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ABSTRACT: A two-step wet chemical synthesis method for methylammonium

lead(1I) triiodide (CH;NH;PbI;) perovskite is further developed for the preparation
of highly reproducible solar cells, with the following structure: fluorine-doped tin
oxide (FTO)/TiO, (compact)/TiO, (mesoporous)/CH;NH;Pbl,/spiro-OMeTAD/
Ag. The morphology of the perovskite layer could be controlled by careful variation of
the processing conditions. Specifically, by modifying the drying process and inclusion
of a dichloromethane treatment, more uniform films could be prepared, with longer
emission lifetime in the perovskite material and longer electron lifetime in solar cell
devices, as well as faster electron transport and enhanced charge collection at the
selective contacts. Solar cell efficiencies up to 13.5% were obtained.
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D eveloping cost-effective and environmentally benign
green energy remains a great challenge for scientific
development."” The emerging photovoltaics are developing at
a rapid pace. Crystalline silicon solar cells have been
continuously advancing in efficiency and cost-reduction over
the last decades.’” However, there are many other solar cell
technologies that promise even lower costs, and these range
from thin-film solar cells (CdTe or Cu(InGa)Se,, InGaAs)* to
solution-processed solar cells, including dye-sensitized solar
cells,® polymer solar cells,® and quantum dot solar cells.” Since
the thin-film solar cells need high vacuum and high temperature
or some rare element, solution-processed solar cells seem to be
attractive. However, because of fundamental energy losses
associated with charge separation in a low dielectric or
energetically disordered medium, their theoretical maximum
performances fall below those of inorganic thin-film solar cells.®
The breakthrough discovery of perovskite CH;NH,PbX; (X =
Cl, Br, I)-based solar cells sheds new light on developing cost-
effective and high efficient devices. The highest power
conversion efficiency (PCE) was confirmed from KRICT at
17.9%. Generally, there are four methods, including spin-
coating,10 vacuum vapor deposition,11 two-step deposition
technique,'>"* and patterning thin film'* to prepare the hybrid
perovskite film."® So far, in the application field of perovskite
solar cells, CH;NH;PbXj; is formed either by a so-called one-
step or two-step method. For the one-step method, it can either
be solution-processed or vapor-processed. For example, PbX,
and CH;NH;X are mixed in N,N-dimethylformamide (DMF)
or y-butyrolactone (GBL) to make the precursor solution,
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followed by spin-coating to get CH,;NH,PbX; film."*™"® In
addition, CH;NH;PblI; ,Cl, was reported to be formed by
dual-source vapor deposition, which has yielded 15% power
conversion efficiency by using a planar structure.' For the two-
step method, a Pbl, film is first deposited, and CH;NH,;PbI; is
formed by dipping the film into CH;NH;l solution or exposure
to CH;NH;I vapor.”®~>* Previous reports showed that larger
crystals of perovskite with various sizes, ranging from hundreds
of nanometers to microisland structures are formed when using
the one-step solution-processed method.**** Relatively uni-
form perovskite crystals are formed by using a wet-chemical
two-step method, which is favorable for making highly
reproducible solar cells with a highest value of 15%.*°
Reproducibility in the two-step method appears to be better
than for other methods.”*~>*

B RESULTS AND DISCUSSION

The general procedure of the two-step method for synthesis of
CH;NH,;Pbl; perovskite is as follows: deposition of Pbl, film
by spin coating — dipping into a CH3;NH;I solution in
isopropanol (IPA) to form perovskite — washing with IPA to
remove excess CH;NH;I — drying — heat treatment.

