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A B S T R A C T

The photovoltaic performance of perovskite solar cells is extremely dependent on the crystallization and
morphology of the perovskite film, which are affected by the deposition method. Here, we demonstrate a simple
approach to form a microporous PbI2 film, with subsequent conversion to a compact, highly crystalline
perovskite film. The PbI2 and corresponding perovskite films were further probed by two-dimensional X-ray
diffraction. The resultant perovskite exhibited improved photovoltaic performance under ambient conditions
with about 50% humidity. The PbI2 microporous structure was formed by exchanging residual DMSO with DMF
vapor in the PbI2 film, which facilitated contact with the methylammonium iodide (MAI) solution. The process
resulted in the formation of compact, smooth, pinhole-free perovskite films having no residual PbI2. Solar cells
fabricated using this methodology exhibited power conversion efficiencies over 16% with negligible photo-
current hysteresis.

1. Introduction

Organic-inorganic halide perovskite solar cells (PSCs) are now a top
candidate for high-performance and low-cost thin film photovoltaics,
owing to their excellent optical and electronic properties including high
absorption coefficient [1–3], high electron-hole diffusion length [4,5], and
superior power conversion efficiency (PCE) [6,7]. Methylammonium lead
halide (CH3NH3PbX3, MAPbX3) is the most commonly used perovskite
for PSC applications [8,9]. The first PSCs fabricated using MAPbI3 and
MAPbBr3 as a sensitizer in a liquid-electrolyte-based dye-sensitized solar
cells delivered a modest PCE of 3.8%[10]. Recently, a high PCE of 22.1%,
certified by the National Renewable Energy Laboratory, was achieved
[11]. This efficiency surpasses many other photovoltaic technology
candidates [12,13].

The crystallinity and morphology of perovskite films are known to be
crucial factors in the fabrication of high-efficiency devices [14]. Significant
research efforts have been devoted to the design and processing of
perovskite active layers, including approaches such as one-step solution
spin-coating [15], vacuum vapor deposition [8], and two-step sequential
deposition process [16]. The goal is to prepare compact, smooth

perovskite films with large crystalline grains. Whichever method is used,
it is evident that optimizing the crystallization and grain growth condi-
tions is critical to enhance device performance.

Park et al. reported an efficient method for preparing high efficiency
perovskite solar cells under high relative humidity [14]. In their
research, both substrate and PbI2 temperature were key factors that
controlled perovskite film morphology, which determined the final
efficiency of the perovskite device. Precise control of temperature and
humidity is difficult, but in the absence of requisite control, resultant
perovskite films were not smooth, leading to interface defects between
the perovskite and hole transport layers. Kelly [17] and his coworkers
explored the effect of relative humidity on crystal growth, and found
that perovskite crystallite size increased with increasing humidity;
however, the perovskite films prepared under varying humidity condi-
tions were not uniform and compact.

To improve the perovskite grain size, many researchers post-modified
perovskite films by solvent annealing in a controlled environment [18,19].
Lau et al. optimized a solvent annealing method to improve crystallization
of perovskite films and obtained an efficiency of over 13% [20]. Though
post-solvent annealing can increase the perovskite crystallinity, excessive
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residual solvent is harmful to device performance. To avoid the problem
mentioned above, several researchers modified the morphology of PbI2,
immediately obtaining uniform perovskite films. For instance, Han et al.
first prepared compact amorphous PbI2 for dipping deposition, however,
the compact perovskite films were comprised of grains that were only
around 200 nm in size [21]. Zhang et al. pretreated PbI2 with
Hexamethylphosphoric triamide(HMPA) ，further reducing the interfa-
cial contact between the perovskite film and TiO2 layer [22]. Gong and his
collaborators designed mesoporous PbI2 scaffold for high performance
planar perovskite solar cells, thereby obtaining a highly-crystalline
perovskite film [23]. Though these results are attractive, preparation of
large grain-size crystalline perovskite films in the ambient environment is
still under exploration.

Inspired by solvent post-annealing, we demonstrate a straightfor-
ward method to form a high quality, oriented, crystallized PbI2 film
using a vapor post-annealing approach. The PbI2 film subsequently
affords a compact, large grain size, pinhole-free CH3NH3PbI3 film
under humid ambient conditions. It was found that the highly-crystal-
line perovskite films can significantly improve device performance and
stability under humid ambient conditions.

