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ABSTRACT: A two-step sequential deposition method has
been extensively employed to prepare the CH3NH3PbI3 active
layer from the PbI2 precursor in perovskite solar cells (PSCs).
The variation of the photovoltaic performance of PSCs made
by this method was always attributed to different dipping times
that induce complete/incomplete conversion of PbI2 into
CH3NH3PbI3. To solve this issue, we employed a solvent
vapor annealing (SVA) method to prepare PbI2 crystallites
with large grain size for preparation of high quality perovskite.
With this method, the increased PbI2 dipping time in
CH3NH3I solution was found to reduce the photovoltaic performance of resulting PSCs without a significant change in
PbI2/CH3NH3PbI3 contents in the perovskite films. We attribute this abnormal reduction of the photovoltaic performance to
intercalation/deintercalation of the PbI2 core with a CH3NH3PbI3 shell, which causes the doping effect on both the PbI2 and
CH3NH3PbI3 crystal lattices and the formation of a CH3NH3PbI3 capping layer on the surface, as revealed by UV−vis
absorption, X-ray diffraction, FT-IR, and scanning electron microscope measurements. Based on our findings, a multistep
dipping-drying process was employed as an alternative method to improve the crystalline quality. The method achieved power
conversion efficiency up to 11.4% for the compact layer free PSC sharing a simple device structure of ITO/perovskite/spiro-
OMeTAD/Ag.
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■ INTRODUCTION

In the last five years, perovskite solar cells (PSCs) have
attracted considerable attention because of their cost-
effectiveness, ease of fabrication, and excellent photovoltaic
performance.1−7 To date, the power conversion efficiency
(PCE) of the best fabricated PSC has reached ∼20%.8 This
PCE is comparable with the commercially available multicrystal
silicon solar cells. The high PCE is attributed to the excellent
optoelectrical properties of perovskite materials, e.g., high
extinction coefficient, long charge carrier diffusion length, and
superior ambipolar carrier transport ability.9−11 Although PSCs
were typically constructed with both electron- and hole-
transporting layers for efficient charge carrier collection,12−15

the fact that comparable PCEs were achieved for compact layer
free PSCs indicates that the electron-transporting layer other
than the indium-doped tin oxide (ITO) conductive substrate is
not essential.16,17 Such a simplified PSC structure is particularly
helpful for studying the growth mechanisms of perovskite
crystallites free from the interference of the morphology/
chemical properties of the underlying semiconductor films.
In fact, efforts have already been devoted to broadening our

knowledge about the formation of perovskite films. Numerous
processing techniques of perovskite layers have been reported
so far, such as one-/two-step solution process, vacuum
deposition, and solvent vapor/additive assisted crystal

growth.6,18−23 Obviously, the method of processing the
perovskite layer is critical for achieving high efficiency PSCs.
Besides the processing method of the perovskite layer, the
presence of a PbI2 precursor can also significantly affect the
performance of the PSCs device with the two-step sequential
deposition method. The improved PCE by remnant PbI2 was
mainly attributed to the passivation effect to the interface of the
perovskite, because it was found that PbI2 was mainly left in
perovskite grain boundaries or at the relevant interfaces, which
improves the carrier charge property.24 However, the PbI2
precursor is not stable, which gradually converts into perovskite
during the prolonged dipping process in CH3NH3I (MAI)
solution.25 Therefore, the decreased PCE of these PSCs
through the prolonged dipping process can be attributed to
the vanishing of the PbI2 passivation layer.24 In view of this, our
previous investigation introduced a solvent vapor annealing
(SVA) method to the typical two-step sequential deposition
method in preparation of PSC cells. By the SVA process, the
PbI2 precursor layer becomes highly crystallized and can stably
remain in the final perovskite films to develop a passivation
effect.26 Thus, it is expected that such PSCs with a highly
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crystallized PbI2 layer are robust against the prolonged dipping
process, resulting in improved photovoltaic performance with
longer dipping time.
In this article, we fabricated compact layer free PSCs with the

