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In this report, we demonstrate a facile way to prepare Pbl, films with interpenetrating nanopores. The
nanoporous Pbl, (n-Pbl,) films were prepared by the solvent—solvent extraction (SSE) method, in which
the DMF solvent was effectively extracted by isopropanol (IPA) within seconds, resulting in well-
crystallized n-Pbl, films without annealing. The mechanism involved in the preparation of n-Pbl, films
using the SSE method was studied further, and some universal rules for fabricating n-Pbl, films with the
SSE method were proposed. The interpenetrating nanoporous morphology enabled fast penetration of
the CHsNHsl (MAI) solution, so most of the Pbl, converted into CHszNHzPbls within 10 s even with
a perovskite overlayer of 300 nm. Moreover, the perovskite layer was pinhole-free and smoother than
that based on a conventional Pbl; film. Consequently, perovskite solar cells based on n-Pbl,, with the
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Accepted 17th December 2015 setup as FTO/compact TiO,/bilayer CH3NH3Pbls/P3HT/Ag, delivered an impressive power conversion
efficiency of 10.1%, compared with 5.9% for its counterpart based on a conventional compact Pbl, film.
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Introduction

Organometal halide perovskites have been a hot topic in the
field of solar cells, due to their excellent properties such as
a high extinction coefficient,* long carrier diffusion length>*
and a tunable bandgap.®” Recently, their power conversion
efficiencies has reached over 20%.'° Perovskite films are usually
prepared by three methods: (1) one-step solution deposition;****
(2) two-step solution deposition;** (3) vapor deposition.****
Generally, the two-step method offers better control of the films'
morphology than the one-step method,"*” and is much
cheaper, and more convenient than the vapor deposition.

The critical step in the two-step method is dipping PbI, films
into CH3;NH;I (MAI) solution to react. However, the reaction
takes tens of minutes to 2 hours, for planar structure''® or
bilayer structure'®?* comprising mesoscopic and planar
layers.>*** However, dipping too long results in: (1) the
abnormal growth of perovskite crystals;*?* (2) the dissolution
or peel-off of perovskite films,'*** both of which will deteriorate
the efficiency. To shorten the dipping time, isopropanol (IPA)
pre-wetting®?® and increasing reaction temperature**>* are
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contribute to understanding the role Pbl, films play in the preparation of perovskites.

common practices. However, both of them accelerates the
reaction between Pbl, and CH;NH;I as well as the abnormal
growth of perovskite crystals,”® detrimental to the reproduc-
ibility.*” So, it is in great demand for a facile method to accel-
erate the reaction without causing the abnormal growth of
perovskite crystals for planar and bilayer structure.

Recently, some researchers proposed the application of
porous Pbl, films to facilitate the reaction.?**® As the reaction
between Pbl, (solid) and MAI (in IPA) is essentially a solid-
liquid reaction, the larger specific area is the more reaction sites
there are, promising a higher reaction rate.>

However, in those reports the porous Pbl, films consisting of
nano-sheet arrays were fabricated by vacuum thermal evapora-
tion, which was too complex for preparation and not energy-
saving.***® Furthermore, porous Pbl, was attainable only when
polycrystalline substrates were applied.> Besides, Zhou et al.
prepared nanoporous PbI, (n-Pbl,) by air blowing and drying at
room temperature.** Whereas, this method takes several hours
to prepare, due to the low volatility of the solvent (dimethyl
formamide, DMF) at room temperature. Here, we demonstrate
a facile way to synthesize Pbl, films with interpenetrating
nanopores by the solvent-solvent extraction (SSE) method.*
The SSE is a process in which solute crystallized as a result of
extracting the main solvent by another poor solvent. The SSE
process was first reported in the fabrication of perovskite layers
with the one-step method, but never reported in preparing
nanoporous Pbl, films. Using this method, it only takes less
than 1 min to prepare well-crystallized nanoporous PbI, films
without annealing. As expected, the resultant n-Pbl, films
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significantly accelerate the reaction rate. Most part of PbI, in n-
Pbl, films converted into perovskite within 10 s, in stark
contrast to the 10 min which was needed for conventional
compact PbI, films. By dipping for 40 s, we obtained pinhole-
free bilayer-structured perovskite films with 300 nm overlayer,
resulting in the champion efficiency above 10%.

