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Abstract
Morphology control of organometal halide perovskite thin films is of importance in order to
develop highly efficient perovskite solar cells. Here, a seeded growth method is introduced for
the first time to deposit lead iodide (PbI2) with platelet structures on an organic hole transporting
layer PEDOT:PSS. The PbI2 platelets are effectively converted into perovskite thin film when
subject to sprayed droplets of methylammonium in isopropyl alcohol. Compared with
evaporated compact PbI2 layers, the PbI2 platelet enables a thicker perovskite thin film to be
formed with less unreacted PbI2. Using this technique, we have achieved pinhole-free and
uniform perovskite thin film with root-mean-square roughness of 12.81 nm, and an average solar
cell efficiency higher than those fabricated from compact PbI2 thin film.

Supplementary material for this article is available online
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(Some figures may appear in colour only in the online journal)

1. Introduction

Hybrid organic–inorganic halide perovskites have attracted
great attention in recent years. The power conversion effi-
ciency (PCE) of perovskite solar cells climbs rapidly from an
initial value of 3.8% to the present record of 22.1% owing to
the outstanding properties of perovskite materials [1–6], such
as a large absorption coefficient in the visible region [7, 8],
bipolar semiconductivity [9], long diffusion lengths [10, 11],
high carrier mobility [12], and tunable band gap energy [13].
Among these perovskite materials, methylammonium lead
triiodide (MAPbI3), with a band gap of ∼1.55 eV, was most
studied. To date, the main approach for depositing MAPbI3

perovskite thin films can be grouped into three kinds of
methods: the one-step precursor deposition method [7, 14],
the two-step sequential solution deposition method [15, 16]
and the vapor deposition method [17]. For the one-step
deposition, the precursor materials of lead halide (PbI2) and
methylammonium iodide (MAI) were dissolved in an organic
solution (e.g, N,N-dimethylformamide, γ-butyrolactone or
dimethylsulfoxide), then spin-coated and annealed to form a
MAPbI3 perovskite layer [18]. One-step precursor deposition
often suffers from uncovered pinholes and morphological
variations due to the rapid uncontrollable reaction. However,
solvent-engineering technology for the one-step method has
achieved a rapid and reproducible fabrication of high-quality
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perovskite films [2, 19, 20]. For the typical two-step solution
deposition method, the PbI2 layer was converted to a per-
ovskite layer via immersing PbI2 layers in MAI solu-
tion [15, 21].

Apart from the all-solution-methods, a solar cell with a
PCE of 15.4% prepared by vacuum vapor deposition was first
reported by Snaith et al [17]. In their work, the mixed halide
perovskite MAPbI3−xClx was deposited by thermally co-
evaporating lead chloride (PbCl2) and MAI onto compact
TiO2-coated FTO glass, showing superior uniformity and
satisfactory film coverage. Later, highly oriented pure
MAPbI3 thin films were also deposited by co-evaporation of
MAI and PbI2, achieving PCEs of 12% and 16.5% [22, 23].
Nevertheless, it is difficult to precisely control the diffusion
rate of organic and inorganic species at the same time for this
method. Thus, a sequential layer-by-layer vacuum deposition
method was developed [24–26]. In [25], compact and fully
converted perovskite thin films were prepared by repeating
two cycles of layer-by-layer vacuum depositing of a 100 nm
PbCl2 layer and MAI layer on compact-TiO2 annealed at
120 °C for 2 h. The PCE achieved was 16.03%. In [26],
perovskite films were prepared by 7 pairs of PbI2/MAI
(50 nm/50 nm) via sequential vacuum deposition. Although
vapor deposition can avoid the influence of atmosphere and
impurities in the solution, this technique is quite complex and
time-consuming.