two-step sequential deposition method, in which the PbI2
precursor layers were prepared both with and without the
SVA process. For both cases, the photovoltaic performance of
PSCs with varied dipping times was compared. Given that
remnant PbI2 is a positive occurrence for photovoltaic
performance, PSCs with SVA-processed PbI2 may give
improved PCE with increased dipping time. Thus, we address
first the question of this article: how does the dipping time
affect the photovoltaic performance of PSCs with and without
the highly crystallized PbI2 precursor? As the photovoltaic
performance may increase/decrease with increased dipping
time for PSCs with and without the SVA process, consequently,
we examined the perovskite layer with UV−vis absorption
spectroscopy, X-ray diffraction (XRD), and FT-IR measure-
ments. We therefore address a second question: what causes
the increased/decreased photovoltaic performance with in-
creased dipping time? As an alternative way of increasing the
total dipping time, a repeated dipping-drying method was
employed to improve the conversion of PbI2 into perovskite.
This trial leads to the last question: can the repeated dipping-
drying process give improved photovoltaic performance? Our
approach to solve these questions by successful control of PbI2-
based preparation of perovskite led creation of a compact layer
free perovskite capable of high PCE up to 11.4%.

■ EXPERIMENTAL SECTION
Materials. The lead iodide (beads, −10 mesh, 99.999% trace

metals basis) and Li-TFSI (>99.0%) were purchased from Aldrich.
The CH3NH3I (>99.0%) was purchased from Xi’an Polymer Light
Technology Corp. The Spiro-OMeTAD (2,2′,7,7′-tetrakis(N,N-di-4-
methoxyphenylamino)-9,9′-spirobifluorene, >99.0%) was purchased
from Merck. The Ultradry solvents N,N-dimethylformamide (DMF,
>99.9%) and isopropanol (>99.9%) were obtained from J&K and
Acros, respectively. All the chemicals and solvents were stored in a N2
filled glovebox and used as received.
Device Fabrication. The prepatterned ITO glass substrates were

cleaned with detergent, deionized water, chloroform, acetone and 2-
propanol in sequence. Before spin coating, the substrates were treated
by plasma cleaning for 5 min. PbI2 was dissolved in DMF at 70 °C.
The concentration of PbI2 solution was 460 mg/mL. Then, the
solution was spin-coated on the ITO at 4000 rpm for 30 s. For the
solvent vapor annealing process (SVA), a part of PbI2 films was kept in
a Petri dish for 10 min exposure to solvent vapor in a DMF vapor
environment, allowing a slow growth of large sized PbI2 nanoparticles,
as detailed in the previous investigation.25 This film was subsequently
annealed at 70 °C. The other part of PbI2 films was directly annealed
without SVA in a Petri dish. After cooling down, the substrates were
dipped into a solution of CH3NH3I in 2-propanol (10 mg/mL) for
different durations (1 min, 3 min, 5 min, 10 min), followed by rinsing
with 2-propanol. The film was then dried under a flow of clean air. The
hole-transport layer (HTL) containing 80 mg of Spiro-OMeTAD, 46.5
μL of Li-TFSI, and 10.5 μL of 4-tert-butylpyridine in 1 mL of
chlorobenzene was spin-coated on top of the perovskite film at 4000
rpm for 30 s. Finally, 100 nm of Ag was thermally evaporated on the
top of the HTL to form the back contact. For each condition, 10
separated devices were fabricated. The active area of PSCs as defined
by a mask was 0.04 cm2.
Characterization. The morphologies of the films of perovskite

were observed using scanning electron microscopy (SEM, Hitachi
SU8020). X-ray diffraction (XRD) was measured using a Rigaku
SmartLab X-ray diffractometer with Cu Kα radiation (λ = 1.5418 Å) at
25 °C. J-V curves of perovskite solar cell were recorded using a

Keithley 2400 source meter measurement system under an AM1.5G
filter at a calibrated incident intensity of 100 mW cm−2. The J-V curves
were measured from open-circuit to forward bias. IPCE values were
measured using a commercial IPCE setup (Crowntech QTest Station
1000AD) in air under short-circuit conditions, which were equipped
with a 100W Xe arc lamp, filter wheel, and monochromator.
Monochromated light was chopped at a frequency of 80 Hz and
photocurrents measured using a lock-in amplifier. UV−vis spectra
were recorded on a Shimadzu UV-2550 spectrophotometer. The
Fourier transform infrared (FT-IR) spectrum was measured with a
Bruker VERTEX 80 V FT-IR spectrometer in the range 4000−400
cm−1 at room temperature.