Experimental
Materials

In the fabrication of perovskite and hole transporting layers, all
solvents involved were dehydrated by molecular sieves (4A),
such as dimethyl formamide (DMF), isopropanol (IPA), toluene.
All other materials were used as received.

CH;3;NH;I was prepared according to literature.™ Specifically,
50 mL methylamine (33 wt%, in absolute ethanol, Aldrich) and
20 mL hydriodic acid (57 wt% in water, J&K Scientific) were
reacted in a 500 mL round-bottom flask in the ice bath with
stirring under N, for 2 h. After that, the solution was evaporated
at 50 °C for 1 h to obtain yellowish precipitate, which was
washed with diethyl ether twice. Finally, the solid was dried at
60 °C in vacuum for 24 h.

Fabrication of perovskite solar cells

Fluorine-doped tin oxide (FTO; 15 Q [0~ ", Nippon Sheet Glass)
glass substrates were patterned by Zn powder and HCI
(concentrated HCl: H,O = 2:3 by volume) for 90 s. The
resultant FTO substrates were cleaned sequentially in detergent
(Hellmanex II, 2%), water, ethanol, acetone, ethanol with
ultrasonication for 30 min and then treated with ultraviolet (UV)
for 15 min. A 30 nm thick TiO, compact layer was then depos-
ited by spin coating at 6000 rpm for 30 s with a weakly acidic
solution of titanium isopropoxide (Aldrich) reported by Snaith's
group.® After drying at 70 °C, the films were annealed at 500 °C
for 30 min. Then, the films were treated in 40 mM TiCl, aqueous
solution for 30 min at 70 °C, rinsed with deionized water and
ethanol and dried at 500 °C for 30 min.

The mesoporous TiO, was prepared with reported method.*
After drying at 70 °C, the TiO, films were sintered at 500 °C for
30 min. Then, the resultant films were treated with 40 mM TiCl,
for another 30 min, followed by being annealed at 500 °C for 30
min. The mesoporous TiO, films were filled by spin coating of 1
M PbI, (Sigma) in DMF at 4000 rpm with (for preparing n-Pbl,
films) or without (for preparing c-Pbl, films) SSE post-
treatment. The SSE process was that 100 puL IPA solution was
dispensed on the surface of pristine Pbl, films (without
annealing) for several seconds, then spin at 4000 rpm for 60 s.
The resultant Pbl, films were dried at 75 °C for 30 min, before
cooling down to room temperature. For preparation of perov-
skite films, the Pbl, films were dipped into 10 mg mL™" MAI in
IPA for tens of seconds, which was kept at 50 °C. After being
rinsed with IPA, the perovskite films were dried at 75 °C for 30
min. When those substrates cold down, a solution of poly-3-
hexylthiophene (P3HT: J&K Scientific, RMI-001EE) was spin-
coated, whose composition was: P3HT/toluene 15 mg mL ",
7.5 pL Li-bis(trifluoromethanesulfonyl)imide (Li-TFSI, Aldrich)/
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acetonitrile (170 mg/1 mL) and 7.5 pL 4-tert-butylpridine (¢-BP,
Aldrich)/acetonitrile (1 mL/1 mL).** All these steps involving
perovskite films and P3HT layer were conducted inside an Ar-
filled glovebox. Finally, ~80 nm Ag was thermally evaporated
through a shadow mask under vacuum (ca. 3 x 10 Pa). The
effective area for device was 0.15 cm”.