During the washing process with IPA and the following
drying period, some dissolution of CH;NH;PbI; can occur.
Drying at room temperature is rather slow, since the boiling
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Figure 1. Top and sideview SEM pictures of CH;NH;Pbl; on FTO substrates (two leftmost columns) and top view SEM pictures of CH;NH;PbI,
on mesoporous TiO, (400 nm)/FTO (two rightmost columns). Panels a—d, ND treatment; panels e—h, HT treatment; and panels i—1, DCM

treatment.

point of IPA is 82.5 °C. Therefore, drying at higher
temperatures is preferred, but may not be ideal either. Here,
we include a dichloromethane (DCM) treatment for the
CH;NH;PbI; film directly after washing with IPA.
CH,;NH,PbI; and Pbl, do not dissolve in DCM, and since
the boiling point of DCM is only 39.6 °C, drying is very rapid.
We found that this step greatly improves the CH;NH;PbI; film
quality. We systematically compared DCM treatment with
other two conditions: natural drying at room temperature
(ND) after IPA washing, and drying at high temperature (100
°C) directly after IPA washing (HT). A final heat treatment on
a hot plate set at 100 °C for 20 min in air was applied to all
samples. The results demonstrate that DCM treatment helps to
make a more-uniform perovskite film, in which charge
recombination is reduced and with enhanced charge transport,
leading to highly efficient and more-reproducible solar cells.
To investigate the effect of the different treatments on
CH;NH;Pbl; film morphology, we first prepared CH;NH;PbI,
films on bare fluorine-doped tin oxide (FTO)-coated glass
substrates, followed by different drying processes: ND, HT, and
DCM. From the top view picture of CH;NH;Pbl,/FTO (see
Figures la, le, 1i), it is evident that the CH;NH,PbI, films do
not completely cover the FTO substrates. Using DCM
treatment, however, leads to higher coverage compared to the
other two drying processes. Furthermore, the formed crystals
appear smoother and are interconnected by amorphous-looking
material. In the ND and HT treatments, it appears that the thin
layer that connects larger crystals is etched away, and sharper
crystal edges can be seen. The reason may be that the

perovskite film wetted with IPA in the ND and HT treatment
can dissolve this part of the CH;NH;PbI; deposit.

CH;NH;PbI; films prepared on mesoporous TiO, substrates
are shown in Figure 1 on the right-hand side. Under low
magnification, it is apparent that the DCM-treated perovskite
film (Figure 1k) gives the most uniform coverage of the
substrate. The other two films show many defects, which may
be harmful for solar cells. Under higher magnification (Figures
14, 1h, 11), it can be seen that the DCM treatment leads to a
significantly higher coverage of the perovskite crystal overlayer.
Good coverage of the perovskite on top of the TiO, also
suggests a good penetration into the mesopores of the TiO,
film, although we do not have direct evidence for this. Good
coverage is important, as this will reduce direct contact between
the spiro-OMeTAD hole transporting layer and the TiO,
porous and compact layer. Any such contact can act as a
shunting path, giving a shunting resistor (or diode) in the solar
cell equivalent circuit, causing a drop in open-circuit potential
(V,) and fill factor (FF), and leading to lower power
conversion efficiencies.”> The thickness of the perovskite
crystal overlayer on TiO, film will be dependent on the
thickness of the mesoporous TiO, film, where a thinner TiO,
film results in a thicker perovskite top layer. The DCM
treatment leads to perovskite crystals that are relatively bigger
and much smoother than in the other two samples on TiO,.
Under the conditions used here, the perovskite crystal size was
~200—300 nm for the ND- and HT-treated samples and 200—
500 nm for the DCM-treated sample.
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Figure 2 shows X-ray diffraction (XRD) patterns of the
perovskite CH;NH;PbI; using different treatments. When Pbl,

——DCM ——HT ——ND

] A Pbl, ——TiO,

Intensity

26

Figure 2. X-ray diffraction (XRD) patterns of mesoporous TiO,, Pbl,/
TiO,, and CH;NH,;PbI;/TiO, with different drying treatments on
ITO substrates.