■ RESULTS AND DISCUSSION
Dependence of Photovoltaic Performance on the

Dipping Time for PSCs with and without the SVA
Process. Although there are conflict debates on the issue of
PbI2 remaining in the perovskite layers,10,27 to the best of our
knowledge, a comprehensive comparison was not available
before we started this investigation. Therefore, we first prepared
the PbI2 precursor films with and without the solvent vapor
annealing (SVA) process. Figure 1 shows the XRD patterns and

scanning electron microscope (SEM) surface images of the
PbI2 films obtained both with and without the SVA process.
The XRD pattern shows the peak position of the PbI2 films in
both cases situated at 12.5° (001) with different full-width-at-
half-maximum (fwhm) values. The fwhm of the PbI2 film with
SVA is obviously sharper and narrower than that without SVA.
We employ the Scherrer formula, i.e. D = Kλ/(β cos θ), where
D is the grain size of the ordered domains, K is the constant
0.88, λ is the X-ray radiation wavelength (Cu Kα, 1.5406 Å), β
is fwhm, and θ is the peak position, to calculate the grain size of
the crystallites of the PbI2 nanocrystals in both cases.28 As a
result, the grain size is 41.3 nm for the PbI2 crystals with SVA,
whereas the grain size is merely 9.8 nm for PbI2 crystals without
SVA. Obviously, SVA substantially induced formation of bigger
grains of PbI2. The SEM images of the PbI2 films are consistent
with the corresponding XRD results that SVA increases the
domain size of the PbI2 film. It was found in the previous
investigations that PbI2 forms a large aggregate along the 001
plate, resulting in a surface domain size that is larger than the
exact grain size of the PbI2 crystallites.

15,26

The significant difference between the PbI2 films with and
without the SVA process is expected to strongly affect their
reactivity with MAI in 2-propanol. The large grain size of PbI2
with SVA may limit the reaction with MAI to occur in the inner
part of the grain, resulting in the generation of a PbI2−

Figure 1. (a) XRD diffraction patterns of ITO/PbI2 and (b and c)
SEM images of ITO/PbI2 films with SVA (b) and without SVA (c).
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perovskite core−shell structure, as we observed in the previous
investigations.26 This core−shell structure is favorable for fast
charge transport in the perovskite film, because the PbI2 core
has smaller diffusion length and carrier mobility than the
CH3NH3PbI3 shell, allowing more charges to transport through
the surface perovskite shell with shallow traps.23 On the other
hand, the large grain size of PbI2 with SVA helps diffusion of
MAI into the cavities of the film, resulting in the surface of the
PbI2 grain being quick transferred into perovskite.
The perovskite active layers were then prepared by dipping

these PbI2 precursors with and without the SVA process into
MAI solution for different durations of 1, 3, 5, and 10 min.
PSCs were then fabricated with these perovskite layers. Figure 2
shows (a) the device structure and (b) the energy alignment of
the fabricated PSCs. If metal oxide semiconductor (TiO2, ZnO,
and etc.) is employed as the underlying compact layer of the
CH3NH3PbI3 perovskite, perovskite may easily decompose on
the semiconductor surface by photocatalytic reaction. Here, no
compact layer was employed in the PSCs of the present
investigation. With such a simplified PSC structure, the possible
interaction between the compact layer and PbI2/perovskite
could also be excluded from the discussion. Figure 3 shows the
current density−voltage (J-V) curves of PSCs prepared by a
two-step sequential deposition method using the PbI2 precursor
with and without SVA. Table 1 and Table 2 show the related
parameters of photovoltaic performance obtained from the J-V
curves. In the case of PbI2 with SVA, the short-circuit current
density (Jsc) increases from 13.9 mA cm−2 to 15.1 mA cm−2