Characterization

X-ray diffraction (XRD) spectra were obtained from Rigaku D/
max 2550V with Cu Ka radiation at a step size of 0.02°. The
absorption spectra of perovskite films were characterized by
a UV/Vis/NIR spectrophotometer (Lambda 950, Perkin Elmer).
The composition of chemical bonding was measured by Fourier
Transform Infrared Spectroscopy (FTIR) with Bruker, Tensor 27
using the standard Pike ATR cell. The morphology of perovskite
films was observed by scanning electron microscopy (SEM;
SU8220, Hitachi, Japan). PbI, nanoparticles, scratched from
Pbl, films, were characterized by transmission electron
microscopy (TEM; 2100F, JEOL, Tokyo, Japan). The photocur-
rent-voltage characteristics of perovskite solar cells were
measured with Keithley 2400 source meter under the simulated
AM 1.5G illumination (100 mW cm™?; Oriel Sol3A Class AAA
Solar Simulator, Newport) calibrated with optical power meter
(Newport, 1918-R). The I-V curves were obtained through
reverse scan (1 V to —0.1 V) with step size of 11 mV and delay
time of 20 ms. IPCE spectra were measured by a Newport QE
system equipped with a 300 mW xenon light and a lock-in
amplifier. All samples for characterization were prepared on
the substrates FTO/compact TiO,/mesoporous TiO, with the
same procedure of preparing thin films applied in solar cells,
unless stated otherwise.

Result and discussion
Buildup of nanoporous Pbl, films and its mechanism

Fig. 1a presents the procedure for preparation of nanoporous
PbI, film, whose critical step is dropping IPA onto the surface of
the as-prepared Pbl, film. Within seconds after dropping of IPA,
the as-spin-coated Pbl, film turned to dark yellow from pale
yellow, indicating the fast formation of Pbl,. Compared with
compact c-Pbl, film (Fig. 1b) prepared by the conventional
method, the resultant PbI, film was nanoporous, with pores
evenly distributed on the surface of the film, as shown by
Fig. 1c. The pore size ranged widely, from 30 nm to 200 nm. To
research the distribution of pores inside the n-Pbl, films, we
characterized the cross-section of a planar n-Pbl, film with
~450 nm in thickness (Fig. 1d and e). Fig. 1d and e show that
the n-Pbl, film is nanoporous throughout the entire thickness,
different from c-Pbl, films reported previously which are totally
compact.**® Furthermore, it demonstrates the effectiveness of
the SSE method to prepare n-Pbl, films with thickness up to
sub-micrometer.

To gain insight into the preparation mechanism of n-PblI,
films, XRD spectra were collected in the progression of the SSE
process, shown in Fig. 2. Film A was spin-coated from Pbl,
solution (in DMF), whose colour is pale yellow. Wakamiya et al.
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Fig. 1 (a) Procedure for preparing nanoporous Pbl, film. Pbl, solution
is spin-coated onto the mesoporous TiO, film. Then, the resultant film
is dropped with IPA for several seconds before spinning off the
remained solvent. Finally, the film is heated at 75 °C. SEM images of (b)
c-Pbl; film prepared with the conventional method and (c) n-Pbl; film
prepared with the SSE method. Cross-sectional SEM images of planar
n-Pbl; film with (d) low magnification and (e) high magnification. The
planar n-Pbl, film was prepared by spin coating 1 M Pbl, (in DMF) at
2000 rpm, followed by SSE process with IPA for 10 s.