2. Experimental section

2.1. Materials and reagents

Unless stated otherwise, all materials were purchased from Sinopharm
Chemical Reagent Co., Ltd. and used as received. CH3NH3I and Spiro-
MeOTAD (2,2’,7,7’-tetrakis[N,N-di(4-methoxyphenyl)amine)−9, 9’-spiro-
bifluorene, purity ≥99.5%) were purchased from Xi'an Polymer Light
Technology Corp. The TiO2 paste (NJU-SR) was purchased from Kunshan
Sunlaite New Energy Co., Ltd. FTO glass (14 Ω□

−1) was purchased from
Nippon Sheet Glass Co., Ltd.

2.2. CH3NH3PbI3 film fabrication

The perovskite films were fabricated using a sequential deposition
process. PbI2 (462 mg) was dissolved in anhydrous DMF or DMSO at
70 °C, to form a 1 M PbI2/DMF or PbI2/DMSO solution. The PbI2/
DMF solution was deposited onto a FTO glass substrate by spin coating
at 3000 rpm for 30 s, and the resultant film was then annealed for
10 min at 70 °C in the ambient to afford dense PbI2 (d-PbI2). The PbI2/
DMSO solutions were spin-coated onto the substrates at a spin speed of
3000 rpm for 30 s, followed by annealing for 10 min at 70 °C. The
PbI2/DMSO based substrates were divided into two groups. One group
formed amorphous PbI2 (a-PbI2). The other group was left on top of
the hot plate at 70 °C for 10 min and covered by a glass petri dish. DMF
solvent (20 μl) was introduced to the edge of the petri dish during the
thermal-annealing process. This allowed the DMF vapor to diffuse
under the edge of the petri dish and into the surrounding space above
the PbI2 coated substrate and make contact with the PbI2 film. The
DMF vapor was expected to be able to penetrate into the compact
amorphous PbI2 film and promote the growth of PbI2 crystals, forming
microporous PbI2 (m-PbI2).

CH3NH3I dissolved in 2-propanol (10 mg/mL) at 80 °C was loaded
onto d-PbI2 coated, a-PbI2 coated and m-PbI2 coated substrate where it
remained undisturbed for 20 s (loading time), The substrate was then
spun at 4000 rpm for 30 s and annealed at 110 °C for 10 min, forming
the dark perovskite layer which called sample 1, sample 2, and sample
3, respectively. The operation was carried out under humid ambient
conditions.

2.3. Device fabrication

Solar cells having a mesoporous structure were prepared [7]. The
FTO glass substrates (2.5 cm×2.5 cm) were sequentially washed
through an ultrasonic treatment in detergent, acetone, ethanol and

deionized water, and treated in O2 plasma (DT-01, Suzhou Omega
Machinery Electronic Technology Co., Ltd.). A thin layer of compact
anatase TiO2 was formed through spin-coating using a mixed solution
of titanium source on the clean substrates at 2000 rpm for 30 s,
followed by a sintering process in furnace at 500 °C for 2 h. The mixed
solution of titanium source was prepared as follows. Tetrabutyltitanate
(850 μl) and diethanolamine (210 μl) were dissolved in ethanol
(2.625 mL) under vigorous stirring for 1 h. Then 1.25 mL ethanol
and 45 μl deionized water were added into the solution under vigorous
stirring for 24 h. The mesoporous TiO2 layer was deposited by spin
coating an unfiltered (2:7) TiO2 paste: ethanol solution at 4000 rpm for
30 s and annealed at 500 °C for 30 min. After the perovskite films
formed, a volume of 25 μl of spiroOMeTAD solution (80 mg/mL in
chlorobenzene) was spin-coated onto the prepared perovskite film at
4000 rpm for 30 s. Finally, the devices were coated with a gold
electrode 80 nm in thickness by evaporation through an aperture mask
in a vacuum chamber. The active area of perovskite device is 0.16 cm2.