is deposited on TiO,, it shows four peaks, which are attributed
to the (001), (100), (110), and (111) lattice planes of a
hexagonal (2H polytype) (Inorganic Crystal Structure Data-
base, collection code 68819). The predominant peak of (001)
indicates that Pbl, grows in a preferential orientation along the
c-axis of the TiO, film. After dipping the PbI, into the
CH;NHj,I solution, a new series of new diffraction peaks is
observed that is in good agreement with literature data of the
tetragonal phase of CH;NH;Pbl, perovskite.” When compar-
ing the three perovskite samples, a small peak in the ND sample
is found (indicated by a red arrow in Figure 2), attributed to the
(001) lattice plane of (2H) Pbl,. The presence of Pbl, in this
sample might be due to incomplete reaction of Pbl, with
CH;NHj;], but as the same procedure to transform Pbl, into
perovskite is used for all three samples (with no evidence for
Pbl, in HT and DCM samples), this is unlikely. Instead, partial
dissolution of CH3;NH;PbI; in IPA during the relatively slow
drying process for ND samples seems to be the most plausible
explanation for the presence of Pbl,. CH;NH;I is highly soluble
in IPA, while Pbl, has limited solubility.

In Figure 3, the photovoltaic performance of champion solar
cells from the three different treatments is shown. From the J—
V characterization, it is found that DCM and HT solar cells
perform significantly better than ND solar cells: the efliciencies
are 13.5%, 12.4%, and 9.7% and the ], values are 21.5, 20.8, and
178 mA cm™?, for the DCM, HT, and ND samples,
respectively. The values reported here are for reverse potential

scans from V. and 0 V with a scan rate of ~50 mV s (in §
mV steps with ca. 80 ms delay and 20 ms measurement period).
No strong hysteresis effects are observed in these devices in J—
V characterization. The forward scan of the DCM device is also
shown in Figure 3a, yielding a slightly reduced efliciency of
12.9%. Statistical data from 12 solar cell devices for each
treatment, shown in Supporting Information (Figure S1),
demonstrates that the improvements caused by the different
drying procedures are significant: the average efficiencies were
8.8%, 11.5%, and 12.4% for the ND, HT and DCM devices,
respectively.

The IPCE spectra of these solar cells show a broad response
from 350 nm to 800 nm, with maximum values close to 90% for
the DCM solar cell (see Figure 3b). As no antireflective coating
was present on these devices, this corresponds to ~100%
absorbed photon-to-electron conversion efficiency. The inte-
grated currents calculated from the IPCE spectra are 21.1, 20.1,
and 17.6 mA cm™ for the DCM-, HT-, and ND-treated
samples, respectively, in good correspondence with the J
under simulated AM 1.5 illumination of 100 mW cm™ The
ND device has clearly poorer IPCE response in the red region.
This relatively poor red response means that more carriers that
are produced by red light, which penetrates longer into the
perovskite film, are lost. This would suggest that charge
separation from the perovskite is dominant at the TiO,
interface under operating conditions, rather than at the spiro-
MeOTAD interface. However, emission studies (shown later)
suggest the opposite. At this point, no definitive conclusions
can be drawn.

The open circuit potential (V,.) was also improved by the
DCM treatment, where an average value of 0.97 V was
recorded (vs 0.91 and 0.84 V for HT and ND, respectively),
and a highest value of 1.02 V. In solid-state dye-sensitized solar
cells, V. is determined by the difference between the quasi-
Fermi level in TiO, under illumination and the oxidation
potential of the hole transporting material.’® In the
mesostructured perovskite solar cells in this study, the three
different treatments are not expected to affect the energy levels
of the materials. Instead, the differences in V. are related to
differences in recombination rates between the charge carriers.
DCM devices show much higher J;. values, compared to the
ND devices, which may be due to better electron injection and/
or hole extraction processes. This will be discussed below, in
relation to the single photon counting measurements. The fill
factor (FF) of the DCM:-treated device shows a value of 0.67,
while lower values of FF = 0.64 and 0.62 are obtained for the
HT- and ND-treated samples. The FF value is affected by both
the shunt resistance and the series resistance in the device. The
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Figure 3. (a) J—V curves under AM L.S illumination of 100 mW cm™> (using 50 mV s™" to scan from V. to J,. (reverse scan) and J,. to V. (forward
scan) after a waiting time of 20 s at V,.) and (b) IPCE spectra of TiO,/CH;NH;Pbl,/Spiro-OMeTAD/Ag solar cells.
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Figure 4. (a) Electron lifetime and (b) charge transport time of TiO,/CH;NH;Pbl,/spiro-OMeTAD/Ag solar cells.