demonstrated that the pale yellow crystal was PbI,-DMF, with
one DMF molecule coordinated to Pb forming one-dimensional
structure along its a-axis.’” It shows two strong peaks at 9.02°
and 9.56° corresponding to (011) and (020) planes of Pbl,-DMF,
respectively. That is consistent with other reports, except that
the relative intensity of the former peak is higher in our study,
as shown in Fig. S1a.t** After the SSE process (without
annealing), the resultant dark yellow film (Film B) showed
a strong peak at 12.68° corresponding to (001) lattice plane of
Pbl, (Fig. 2a-red curve), which testifies the crystallization of
Pbl,. Meanwhile, the peaks of PbI,-DMF decreased to be
negligible, indicating the effective extraction of DMF molecular
from PbI,-DMF by IPA. The extraction of DMF by IPA was
confirmed by FTIR characterization as well. As shown in Fig. 2b,
the C=0O0 stretching band at ~1650 of DMF (shown in Fig. S1c¥)
disappeared, indicating most of DMF is removed. Upon further
annealing, the (001) peak of Pbl, became sharper, while the
peaks corresponding to Pbl,-DMF disappeared completely,
resulting in a highly crystallized nanoporous Pbl, film.
Furthermore, the nanoporous Pbl, film showed similar XRD
pattern with that from conventional method, indicating that the
SSE process would not change the preferential orientation or
crystallinity of Pbl, film deposited on a mesoporous TiO, layer,
as shown in Fig. S1b.t

Based on the analyses of XRD and FTIR spectra in the evolu-
tion of SSE process, we propose a mechanism schematically, as
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Fig.2 (a) XRD and (b) FTIR spectra of as-spin-coated Pbl; film without
any treatment (Film A), after SSE process for 10 s without annealing
(Film B) and with annealing (Film C). The characteristic peaks of
Pbl,-DMF at 9.02° and 9.56° are corresponding to (011) and (020)
planes, respectively. (c) Schematic illustration of the SSE process in
preparation of nanoporous Pbl, films. () The volume shrink
phenomenon in the transformation from Pbl,-xDMF to Pbls. (i) Crystal
growth model of n-Pbl, film. Until spin off the excessive solvent, IPA
was penetrating into the nanoporous Pbl, frame which had already
formed, so Pbl, crystallized gradually from outside to inside.

shown in Fig. 2c. The main reaction in SSE process is listed as
follows:

Pbl,- xXDMF —"2 Pbl,(s) + xDMF(1)

here we cautiously use x(x = 1) rather than precise stoichio-
metric ratio, because it is possible that some DMF molecules
remain in the film without coordinating to Pbl,, as the case of
PbL,-DMSO films." As the reaction equation shows, Pbl,
precipitates immediately once IPA contacts with PbI,- DMF film,
because the extraction of DMF by IPA will dramatically increase
the supersaturation of Pbl,. Moreover, the density of Pbl,
crystal (6.1 ¢ cm™?) is much larger than that of Pbl,-DMF (3.7 g
em )% not to speak of the Pbl,-xDMF films. So, the fast
transformation from PbI,-xDMF to PbI, will lead to a shrink in
volume (Fig. 2¢), resulting in many nanopores. As Fig. 2¢ shows,
the nanopores formed outside, resulting from the volume
shrinkage, facilitates further penetration of the IPA liquids
deeper inside the film. Therefore, this solvent extraction reac-
tion can take place thoroughly. As a result, well-structured
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interpenetrating pores are developed in the entire thickness.
This structure is important for the subsequent perovskite
conversion reaction. Note that the structure-building process
tactfully utilizes the volume shrink effect in the direction from
outside to inside rather than the reverse direction as the
conventional annealing method does. In conclusion, the PbI,
film crystallizes from outside to inside with volume shrink as
time goes on before spinning off the solvent, resulting in the
interpenetrating nanoporous microstructure throughout the
entire thickness.

While the DMF (precursor solvent)/IPA (extraction solvent)
combination reported here is just a typical example for prepa-
ration of n-Pbl, films with the SSE method, wide choices of
precursor/extraction solvent combination are suitable for it. For
example, DMF/toluene combination can be used to prepare n-
PbI, films, as Fig. S21 shows. Here, we propose some general
rules for preparing n-Pbl, films using the SSE process: (1) the
precursor solvents should have high solubility for PbI,. And
a high boiling point is preferred, preventing the evaporation-
induced crystallization of Pbl,; (2) the extraction solvent
should have low solubility for Pbl, and relatively low boiling
point, in order to dry the films quickly; (3) high intermiscibility
between precursor and extraction solvents is necessary,
enabling fast SSE process for preparation of n-Pbl, films.*