2.4. Characterization

The perovskite film was identified by one-dimensional X-ray
diffraction (1D XRD) (Model D/max 2550 V, Rigaku Co. Tokyo,
Japan) by using Cu Kα (λ=1.5406 Å) radiation. Two-dimensional
wide-angle X-ray diffraction (WAXD) analysis was conducted using a
Bruker D8 Discover GADDS X-ray Diffractometer operating at 40 kV
and 40 mA, Cu Kα radiation. The morphology of the resultant
perovskite film was observed by using field-emission scanning electron
microscopy (FESEM, Model S-4800, Hitachi, Japan). Tapping mode
atomic force microscopy (AFM) imaging was carried out using a
Multimode NanoScope IV system (Veeco, Santa Barbara, CA) at a
scanning range of 2 µm and a scanning speed of 3.001 Hz. Steady-state
photoluminescence (PL) spectra were acquired with a FLS920 transient
optical spectrometer (Edinburgh Instruments, UK). The photocurrent
density-voltage (J-V) curves of the PSCs were performed by a Keithley
model 2400 source measure unit. A solar simulator (Model 96160
Newport Co., USA) equipped with a 300 W Xenon lamp was used as a
light source, where the light intensity was adjusted using an NREL-
calibrated Si solar cell with KG-1 filter for approximating the AM 1.5 G
one sun light intensity. The cell performance parameters, including
short-circuit current density (Jsc), open-circuit voltage (Voc), fill factor
(FF=Pmax /(JscVoc)), and photoelectron conversion efficiency (h (%) =
Jsc*Voc*FF/total incident energy×100), were measured and calculated
from the J-V characteristics. The incident-photon-to-current conver-
sion efficiency (IPCE) spectra were measured as a function of the
wavelength from 350 to 800 nm using a specially designed IPCE
system (Newport Co., USA). Solar cell characterization and storage
were carried out in ambient room conditions without encapsulation.

3. Results and discussion

High-quality perovskite films with no voids in the active layer is a
key requirement for making high efficiency perovskite solar cells.
However, perovskite films prepared in ambient conditions are poor,
especially using a solvent method when the humidity is greater than
40% [16], which derives from the propensity of traditional PbI2
structures to absorb water molecules. We optimized the preparation
conditions of PbI2 films, and further prepared compact, pinhole-free
perovskite films in ambient conditions.

On the basis of detailed investigations of perovskite film growth, a
model shown schematically in Fig. 1 was proposed. As the films were
placed in a closed space, the solvent vapor could condense on the PbI2
film surface. Simultaneously, the high substrate temperature could lead
to solvent re-evaporation, where a simple dynamic near-equilibrium
may exist [20]. It is well known that a rapidly crystalized, layered and
dense PbI2 film can be obtained under DMF vapor using the traditional
method. Alternatively, using DMSO as the solvent for the PbI2
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Fig. 1. schematic diagram for preparing three types of PbI2 film and corresponding optical photographs.

Fig. 2. Surface (left row) and Cross-sectional (right row) FE-SEM image of PbI2 films (top row) sample 1(a)(b), sample 2(c)(d) and sample 3(e)(f).
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precursor solution, an amorphous PbI2/DMSO intermediate is ex-
pected to form. Through annealing at 70 °C for several minutes, DMF
molecules can infiltrate the layer and thereby substitute residual DMSO
in the film, leading to PbI2 recrystallization. The exchange between
DMF and DMSO forms small pores in the PbI2 films: PbI2 film
morphology and composition will be discussed later.

Fig. 2(a)–(f) depicts FE-SEM images of d-PbI2, a-PbI2 and m-PbI2.
Under ambient conditions, d-PbI2 formed a dense layer (Fig. 2(a)), while a-
PbI2 presented a compact, amorphous surface due to the formation of the
PbI2•DMSO intermediate (Fig. 2(b)) and m-PbI2 exhibited a microporous
structure. Fig. s1 shows the pore size distribution for d-PbI2, a-PbI2 and m-
PbI2 film, which are calculated from the FE-SEM images. The pore sizes of
the m-PbI2 film are bigger than the two other films. Notably, the pore sizes
of the d-PbI2 film are negligible.