1 10 100
Time (ns)

0.1

Time (ns)

= 7Z10,ND 20k = TiO,ND
Zr0,-HT 15K TiO,-HT
4 zoqDem | £ A TiO,-DCM
310k
o
5k
0

10 100 1

10
Time (ns)

100

Figure S. Emission kinetic decays of different perovskite samples on (a) glass, (b) TiO,, and (c) ZrO,, measured by time-correlated single-photon

counting (TCSPC).
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Figure 6. Emission kinetic decays measured by TCSPC of the different perovskite samples on (a) TiO, and (b) ZrO, substrates with spiro-

MeOTAD.

latter can be linked to resistance of the FTO substrate, contact
resistance, and the resistance of the hole transport material
(HTM),*" all of which should be similar for all three types of
devices here. However, the shunt resistance is lower for the ND
devices, as is evident from the higher slope of the current-
potential (I-V) curve near 0 V, and results in lower solar cell
performance. The low shunt resistance is attributed to poorer
perovskite coverage of the TiO, in ND solar cells.

The charge transport and recombination in these three types
of solar cells was studied in detail using transient small-
modulation V. and ], decay measurements, from which the
carrier lifetimes and transport times (f,) were derived. The
results are shown in Figure 4. There are significantly longer
carrier lifetimes in the DCM device, followed by HT and finally
ND, which has carrier lifetimes ~1 order of magnitude shorter.
The measured V,_ is given by the difference in the quasi-Fermi
level (Eg,) of TiO,, and thus on the electron concentration in
TiO, on one side,”>>* and the Fermi level of the p-contact
spiro-MeOTAD/Ag on the other side. We will assume here,
based on the similarities of these devices to solid-state dye-
sensitized solar cells, that the Fermi level of the p-contact is
constant, due to the high doping level of spiro-MeOTAD, and

18754

that differences in V. are solely due to the electron
concentration variations in the TiO,. The measured transient
voltage measurements therefore reflects the electron lifetime 7.,
which is considered as the average time for survival of free and
trapped electrons in TiO, before recombination.® The
recombination in the perovskite devices that is measured is
that between electrons in the TiO, that recombine with the
holes in the perovskite or in spiro-OMeTAD. Since electron
injection in TiO, from perovskite is reported to be ultrafast,
and the charge transport in TiO, mesostructure perovskite solar
cells is relatively slow and similar to that in solid-state dye-
sensitized solar cells, we can assume that electrons are mostly
located in and recombine from the TiO, mesostructure.

The order for the transport times is t,pcy < fuar < tuNps
which is the reverse order than expected, compared to the
electron lifetimes (see Figure 4). The transport times (recorded
under short-circuit conditions) of the DCM devices are ~1
order of magnitude smaller than the electron lifetimes
(recorded under open-circuit conditions) under the same
illumination conditions. This strongly suggests that the charge
collection efficiency is close to 100% for the DCM devices. For
the other devices, the transport times are closer to the electron

dx.doi.org/10.1021/am504320h | ACS Appl. Mater. Interfaces 2014, 6, 18751—18757
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lifetimes, suggesting that charge collection losses can occur,
especially in the ND devices. The faster electron transport
times for DCM devices seems to be correlated to the better
coverage of TiO, with perovskite in this preparation.