Comparison of c¢-Pbl, and n-Pbl, films for conversion to
perovskite

To demonstrate the advantages of nanoporous Pbl, films in
preparing perovskite films, we carried out absorption test and
XRD characterization in the evolution of PbI, conversion into
perovskite. As Fig. 3a shows, n-Pbl, film has a higher absor-
bance than c-Pbl,, which may come from the light trapping
effect of nanoporous morphology. As a result, the photograph
(Fig. S3at) shows n-Pbl, film is less transparent than c-Pbl, film.
For n-Pbl, film, the absorbance increases dramatically in the
first 10 s when dipped in MAI solution, indicating the fast
formation of perovskite. That is confirmed by the XRD test, as
shown by Fig. 3b, where the (001) peak of Pbl, (near 12.6°) is
weak compared with the (110) peak of perovskite (near 14.1°).%
As the reaction goes on, the absorbance of the film increases
a little (Fig. 3a) and the peaks of Pbl, in XRD spectra recede
(Fig. 3b). Though trace of Pbl, remained after reacting for 90 s,
some reports showed that the remnant PbI, would not deteri-
orate the performance of solar cells.*®*** While the c-Pbl, film
shows a different conversion behaviour, as shown in Fig. S4.f
When c-Pbl, film is dipped into MAI solution for 1 min, the
absorbance changes little compared with that of c-Pbl,, sug-
gesting that the reaction is slow. The slowness of the reaction is
also confirmed by XRD characterization. As Fig. S4bt shows, the
(110) peak of perovskite is extremely weak when dipped for 1
min. Although the intensity of perovskite peak increases with
the receding of Pbl, peak as dipping time prolongs, there is still
a noticeable amount of PbI, remained as indicated by the
characteristic Pbl, diffraction peak. The PbI, peak disappears
until dipping for as long as 30 min. However, dipping too long
results in the dissolution of perovskite film, shown by a weaker
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Fig. 3 Effect of dipping time in MAI solution (10 mg mL™%, in IPA) on
the evolution of (a) UV-vis absorption spectra and (b) XRD spectra of
perovskite films based on c-Pbl, films (short dash lines) and n-Pbl,
films (solid lines).

absorbance as dipping time increases from 10 min to 30 min
(Fig. S4aft), reported by Zhao and Zhu as well.*® Furthermore,
prolonging the dipping time will result in the abnormal growth
of perovskite crystals, as shown by Fig. S5, enhancing surface
recombination as a result of the direct contact between Ag and
perovskite layers.**

Taking into consideration that the reaction between PbI,
and MAI is a solid-liquid reaction, we believe that the reaction
rate is determined by three factors: (1) temperature of the
reaction system; (2) concentration of MAI solution (keep the
solvent as IPA); (3) properties of Pbl, films, such as preferential
orientation of crystals, crystallinity and morphology of Pbl,
films. In our study, the first two factors have been carefully
controlled. And both of preferential orientation and crystallinity
in c-Pbl, film and n-PbI, film shows no difference, as shown in
Fig. S1b.T So we believe that the great difference between c-Pbl,
and n-Pbl, films in the preparation of perovskite comes from
the morphology difference, as shown in Fig. 4. Mainly, two
factors contribute to the faster conversion of n-Pbl, into
perovskite than c-Pbl,: firstly, the interpenetrating nanoporous
morphology enables the reaction happened in the entire film
simultaneously with much more reaction sites, while the reac-
tion is mainly limited to flat surface in the case of c-Pbl, films;
secondly, both of the particle size and crystallite size are lower
in the n-PbI, than those of c-Pbl,, as shown in Fig. 1b and c and
S6,T shortening the diffusion length for MAL.** In a word, the
reaction is limited by the interface of Pbl,(s)-MAI(l), so the
morphology of Pbl, films does matter in the two-step method.