Though d-PbI2 can easily interact with CH3NH3I solution via the
dipping method [24], the perovskite film that formed contained
residual PbI2. On the other hand, d-PbI2 films can react with
CH3NH3I efficiently, only requiring the infiltration of CH3NH3I into
the interstices. However, the dense structure readily absorbs moisture.
The absorbed water molecules would redissolve CH3NH3I, resulting in
a decrease in CH3NH3I solution concentration, leading to formation of
perovskite cuboids (Fig. 5(a)) [25]. Perovskite crystals are also
generated from a-PbI2 films due to the stronger binding capacity of
CH3NH3I vs. DMSO molecules with Pb2+, resulting in homogeneous,
perovskite films comprised of small crystals (Fig. 5(c)) [26]. The m-
PbI2 combines the favorable features of d-PbI2 and a-PbI2 films,
resulting in formation of compact highly-crystalline perovskite films
in ambient conditions (Fig. 5(e)). The mechanism of crystal growth can
be explained by the nucleation growth of perovskite crystals [27].
During DMF solvent annealing, oriented PbI2 crystals re-formed, and
then became the nucleating point upon contact with CH3NH3I solution.

Two-dimensional wide-angle X-ray diffraction (2D WAXD) is
widely used for analysis of the structure of solid materials, such as

polymer crystals, polymer fibers, thin-film materials, bulk materials
and etc. [28–31]. The fractions of crystalline, mesomorphic and
amorphous phases, as well as other structure parameters can be
obtained directly from analysis of the images that obtain. Through
2D WAXD image analysis, oriented, mussy or amorphous phase can be
determined by spots, circles or nothing in the images, respectively. The
brightness in the images represents the crystallinity of film. The
continuity of circles represents the reduced crystallographic orienta-
tion. Fig. 3 shows 2D WAXD patterns for PbI2 and the corresponding
perovskite films prepared from the three methods. There are strong
diffraction arcs (or spots) at Bragg angles 2θ =12.6° observed for d-
PbI2 and m-PbI2, which is attributed to the (001) lattice plane. The arc
width of the strongest equatorial reflection provides a strong indication
of the degree of orientation within the samples. The rings observed in
the WAXD data for sample 1 are indicative of the random orientation
of PbI2 crystals. In contrast, the aligned PbI2 crystals show a distinctive
molecular orientation, as detected by the discrete reflections in
Fig. 3(c). More importantly, a-PbI2 exhibited weak diffraction arcs at
Bragg angles 2 θ =9.9°, which contributed to the PbI2(DMSO)2
complex [32]. To further elaborate PbI2 film diffraction data, the
one-dimensional X-ray diffraction patterns were both integrated from
2D WAXD and measured by an XRD detector. Though more informa-
tion with regard to the PbI2 films can be obtained from 2DWAXD, such
as oriented crystallization and residual stress, the 2D and 1D XRD
results are essentially the same. Fig. 4 shows 1D XRD spectra
measured from the 1D detector and integrated from 2D XRD. The a-
PbI2 films shown in Fig. 4(a) have a broadened diffraction peak at 2θ
=9.9°. The 1D XRD patterns of d-PbI2 and m-PbI2 in Fig. 4 show
intense peaks at 2θ =12.6° (001), 25.5° (002), 38.5°(003) and 52.2°
(004) corresponding to the characteristic peaks of the PbI2 layer [33]. It
has been reported that PbI2 crystals deposited from DMF solvent grow
in a preferential orientation along the c axis [34]. For m-PbI2, we find
that the (001) diffraction peaks increase in intensity, suggesting a

Fig. 3. Two-dimensional WAXD pattern (covered from 2θ =5° to 2θ=20°) of PbI2 from sample 1 (a), sample 2 (b), sample 3 (c) and corresponding perovskite films (d-f).
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stronger degree of the PbI2 oriented crystallinity. The diffraction peaks
of the perovskite films resulting from the corresponding PbI2 films
were observed at 2θ values of 14.39° (101), 28.35° (220) and 31.93°
(141) [35]. In addition, other diffraction peaks at 2θ values of 20.08°
(200), 24.60° (220), 40.81° (400) were found in sample 3, which were
growth in a manner that conforms to the heterogeneous growth
mechanism [36]. The signature peak of PbI2 at 12.6° was observed in
sample 2 (Fig. 4(b)(d)), which was a result of the incomplete
consumption of PbI2 in ambient conditions [37].