Finally, time-correlated single-photon counting (TCSPC)
was used to investigate the photoinduced carrier kinetics inside
the perovskite material. Excitation laser pulses of 404 nm was
used with a very low intensity (15 pJ/pulse at max.) to avoid
Auger recombination that has been detected previously in
CH,NH,PbI,.*® The emission decays of perovskite samples on
different substrates, glass, TiO, and ZrO,, are shown in Figures
5 and 6. The emission decay traces are clearly multiexponential
and were fitted using a three-exponential function. Approx-
imately 90% of the total amplitude of the lifetimes for the three
samples is mainly associated with the first two lifetimes (see
Supporting Information (Table S2). TCSPC emission measure-
ments of perovskite samples reported previously gave
monoexponential or biexgonential decays with a time constants
of 5.6 ns*® and 9.6 ns’’ for CH;NH,Pbl,, and 283 ns for
CH,NH,PbCLI,_.*" The reason for different values can be
attributed to different perovskite preparation procedures or
measurement conditions (under vacuum or in air).

For the sake of claritgr and simplicity, we used an amplitude-
weighted lifetime (z)*° and will refer to it as the emission
lifetime. Figure Sa shows emission decays of neat perovskite
samples on glass, where no electron or hole injection can take
place. The ND and HT samples have very similar kinetics with
a lifetime of ~10 ns, while the DCM sample has a much longer
lifetime of 39.0 ns, a remarkable 4-fold increase (see Table 1).

Table 1. Amplitude-Weighted Lifetimes (7) for the Emission
Decays of Perovskite Samples and Calculated Quantum
Efficiencies for Carrier Separation (7cg), as Discussed in the
Text

ND HT DCM
sample type (z) (ns) s (2) (ns)  mes  (7) (ns)  7cs
on glass 9.72 9.75 39.0
on ZrO, 2.1 S.0 5.6
on TiO, 0.46 0.78 0.66 0.87 0.35 0.94

on ZrO,/Spiro 0.34 0.84 0.21 0.96 0.18 0.97
on TiO,/Spiro 0.32 0.85 0.31 0.94 0.13 0.98

Assuming that the morphology of the perovskite layer is similar
to that on FTO substrates (see Figure 2), this observation may
be explained by assuming that use of DCM in the drying
process prevents the formation of defect sites that promote
recombination.

Figure Sb shows the emission decay of the perovskite
samples on mesostructured ZrO,. Although ZrO, should be an
inert interface, since no electron injection from the perovskite
can occur, because of its high lying conduction band, we
observe a decrease in emission lifetime for the DCM sample
from 39.0 ns on glass to 5.6 ns on ZrO,. Such a difference
between the emission decays of perovskite on glass and a metal
oxide insulator was recently shown for Al,O; and was attributed
to interactions at the perovskite/metal oxide interface.®® It
should also be noted that the perovskite material inside the
mesoporous scaffold consist of much smaller crystallites than
the overstanding perovskite layer. Because of the similarity of
ZrO, and TiO, as mesoporous scaffold, we will consider the
ZrO,/perovskite samples as the reference for emission lifetime
in perovskite in solar cell device configuration, in the absence of

carrier injection. For the perovskite on ZrO,, the ND samples
gave the shortest emission lifetimes, but the difference between
the HT and DCM samples was small.

By switching the mesostructure from ZrO, to TiO,, the
observed emission kinetics for all three samples become faster,
which is attributed to ultrafast electron injection from the
perovskite into TiO, (see Table 1, as well as Figure Sc). The
DCM sample shows a distinct faster decay on TiO, than on
ZrO,, where the emission lifetime changed from 5.6 ns on ZrO,
to 0.35 ns on TiO,. From these measurements, an electron
injection time constant (Tin]-) from perovskite into TiO, of
~0.37 ns is calculated using (ij)_1 = (TTiol)_l - (TZrOZ)_l)
which is a factor of 2 less than that observed for the other two
samples (for ND, 0.59 ns; for HT, 0.76 ns). The higher J,. value
of DCM devices can be attributed in part to faster electron
injection, leading to higher charge collection efficiency for
carriers from the perovskite to the selective contacts. This
charge collection efficiency (77cg) can be estimated from the
TCSPC experiments using 7jcg = 1 — (TTiOZ/TZrOZ)! showing
that 94% of the photogenerated electrons are transferred to
TiO,. A recent kinetic study of perovskite on TiO, and Al, O,
showed similar kinetics on both semiconductors,'® which is
different from our observations. It must be emphasized that the
preparation method for the perovskite may strongly affect the
observed kinetics.