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Reaction patterns of (a) c-Pbl, film and (b) n-Pbl, film in the
conversion of Pbl, into MAPbIz perovskite. The c-Pbl, film consists of
large pancake-like layer crystals (200-300 nm), which is so compact
that only little MAI solution is able to penetrate into inside through the
crystal interfaces.*? As a result, the reaction is confined to the surface
and some interfaces of crystals. Consequently, the reaction is
controlled by the diffusion of MAI in the formed perovskite layers.**
While the n-Pbl; film is composed of smaller crystals (50-150 nm) with
nanoporous morphology, so that MAI is able to penetrate into nano-
porous Pbl, frame once dipped into MAI solution. Therefore, the
reaction is going on within the entire film with large surfaces simul-
taneously. Moreover, the crystals in n-Pbl; film are much smaller than
those in c-Pbl; film, accelerating the reaction further.

Though Ko et al tried to show the importance of Pbl,
morphology in the two-step method, they failed to exclude the
influence of crystallinity difference of PbI,.** In this study,
however, we succeed to demonstrate the important role of the
Pbl, morphology in the conversion of Pbl, into perovskite
without the interference of crystallinity difference, as shown in
Fig. S1b.t

There may be a question about the compactness of the
perovskite overlayer in the bilayer-structured solar cells, as n-
PbI, films are nanoporous. To our surprises, the n-Pbl, based
perovskite overlayer is really compact without any obvious
pinholes, as shown in Fig. 5a and b and S7,f which can be
explained by the volume expansion from the originally edge-
sharing octahedral Pbl, framework (density 6.16 g cm °) to
the corner-sharing octahedral structure in perovskite (density
416 g cm °).'®% Specifically, for 1 mol Pbl, precursor, its
volume evolved from 74.8 cm® to 149.0 cm® in the conversion of
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PbI, into CH3NH;Pbl;, consistent with previous report.** The
compactness of the perovskite overlayer is testified by the cross-
sectional SEM image of a typical perovskite solar cell as well,
shown in Fig. 5e. As Fig. 5e shows, a compact perovskite over-
layer of 300 nm covers on a 200 nm mesoporous layer, without
any pinholes. Contrastively, some micro-size crystals grow on
surface of c-Pbl, based perovskite film when c-Pbl, was dipped
into MAI solution for 10 min in order to complete the conver-
sion, as shown in Fig. 5¢ and d. In conclusion, our method
manages to fabricate relatively smooth perovskite films without
pinholes on the premise that PbI, is able to convert into
perovskite completely and quickly.

Photovoltaic performance of perovskite solar cells

Fig. 6a shows J-V curves of the champion devices with bilayer
structure based on n-Pbl, and c-Pbl, films, respectively. The
solar cell based on n-Pbl, shows much better performance than
that of c-Pbl,, with V,. and J;. improved for 0.1 V and 1 mA
ecm 2, respectively. While the biggest difference lies in the fill
factor (FF), which increases from 0.43 to over 0.6 when n-Pbl,
film replaces c-Pbl, film resulting in a much shorter reaction
time in MAI solution.

The improvement of V,. and FF mainly came from the
suppression of surface recombination, by avoiding the direct
contact between Ag and perovskite layers in our case.** For
n-Pbl,, 40 s was enough for the conversion, which was too short
for the abnormal growth of perovskite crystals, indicated by
Fig. 5a and b. As a result, the perovskite can be covered evenly by
a thin P3HT layer avoiding the direct contact between Ag and
perovskite, indicated by the smooth Ag layer shown in Fig. 5e.
On the contrary, c-Pbl, based perovskite layer became too rough
to be completely covered by P3HT layer, when dipped too long
for the sake of complete conversion into perovskite (as shown in
Fig. S51). Another factor deteriorating the FF in c-Pbl, based
solar cells may come from the reactive Ag electrode. The contact
between Ag and CH;NH;PbI; results in the insulated AgI layer,*®
whose Eyp (—6.88 eV (ref. 47)) is more negative than that of

P3HT

» Perovskite

™ Bilayer

TiO,+Perovskite

FTO

Fig.5 SEM images of perovskite based on n-Pbl; film (a) and (b) and based on c-Pbl; film (c) and (d). Perovskite films were prepared by dipping n-
Pbl, and c-Pbl, films into MAI solution (10 mg mL™?, in IPA) for 40 s and 10 min, respectively. (e) Cross-sectional SEM image of perovskite solar
cell with bilayer structure. The perovskite overlayer is compact without any obvious pinholes, whose thickness is ~300 nm.