Fig. s2(a) shows the UV–vis absorption spectra of d-PbI2, a-PbI2
and m-PbI2. The highest absorption among the three alternatives is
exhibited by d-PbI2. In Fig. s2(a), m-PbI2 shows a slight decrease in the
absorbance throughout the spectrum, which can be explained by
oriented PbI2 crystal structure. The minimal absorbance observed for
a-PbI2 film is attributed to the amorphous nature of PbI2, as demon-
strated by both FE-SEM images and XRD. Fig. s2(b) presents the UV–
vis absorption spectra of the resultant perovskite films. The maximum
absorption was observed for sample 3 and is attributed to the larger
crystallite size and better grain inter-connectivity as shown in FE-SEM
image (Fig. 5).

Photoluminescence (PL) spectroscopy provides insightful informa-
tion on the charge carrier extraction properties of solar cells fabricated
from the three perovskite samples. CH3NH3PbI3 is a highly lumines-
cent material, which means that the quenching of its PL intensity can
be used as a measure of the charge extraction ability of the perovskite
layer [38]. Fig. 6(a) presents the PL spectra of the samples investigated
here. The perovskite PL spectra show an intense peak at 770 nm (eV),
which is in good agreement with the absorbance spectra. For sample 2,

however, a blue-shift to 765 nm was observed. This change in
absorbance is believed to be related to the presence of unreacted
PbI2 [39]. Additional support for the presence of PbI2 id derived from
Energy Dispersive Spectrometer (EDS) data pertaining to the measured
Pb/I ratio shown in Table s1. From the data analysis, the elemental Pb
content is slightly enriched in the film which supports the UV–vis
analysis above. To study the dynamics of electron lifetimes between the
devices, time-resolved photoluminescence (TRPL) spectroscopy was
also performed. Fig. 6(b) illustrates the TRPL spectroscopic analysis of
three perovskite films fabricated on FTO glass. Such measurements
provide quantitative information associated with light-induced charge
separation [40]. Samples 1 and 2 exhibited a time constant of τe
=16.76 ns, and τe =22.60 ns, respectively, whereas sample 3 exhibited
a better value of τe =32.14 ns. Charge carriers possessing longer
lifetimes are expected to have a lower defect concentration [41]. The
higher electron lifetime is due to the low recombination rate. The
increase in photocurrent density is likely to be in part related to the
rapid transport rate, associated with the efficiency of charge collection.

3.1. Photovoltaic performance of perovskite solar cells

After optimizing the compact pinhole free perovskite film in
ambient conditions with ~50% humidity, solar cells were fabricated
with a device architecture of glass/FTO/compact TiO2/mesoporous
TiO2/CH3NH3PbI3/spiroOMeTAD/Au.

To ensure consistency and accuracy, several independent methods
were used to investigate photovoltaic performance. Perovskite solar

Fig. 4. One dimensional XRD spectra of PbI2 films and corresponding perovskite films integrated from Two WAXD pattern (a)(b), measured from One WAXD pattern(c)(d).
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cells often exhibit hysteresis, which relates to the quality of perovskite
layer [42]. Poor quality of the perovskite film will result in capacitance
between the perovskite and other layers [43]. Power conversion
efficiencies were determined by current-voltage characterization by
sweeping the voltage from negative to positive (forward scan) and

positive to negative values (reverse scan). The Jsc of the devices was
calibrated against the monochromatic incident photon-to-electron
conversion efficiency. The devices were further tested under maximum
power point tracking to investigate the device stability.

Fig. 7(a–c) shows the current-voltage curve of the three types of

Fig. 5. Surface (left row) and Cross-sectional (right row) FE-SEM image of perovskite films sample 1(a)(b), sample 2(c)(d) and sample 3(e)(f).

