlying PCBM layer and (2) the ZnO
nanoparticles can spontaneously form close-packed
films upon solvent evaporation. In this way, the ZnO
nanocrystal films are processed at room temperature
while yielding good electron transport properties
without any additional sintering procedures [41, 42].
This advantage is important in terms of preserving
the long charge carrier diffusion lengths of the
perovskite layers. As shown in Fig. S14 and Table S1
in the ESM, our comparative studies show that the
device with longest charge carrier diffusion lengths
has the best PCE. The high-temperature annealed
perovskite films exhibit shorter charge carrier diffusion
lengths, and hence result in lower PCEs.

The performance of large-area devices is very
important to evaluate the large-scale module application
in future. It is rather challenging to achieve a high-
quality film with a relative large area (> 1 cm?) for
most solution-processed devices [43]. For perovskite
solar cells, much less attention has been paid to large-
area device performance in comparison to achieving
the highest PCE value. Here, we demonstrate a PCE
of 12.3% for 1-cm? devices (Fig. 3(f), which is the best
PCE value for devices of this size and represents an
improvement of ~50% for perovskite solar cells of the
same size [25]. The lower FF is one of the main
factors in the decrease in PCE, possibly resulting
from the inferior conductivity of ITO.

Inspired by the results for the CH;NH;Pbl; ,Cl,
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films, we also explore the charge carrier diffusion  films are also highly sensitive to processing. Our
lengths of another important methylammonium lead  results may explain the high performance of recently
halide perovskite, CH;NH;Pbl;. Previous studies reported planar CH;NH;Pbl; solar cells with the
suggest that the charge carrier diffusion lengths for = absorber thicknesses of ~300 nm and PCEs ranging
the CH;NH,Pbl; films, which were deposited from  from 12.1% to 15.7% [23-25]. As long as the long charge
precursor solutions by one-step methods, as deter-  diffusion lengths can be preserved, the optimal
mined by the diffusion model are ~100 nm [12, 13]. thickness of the CH;NH;Pbl; absorber in planar solar
Here we measured the charge carrier diffusion lengths  cells is not limited to ~100 nm.

of CH;NH,Pbl; films deposited by the sequential
deposition approach [14, 24]. AS sbown in Fig. é.L(a), 3 Conclusions
the two-step method results in pin-hole free films

with thicknesses of 270 + 10 nm. The PL lifetime of ~ We have shown that the charge carrier diffusion
our CH;NH,PbL; films is determined to be 16 ns. This  lengths of the methylammonium lead halide perov-
value is longer than those in previous reports [12,13],  skites are highly dependent on the processing
reflecting the excellent quality of the CH;NHsPbl;  conditions. When processed at mild temperatures,
films formed using the sequential deposition approach. both the CH,NH,Pbl,; ,Cl, and CH,NH,PbI, films can
The electron and hole diffusion lengths for our  exhibit charge carrier diffusion lengths much greater
CH;NH,PbI; films are determined to be 807 + 30 and  than the corresponding absorption depths of 100 to
813 + 30nm, respectively, much longer than the 200 nm. Annealing the pristine CH;NH;Pbl; .Cl,
absorption depths of the films (Fig. 4(b) and Table 1).  films at temperatures above 100 °C leads to partial
In Stranks’s work, the CH;NH,Pbl; films were prepared ~ decomposition of the perovskites and formation of
by annealing the spin-coated precursors at 150 °C for ~ Pbl,, which significantly reduces the charge carrier
15 min [12]. The relatively high temperature processing  diffusion lengths. This important finding, together
may deteriorate the charge carrier diffusion lengths.In  with an improved cathode interface design by inte-
the report by Xing et al. [13], very thin films of ~65 nm  grating interlayers of ZnO nanocrystals, allowed us
in thickness were used for measurements. Therefore  to fabricate efficient and reproducible solar cells with
the carrier lifetime and in consequence the charge  excellent ambient stability and PCEs as high as 15.9%
diffusion lengths are more susceptible to the non- by low-temperature processing. These advantages
ideality of the interfaces. These results suggest that the ~ have been exploited to achieve a PCE of 12.3% for
charge carrier diffusion lengths for the CH;NH;Pbl, one-square-centimeter devices. Both PCEs are among
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CH;NH;PbI;

o Spiro-MeTAD
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0 5 12 15 20 25 30
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Figure 4 CH;NH;PbI; films obtained by the two-step sequential deposition approach. (a) Top-view SEM images (inset image with
higher resolution) showing the pin-hole free feature of the CH;NH;PbI; films. (b) Time-resolved PL decay transient data (open symbols)
and the fitting (solid lines) data to the CH3NH;Pbl; with and without the quenching layers. The data are fitted using the diffusion model
used for the CH3;NH;3Pbl;_Cl, films.
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the best values ever reported for small-area (<< 0.1 cm?)
and large-area (= 1 cm?) perovskite solar cells. Our
study sheds light on the importance of processing
conditions for preserving long charge carrier diffusion
lengths of the perovskite absorbers and interfacial
engineering for achieving efficient charge extraction,
providing guidelines towards the fabrication of
high-efficiency and large-area perovskite solar cells.