The spray deposition method possesses the advantages of
having good uniformity and a high material utilization rate.
The potential for fabricating large-sized and flexible per-
ovskite solar cells via spray methods was demonstrated in
references [27–29]. Previously, Lidzey et al adopted an
ultrasonic spraying-coating method under ambient conditions
for the first time to spray a MAPbI3−xClx precursor solution
for perovskite solar cells, achieving PCE of 11.1% [30]. Then,
MAPbI3 films were spray-coated onto the PEDOT:PSS sub-
strates via an airbrush pen, achieving an average PCE of
∼9.2% [27]. With the same precursor solution spray-coated
onto TiO2 coated FTO substrates, the best PCE of 7.89% was
obtained [31]. The PCE was further improved to 13% with
highly crystalline and uniform MAPbI3−xClx films on the
compact TiO2 layer via an ultrasonic spraying-coating
method [28]. Moreover, a PCE of 11.66% was obtained via a
spray assisted two-step method, where the second step
involves spraying MAI solution on top of PbI2 layers instead
of dipping the PbI2 layers in MAI solution [32]. Furthermore,
Liu and his coworkers obtained average PCEs of 14.9% via
the spray-assisted two-step method with MAPbI3 films fab-
ricated on compact TiO2 coated substrates [33]. Then, solar
cells fabricated by two-step ultrasonic spray deposition of
MAPbI3, where PbI2 in DMSO and MAI in isopropanol (IPA)
were sprayed sequentially on TiO2 substrates, achieving a
PCE of 16.03% [29]. Yu et al also demonstrated perovskite
solar cells fabricated by airbrush spray techniques [34, 35],
along with PCEs of 12.5% and 14.2%, respectively. While
most of these recent advances in sprayed coating perovskite
solar cells are demonstrated on TiO2 coated substrates, very
few investigations on PEDOT:PSS substrates with sprayed
techniques were reported.

In this work, we report the successful deposition of
porous platelets of PbI2 films on PEDOT:PSS-coated FTO
glass substrates by introducing a spin-coated PbI2 seed layer
before vapor evaporation. The seed layer assisted the for-
mation of PbI2 platelets, which was considered to be difficult
on the PEDOT:PSS layer in [36]. The microstructures of the
PbI2 platelets significantly facilitated the conversion of PbI2
to perovskite films. Even though the thickness of evaporated
PbI2 films reaches 250 nm, the PbI2 platelets can be fully
converted in spray MAI mist. With an additional layer of
porous PbI2 platelets to modify the thickness of the perovskite
layer, our contribution may provide a universal way to
improve the existing two-step methods.

2. Experimental

2.1. Materials and solution preparation

PEDOT:PSS (Heraeus Clevios PVP AI 4083)-IPA (1:3 by
vol) solution was filtered through a 0.45 μm PTEE filter. The
0.2 M PbI2 (99.9%, Aladdin) solution (dissolved in N,N-
dimethylformamide at a concentration of 92 mgml−1) was
stirred at 70 °C overnight. The MAI solution was prepared in
IPA with a concentration of 10 mgml−1, and stirred at 70 °C
for 1 h. The PCBM in chlorobenzene (CB) at a concentration
of 20 mg ml−1 was heated at 70 °C for 30 min. The powder of
2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) was
dissolved in IPA under stirring at 70 °C overnight.

2.2. Perovskite solar cell device fabrication

Our planar heterojunction solar cells were used in an inverted
structure of glass/FTO/poly(3,4-ethylene-dioxythiophene):
poly(styrenesulfonic acid) (PEDOT:PSS)/perovskite/[6,6]-
phenyl-C61-butyric acid methyl ester (PCBM)/BCP/Ag,
where PEDOT:PSS was employed as a hole-transporting
layer at the anode and PCBM likewise as an electron-trans-
porting layer at the cathode, as shown in figure S1 is available
at stacks.iop.org/SST/32/074003/mmedia. The fluorine-
doped tin oxide (FTO)-coated glass substrates were cleaned
though sonication in diluted detergent, deionized water,
alcohol, isopropanol for 15 min each successively. Then the
substrates were dried with compressed nitrogen. Before spin-
coating, the substrates were treated by UV-Ozone for 10 min.
The PEDOT:PSS solution was spin-coated onto the FTO
substrates at 3000 rpm for 60 s, and dried at 150 °C for 20 min
in ambient atmosphere. Then the substrates were transferred
to a nitrogen-filled glovebox.