Fig. 6. (a) Photoluminescence of perovskite samples on FTO glass. (b) TRPL data for perovskite sample.
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solar cells. Cells fabricated from samples 1 and 2 exhibited significant
hysteresis, while little hysteresis was observed from solar cells based on
sample 3. A rough, pinhole containing perovskite film leads to
capacitance between the perovskite film and other layers, following
the charge-discharge taking place at the interface of the perovskite and
hole transporting layers [44]. Table s2 summarizes the typical device
performance based on the above-mentioned structure. For the device
using sample 1 films, an efficiency of 10.06% was obtained with a Voc of
0.92 V, Jsc of 18.93 mA/cm2 and a FF of 57.79 under reverse scan. A
poor efficiency of 8.50% with a Voc of 0.92 V, Jsc of 19.01 mA/cm2 and
FF of 48.65 was achieved under forward scan. The devices show

significant photocurrent hysteresis, a noteworthy feature of perovskite
trap states, which generate capacitance at the interfaces. Sample 2
device performance reached a medium level compared to the reference
with an efficiency of 10.81% obtained from a Voc of 0.92 V, Jsc of
21.30 mA/cm2 and FF of 54.95 under forward scan, while an efficiency
of 12.77% with a Voc of 0.96 V, Jsc of 21.23 mA/cm2and a FF of 62.44
under reverse scan was achieved. As expected, devices fabricated from
sample 3 films exhibited the best performance, namely a champion
PCE of 16.01% with Voc of 1.08 V, Jsc of 21.02 mA/cm2 and a FF of
70.67 under reverse scan. An efficiency of 15.93% with Voc of 1.07 V,
Jsc of 21.02 mA/cm2 and a FF of 70.67 under forward scan was
achieved. The low FF of solar cells fabricated using sample 1 films can
be attributed to the rough nature of the perovskite films. It is widely
believed that the FF is the key parameter associated with perovskite
device performance, which may be related to carrier recombination at
the interface between perovskite films and electron/hole transport
layers [45]. Fig. s3 depicts the two-dimensional AFM images which
reveal the overall topography of the sample 1, 2, and 3 procedures. The
morphology varies significantly with sample preparation procedure,
and corroborates the FE-SEM results (Fig. 5). The root mean square
(rms) roughness of the three samples are 172 nm, 56.4 nm, and
39.8 nm respectively. This kind of relative decrease in rms roughness
of the perovskite active layer is expected to be advantageous, because it
can lead to enhanced Voc as shown by Li et al. [46].

Fig. 8(a) shows IPCE measurement of devices with sample 1 (black
line), 2 (red line) and 3 films (green line). The curves start increasing
rapidly at around 770 nm, which is related to the optical absorption
edge of the perovskite films [47]. Between 450 nm and 800 nm, the
absorption profile of devices based on sample 1 is lower than those of
sample 2 and sample 3, which may derive from fewer perovskite grains.
Between 350 nm and 450 nm, the absorption of the sample 2 device
decreased sharply, due to incomplete perovskite grain formation
compared to the other two devices. To check the stabilization or
saturation point of photocurrent in solar cells with the different
perovskite formation protocols, the stabilized power output close to
the maximum power point was carried out at the voltage of 0.82 V
(sample 3), 0.73 V (sample 2) and 0.68 V (sample 1). The steady-state
photocurrent represents the actual power output and is used to
accurately characterize the device efficiency. As shown in Fig. 8(b),
under simulated AM1.5 G radiation (100 mW/cm2) and bias voltage at
the maximum power point, sample 3 produced a more stable output
current than the other two samples, with the latter showing a
diminished current over time.

Furthermore, statistical data regarding the photovoltaic parameters
for the three solar cell fabrication methods are plotted in Fig. s4, where
the data are obtained from 14 or more cells. Most of the parameters
associated with perovskite solar cells fabricated from sample 3 were
superior to those obtained from the alternate methodologies, which
provides further evidence that better quality perovskite films afforded
better device performance.

4. Conclusions

In summary, a low-cost and simple two-step deposition technique
was developed to form microporous PbI2, based on post-annealed
processing in ambient conditions. We investigated the effect of the
crystallinity of PbI2 films on resultant perovskite films and ultimate
photovoltaic performance. A power conversion efficiency of 16.01%
was achieved with devices fabricated from PbI2 films having a
mesoporous structure. The CH3NH3PbI3 film morphology that resulted
from the mesoporous precursor was very uniform as confirmed by AFM
images. These results demonstrate the importance of morphology
control in the PbI2 phase for high-performance PSCs fabricated under
ambient conditions. The simple technique presented here could be
used to prepare large area perovskite solar cells in ambient conditions.

Fig. 7. J-V curves under both (black line) forward and (red line) reverse scans for best
devices. (a) sample 1 (b) sample 2 (c) sample 3. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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