with increased dipping time from 1 to 3 min, which was
followed by a decrease to 11.3 mA cm−2 with the dipping time
of 5 min and then significantly drop to 3.5 mA·cm−2 with
further increasing the dipping time to 10 min. Meanwhile, the
open-circuit voltage (Voc) and fill factor (FF) are both
decreased with increasing the dipping time through 1−10
min. As a result of the varied Jsc, Voc, and FF values, the power
conversion efficiency (PCE) reaches the maximum value of
8.4% with the shortest 1 min dipping time. In contrast, without
the SVA on PbI2, the photovoltaic performance varies
differently in PSCs with increased dipping time. All photo-
voltaic parameters of PSCs without SVA were essentially low
compared to those with SVA. The highest PCE of 7.1% was
achieved for PSC with 3 min dipping time of PbI2 in MAI.
Thus, in PSCs either with SVA or without SVA, the
photovoltaic performance decreases after reaching their highest
PCE with further increased dipping time, despite the fact that
the variation of the former is more severe.
The facilely achievable high PCE at merely 1 min dipping

time for the SVA-based PSC is attributable to the big cavities in
the PbI2 layer that allow quick reaction of the outer part of PbI2
crystallites with MAI. The significantly dropped PCE with
increased dipping time after 1 min, however, is not expected to
change. In previous investigations,25 the dipping time of PbI2 in
MAI mainly affects the residue of PbI2 in the perovskite layer.
The high efficiency of PSCs prepared by the sequential
deposition method was always attributed to either a complete
conversion of PbI2 into perovskite or a proper amount of PbI2

Figure 2. (a) Device architecture and (b) energy diagram of the ITO/MAPbI3/spiro-OMeTAD/Ag cells.

Figure 3. J−V curves of the ITO/perovskite/spiro-OMeTAD/Ag devices based on the PbI2 layer with SVA (a) and without SVA (b).

Table 1. Photovoltaic Performance of PSCs Based on PbI2
with SVA with Extended Dipping Times

Dipping time (min) Jsc (mA/cm
2) Voc (V) FF PCE (%)

1 13.9 1.01 0.60 8.4
3 15.1 0.79 0.46 5.5
5 11.3 0.40 0.32 1.5
10 3.5 0.25 0.26 0.2

Table 2. Photovoltaic Performance of PSCs Based on PbI2
without SVA with Extended Dipping Times

Dipping time (min) Jsc (mA/cm2) Voc (V) FF PCE (%)

1 15.5 0.83 0.36 4.7
3 16.2 0.97 0.45 7.1
5 16.2 0.86 0.41 5.7
10 9.5 0.54 0.35 1.7
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to give a passivation effect. In this investigation, the inner part
of large and robust PbI2 crystallites made by the SVA method
would require a longer time for their conversion into
perovskite, or in other words, the photovoltaic performance
of PSCs prepared with the SVA method should be much less
insensitive to the prolonged dipping time after reaching the
highest values. Thus, the substantially reduced photovoltaic
performance of SVA-based PSCs after prolonged dipping time
should not be simply attributed to the conversion/decom-
position between PbI2 and MAPbI3 perovskite.
Mechanism of Performance Reduction with Pro-

longed Dipping Time. To investigate the factors other
than the transformation between PbI2/MAPbI3 to cause the
reduction of the photovoltaic performance of PSCs with
increased dipping time, we first pursue examination of the
optical properties of the perovskite films. Figure 4 shows the
electronic absorption spectra of MAPbI3 films obtained from
PbI2 with and without SVA and with different dipping times in
MAI. The PbI2 films without SVA exhibit consistently increased
absorption intensity over the increased dipping time, owing to
the formation of more perovskite products. This observation is
in good agreement with a previous investigation.29 In contrast,
the absorption spectra of perovskite films with increased
dipping time of SVA-based PbI2 in MAI are more or less
similar. Obviously, the light-harvesting ability of the PSCs with
SVA is not much affected by the increased dipping duration.
Also, it seems that the passivation effect by PbI2 is on a same
comparable level, if there is any.
As described above, the Voc values of PSCs with SVA

substantially decrease with increased dipping time. This
phenomenon seems to be originated from changes in the
crystal structure of the perovskite semiconductor. Figure 5
shows the XRD patterns of the perovskite films obtained from
PbI2 with SVA (a) and without SVA (b) for different dipping
times. In Figure 5a, clear diffraction peaks from perovskite
appear at each 14.0°, 24.3°, 28.4°, 31.7°, and 50.3°,
corresponding to the (110), (202), (220), (310), and (404)
planes of the tetragonal phase of CH3NH3PbI3, respectively.