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 (a) The best photovoltaic performance of devices based on n-
Pbl, and c-Pbl; films, which are dipped in MAI solution for 40 s and 10
min, respectively. Both of the dipping time were determined to be
optimal in the preliminary tests. (b) Histogram of power conversion
efficiency of perovskite films based on n-Pbl; films.

CH;3NH;PbI; (—5.43 eV (ref. 11)), making it impossible for holes
to inject into Agl. As a result, it may cause more severe recom-
bination between electrons and holes in CH3;NH;PbI; layer.
While that will not happen in the case of Au electrode. There-
fore, FF of c-Pbl, based solar cell, even with a thin layer of P3HT,
is much lower than that of HTM-free case with Au as back
electrode.”* Those reasons mentioned above contribute to the
slight rise in J,. of n-Pbl, based solar cell as well, apart from the
enhanced absorption of perovskite layer resulting from the
reflection of smooth Ag layer.** As a consequence, the efficiency
almost doubled with n-PbI, method, rising from 5.9% to 10.1%.
Furthermore, Fig. 6b gives the histogram plots of PCE (solar
cells based on n-Pbl,), showing the average PCE is ~8%. More
information about V,. and J. statistics are shown in Fig. S8,f
demonstrating their average at 17 mA cm > and 0.85 V,
respectively. IPCE spectra of perovskite solar cells with medium
performance are shown in Fig. S9, and the measured J. from
the J-V curves agree well with the integrated Js. from IPCE
spectra. Further improvement of device performance may lie in
the optimization of hole transport layers, such as replacing
P3HT with Spiro-MeoTAD.*® The nanoporous Pbl, assisted two-
step method accelerates the conversion of Pbl, into perovskite

1616 | RSC Adv., 2016, 6, 1611-1617

View Article Online

Paper

significantly compared to conventional method, and the resul-
tant perovskite films are comparatively compact. Therefore, this
method can be applied to prepare phase-pure compact planar
perovskite films in short time, overcoming the disadvantages of
the conventional two-step method. Moreover, this method is
promising to fabricate perovskite films with interpenetrating
nanopores by controlling the porosity and pore size of Pbl,. And
that will lead to realizing a new kind of perovskite solar cells
with porous perovskite p-n heterojunction, in which porous
perovskite layer is infiltrated with transparent charge transport
material.*

Conclusion

We have demonstrated a facile way to prepare nanoporous Pbl,
films with the SSE method, which effectively accelerates the
reaction between Pbl, and MAL. Insights into the mechanism of
preparing nanoporous Pbl, films with the SSE method are
provided, suggesting that the nanoporous morphology of Pbl,
comes from the synergic effect of volume shrink effect and fast
crystallization from outside to inside. Using this method, we are
able to prepare well-crystallized nanoporous Pbl, films within
seconds without annealing. Furthermore, we applied the
nanoporous Pbl, to preparing perovskite films, showing that
most part of Pbl, has converted into perovskite within 10 s.
Based on this, an interface-limited reaction model is proposed
in the reaction system of Pbl,(s)-MAI(l). Moreover, a pinhole-
free perovskite overlayer is obtained, due to the volume
expansion effect in the conversion of Pbl, into perovskite. As
a result, a champion PCE over 10% has been achieved. This
study uncovers the PbI,-morphology-related kinetics in the two-
step deposition method, and may open up a promising avenue
for preparing high quality perovskite films by controlling the
properties of Pbl, films.
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