Addition of the hole transporting material spiro-OMeTAD
has a significant effect on the charge separation in the solar cell.
The TCSPC measurements clearly show that the spiro-
OMeTAD/perovskite contact is also an active interface for
charge separation. All the prepared samples show a faster
emission quenching in the presence of Spiro-OMeTAD (see
Table 1). The DCM sample shows the fastest emission decay
(on TiO,, 130 ps, compared to ~310 ps for ND and HT),
which seems to be caused by more efficient/rapid hole
injection. Analysis of the TSCPC data suggests that the
DCM treatment favors both electron and hole injection at the
respective contacts, while the ND and HT samples show
similar, slower kinetics. The calculated charge collection
efficiency from perovskite to either contact suggests significant
current losses (~10%) for the ND device, which agrees well
with the solar cell results.

In summary, we have demonstrated the critical role of the
drying process in the two-step preparation method for
CH;NH;PbI; perovskite films for highly efficient solar cells.
By modifying the drying process, the morphology of perovskite
films is affected and reproducible high efficiencies (up to
13.5%) were achieved. Best results were obtained when a
dichloromethane dip and drying process was included. This
avoids partial dissolution of the perovskite in the isopropanol
rinsing/drying process and seems to lead to passivation of the
semiconductor material, leading to enhanced charge injection,
improved charge separation, and decreased charge recombina-
tion.

B METHODS

A 50-nm compact TiO, blocking layer was first deposited onto the
surface of a precleaned FTO substrate by spray pyrolysis on a hot plate
at 500 °C, using a solution of 0.2 M Ti-isopropoxide and 2 M
acetylacetone in isopropanol. The mesoporous layer TiO, was
deposited by spin-coating a diluted paste (Dyesol 18NR-T), followed
by heating to 450 °C. Pbl, (Alfa Aesar, 99.9985% purity) is deposited
via spin coating from a solution 1 mol/L Pbl, in dimethylformamide
(DMEF) that is heated to 70 °C, with a spin-coating speed of 7000 rpm.

dx.doi.org/10.1021/am504320h | ACS Appl. Mater. Interfaces 2014, 6, 18751—18757



ACS Applied Materials & Interfaces

Research Article

CH,;NH;Pbl; was formed by dipping the slide into a 10 mg/mL
CH,;NH,I in isopropanol (IPA) solution for 30 s, as is described in ref
20. The perovskite films were washed using IPA, followed by three
different treatments, as described in the text. After removing the excess
IPA, The perovskite films were then placed on a hot plate set at 100
°C for 20 min in air. The composition of hole transport material was
0.170 M 2,2',7,7'-tetrakis(N,N-di-p-methoxyphenyl-amine )-9,99-spiro-
bifluorene (spiro-OMeTAD, Lumtec), with the addition of 60 mM
bis(trifluoromethane)sulfonimide lithium salt (LiTFSI, 99.95%,
Aldrich) and 200 mM 4-tert-butylpyridine (TBP, 99%, Aldrich). The
CH;NH;Pbl;/TiO, films were coated with HTM solution using the
spin-coating method at 4000 rpm. For the electrical contact, a 200-nm
Ag film was deposited onto the solar cell by thermal evaporation.

Characterization methods are described in the Supporting
Information.
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Characterization methods; photovoltaic parameters of 36 solar
cells; fitting parameters of emission decay. This material is
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