30

Meanwhile, the XRD peak from the PbI2 nanocrystals at 12.56°
remains strong throughout the dipping time from 1 to 10 min.
In contrast, without the SVA process, the XRD peak at 12.56°
in Figure 5b decays significantly with increasing dipping time,
and finally disappears after 10 min. The XRD patterns without
SVA are also consistent with previous investigations, confirming
a nearly complete conversion of PbI2 into CH3NH3PbI3 after
10 min. Importantly, as shown in the inset of Figure 5b that

normalizes XRD peaks at 14.0° (001) and 12.56° (110), the
XRD peaks for PbI2 and CH3NH3PbI3 are identical with the
peak position, indicating that the crystallite lattices of both PbI2
and CH3NH3PbI3 are not altered by long time dipping. Given
that the XRD peaks of these PbI2 and MAPbI3 in Figure 5b are
identical, their peak positions at 12.56° (001 plane of PbI2) and
14.0° (110 plane of MAPbI3) could be regarded as the intrinsic
values for standard PbI2 and MAPbI3 crystals.
On the other hand, interestingly, the normalized peaks of the

001 plane of PbI2 and the 110 plane of MAPbI3 in the inset of
Figure 5a shift significantly with the dipping time from 1 to 10
min. The XRD peaks corresponding to the 001 plane of PbI2
are 12.50°, 12.61°, 12.75°, and 12.67°, for dipping times of 1, 3,
5, and 10 min, respectively; meanwhile, the XRD peaks
corresponding to the 110 plane of MAPbI3 are 14.0°, 14.1°,
14.2°, and 14.1°, for the dipping times of 1, 3, 5, and 10 min,
respectively. Clearly, the peak positions of PbI2 and MAPbI3

Figure 4. UV−vis absorption spectra of MAPbI3 films obtained (a) with SVA and (b) without SVA.

Figure 5. XRD diffraction patterns of the ITO/MAPbI3 thin films
obtained from PbI2 (a) with SVA and (b) without SVA.
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with 1 min dipping time are most close to their intrinsic
positions. As the dipping time increases from 1 to 5 min, the
XRD peaks shift with the maximum values of 0.25° and 0.2° for
PbI2 and MAPbI3, respectively. The shift of XRD peaks within
5 min of dipping time may be a consequence of the coordinate
variation of Pb2+ and intercalation of interstitial molecules, ions,
or atoms forming a transient state.31 In the other words, the
XRD peak shifts of both PbI2 and MAPbI3 crystallites
correspond to the doping effect on the perovskite crystals by
PbI2 intercalation/deintercalation processes. The optoelectrical
properties of both PbI2 and MAPbI3 crystallites will
substantially change upon this doping, because excessive MAI
ions will disturb the carrier generation/transport in the bulk
crystals. Thus, this explains the reductions of Voc and PCE
values of SVA-based PSCs with increasing dipping time from 1
to 5 min. This explanation could be further confirmed by FT-IR
measurement. Figure 6 shows the FT-IR spectra of the

perovskite films prepared by dipping the SVA-based PbI2 in
MAI for 1−10 min, and those of pure PbI2 and MAI are also
measured as references. The FT-IR signal for 1 min dipping
time represents the fully intercalated PbI2 in MAI, and the
typical IR shift of PbI2 at wavenumber of 1089 cm−1 is not
present.32 As the dipping time increased to 5 min, this IR peak
appeared with a disappearance of peaks at 1599 and 3200 cm−1,
both originated from MAI. Such changes in IR spectra strongly
support the hypothesis of the occurrence of PbI2 deintercala-
tion at 5 min dipping time.