4 Experimental methods
4.1 Materials

Zinc acetate dihydrate (>98%), methylamine (33%
in absolute ethanol) and poly(methylmethacrylate)
(PMMA) were purchased from Sigma-Aldrich. Pbl,
(99.9985%), PbCl, (99.999%), tetramethylammonium
hydroxide (TMAH) (98%), hydroiodic acid (57% in
water) and N,N-dimethylformamide (DMF) (anhydrous,
amine free; 99.9%) were purchased from Alfa-Aesar.
Dimethyl sulphoxide (DMSO), ethyl acetate and
ethanol (HPLC grade) were purchased from J & K
Chemicals. PCBM and spiro-OMeTAD were purchased
from Solenne and Merck respectively. All materials
were used as received.

To obtain the CH;NH,Pbl; Cl, precursor solution,
CH;NHs], synthesized according to reported procedures
[10], and PbCl, were dissolved in DMF with a molar
ratio of 3:1. The mixture was stirred at 60 °C overnight
in a glovebox. The precursor solution was filtered
through polytetrafluoroethylene (PTFE) filters (0.45 um)
before use.

Colloidal ZnO nanocrystals were synthesized by a
solution-precipitation process according to literature
procedures [41]. Details of synthesis of ZnO nanocrystal
and CH;NH;I are provided in the ESM.

4.2 Perovskite films for optical measurements

The CH;NH,Pbl, ,Cl, films were deposited by spin-
coating the precursor solution (40 wt.%) on pre-cleaned
glass substrates at 5,000 rpm for 30 s. After drying at
room temperature for ~10 min, the perovskite films
were annealed on a hot plate at 95 °C for ~15 min. For
post-deposition thermal treatment, the CH;NH,Pbl, .Cl,
films were further annealed at different temperatures
for the desired durations. All procedures were carried

Nano Res. 2014, 7(12): 1749-1758

out in a glovebox.

To prepare the CH;NH,Pbl; films, a Pbl, solution
(460 mg/mL in DMF) was spin coated on glass
substrates at 3,000 rpm for 15 s. Then the substrates
were dipped into a CH;NH;I solution (10 mg/mL in
2-propanol) for 60 s, rinsed by 2-propanol and dried
at room temperature in air for 5 min.

For optical measurements, the perovskite films
were sealed by top layers deposited via spin-coating
chlorobenzene solutions of PMMA (10 mg/mL),
spiro-OMeTAD (100 mg/mL) or PCBM (30 mg/mL) at
1,500 rpm for 1 min. This procedure was carried out
in a glovebox.

4.3 Device fabrication

Solar cell devices were fabricated on patterned ITO
coated glass substrates with a sheet resistance of ~20
Q-sq. The substrates were cleaned with acetone,
ethanol, and deionized water for 20 min each, followed
by UV-ozone treatment for 15min. PEDOT:PSS
(CLEVIOS AL 4083) layers were spin-coated onto
the substrates at 4,000 rpm for 60s and then baked
at 120 °C for 20 min in air. The PEDOT:PSS coated
substrates were transferred into a glovebox. The
CH;NH;Pbl; Cl, precursor solution was spin-coated
at 3,000 rpm for 30 s. After drying at room temperature
for ~10 min, the perovskite films were annealed on a
hot plate at 95°C for ~20 min, allowing the color of
the films to change to dark brown. The PCBM layers
were deposited from a 30 mg/mL chlorobenzene
solution at 2,000 rpm for 45s. Next the ZnO layers
were formed by spin-coating a colloidal ZnO nano-
crystal solution (8 mg/mL in ethanol) at 3,000 rpm
for 45s. Finally, 150 nm aluminum electrodes were
deposited using a thermal evaporation system (Mini
SPECTRO, Kurt J. Lesker Co.) through a shadow
mask under a high vacuum of ~6 x 107 Torr. The device
area was either 7.25 mm? or 1 cm? as defined by the
overlapping area of the ITO and Al electrodes.
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