In Figure 5a, a sudden turnover of the XRD peak shift was
observed with further increasing the dipping time from 5 to 10
min. Also, the FT-IR spectra in Figure 6 with 10 min dipping
time show weakened IR signal from free PbI2. This may reflect
the formation of the MAPbI3 capping layer, because
deintercalated PbI2 may meet the excessive MAI on the surface.
In the previous investigation, it was proposed that PbI2 will

become soluble in 2-propanol by formation of the Pb4
2−,31 i.e.,

+ ⇄ +− + −CH NH PbI I CH NH PbI3 3 3 3 3 4
2

The PbI4
2− ions in 2-propanol can cocrystallize with MA+

ions to grow large crystal MAPbI3 on the surface, as described
in the following equation:

+ → +− + −PbI CH NH CH NH PbI I4
2

3 3 3 3 3

To confirm this, the scanning electron microscope (SEM)
was employed to examine the surface morphology of perovskite
layers. Figure 7 shows the SEM images of perovskite films
prepared with different dipping times and with SVA (a−d) and
without SVA (e−h). Obviously, in both cases with and without
SVA, a long dipping time, i.e., 10 min, develops large perovskite
nanosheets on the surface of the homogeneous cubic-shaped
perovskite nanoparticles, an observation that strongly supports
the above proposed mechanism of forming a perovskite
capping layer on the surface after 5 min of dipping time.

Improvement of Photovoltaic Performance by Re-
peated Dipping-Drying Method. As discussed in the
previous section, dipping of SVA-based PbI2 in MAI solution
for more than 1 min already causes deintercalation of PbI2. This
problem limits the exploration of the optimal PbI2/MAPbI3
composition in the active layer in the PSCs. An alternative way
to optimize this composition is to shorten the dipping time of
PbI2 film in MAI while increasing the number of dipping-drying
cycles. Figure 8 shows the J-V curves of PSCs fabricated by
dipping the SVA-based PbI2 in MAI for 1 min for once, twice, 3
times, and 4 times. Between each time of dipping, the reaction
of PbI2 with MAI in the film was immediately stopped by
drying the film quickly with air flow after each dipping process.
Table 3 lists the relevant parameters obtained from Figure 8. By
repeating the dipping-drying cycles for 3 times, the PCE of the
compact layer free PSC was significantly improved to 11.4%
with a Jsc= 17.5 mA/cm2, a Voc= 1.03 V, and a FF = 0.63. Also,
the Jsc value of the best PSC is in good agreement with the
integrated incident photon-to-current conversion efficiency
(IPCE) in the inset of Figure 8. This high PCE value is
comparable to the state-of-the-art results reported for compact

Figure 6. FT-IR spectra of different dipping time perovskite films
obtained from a PbI2 film with SVA and that of pure PbI2 and MAI.

Figure 7. SEM images of an ITO/MAPbI3 thin film obtained from the PbI2 film with SVA with different dipping times: (a) 1 min, (b) 3 min, (c) 5
min, (d) 10 min and that without SVA with different dipping times: (e) 1 min, (f) 3 min, (g) 5 min, (h) 10 min.
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layer free PSCs.33 Importantly, the Voc value is more or less
similar in all PSCs, indicating crystallite doping in both PbI2
and MAPbI3 is no longer present.

■ CONCLUSIONS
In summary, we could answer the questions addressed in the
Introduction: (1) Although the SVA-based PbI2 is robust
against reaction with MAI, resulting in PbI2/MAPbI3 core−
shell structure in the PSC cells, increasing the dipping time in
MAI solution still results in reduced photovoltaic performance.
(2) The performance reduction upon prolonged dipping time
of SVA-PbI2 in MAI could be attributed to two detrimental
events; i.e., increasing the dipping time from 1 to 5 min causes
band doping in both PbI2 and MAPbI3 layers, and increasing it
and from 5 to10 min induces recrystallization of the MAPbI3
capping layer on the perovskite layer surface. (3) The
photovoltaic performance was improved by an alternative
repeatable dipping-drying method. By repeatedly dipping the
SVA-PbI2 in MAI for 1 min for 3 times, a highest PCE of 11.4%
was achieved under the AM 1.5 (100 mW cm−2) simulated
sunlight illumination. This study not only discovers an
important mechanism that causes the reduction of photovoltaic
performance in the sequential deposition method but also
simultaneously provides a solution for future development of
PSCs with SVA-based PbI2 precursors.
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