In the following sections, devices that went through spin-
coating, evaporation, spray and annealing processes are
denoted as SVSA. The perovskite film fabricated with SVSA
method is schematically presented in figure 1.

A low concentration PbI2 solution (0.2 M) was first spin-
coated on the PEDOT:PSS coated FTO glass, forming a PbI2
seed layer with a thickness of ∼30 nm. The PbI2 precursor
solution was spin-coated at 6000 rpm for 30 s and then
annealed at 100 °C for 60 s. After cooling, the substrates were
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loaded into a vacuum chamber to evaporate PbI2. The powder
of PbI2 was thermally evaporated on PbI2/PEDOT:PSS/FTO
substrates with a pressure below 9.9×10−6 mbar. The dis-
tance of the source and substrates was 20.9 cm. The deposi-
tion rate was controlled within 1 Å s−1 by a quartz
microbalance sensor. After the PbI2 deposition, the MAI
solution was spray-coated onto the PbI2 thin films by a
pneumatic ultrasonic spraying system (Siansonic Z40S) in
ambient atmosphere. To control the quality of the mist, the
nozzle height was fixed at 12 cm from the substrates and the
spraying speed of MAI solution was kept at 150 μLmin−1.
By increasing the thickness of the PbI2 films, the spray time
was also increased from 90 s to 105 s. As shown in table S1,
different thicknesses of the evaporated PbI2 films need var-
ious spray-coating times of MAI solution. During spray-
coating, the temperature of the substrates was constant at
75 °C. Afterward, all of the substrates were transferred into
the glovebox again for annealing at 100 °C for 40 min to
convert into MAPbI3 thin films. After heating, the perovskite
films were washed with IPA by the spinning drop method at
3000 rpm for 60 s. The solution of PCBM was spun onto the
perovskite layer at 1500 rpm for 45 s, followed by annealing
at 100 °C for 30 min. Then the BCP thin films were deposited
on these substrates at 1000 rpm for 30 s. Finally, a silver layer
(∼120 nm) was deposited onto the resulting films through a
shadow mask under a vacuum level of 5×10−6 mbar.

For comparison, we fabricated devices with both SSA
(spin-coating/spraying/annealing) and VSA (vacuum eva-
poration/spraying/annealing) methods. In the SSA process, a
1 M PbI2 solution was spin-coated on the PEDOT:PSS coated
substrate at 6000 rpm for 30 s. For the VSA method, the PbI2
films were directly deposited onto the PEDOT:PSS layer by
vacuum evaporation.

2.3. Film and device characterization

X-ray diffraction (XRD) patterns were obtained by a Philips
X’Pert Pro MPD diffractometer with Cu Kα radiation oper-
ating at 40 kV and 40 mA. The surface morphologies of the
films were measured by atomic force microscopy (AFM) in
the tapping mode using a neaSNOM microscope (Neaspec).
Optical absorption of films was investigated by a UV–vis
spectrophotometer (V-670, Jasco, Japan). Scanning electron
microscopy (SEM) was performed by JEOL (SM-
71031SE2A) operating at 10 kV. The elemental analysis of
the perovskite layer was identified by a TOF-SIMS system.
The external quantum efficiency (EQE) was carried out with a
QE measurement system designed by Enli Tech (QE-R3011).
The J–V characteristics of the fabricated perovskite solar cells
were recorded by using a source meter (Keithley 2400, USA)
under simulated AM 1.5 irradiation (100 mW cm−2). The
light intensity was calibrated with a standard silicon solar cell.
The solar cells were masked with a black aperture to define
the active area of 4 mm2.

3. Result and discussion

A typical PbI2 layer deposited by solely spin-coating or
vacuum evaporation is shown in figures 2(a) and (b). PbI2
from spin-coating forms a compact surface without an
observable microstructure under SEM, whereas the evapo-
rated PbI2 shows irregular crystal structures with voids and
pinholes (figure S2). Previously, Fu et al concluded that
polycrystalline substrates facilitated the growth of porous
plate-like microstructures, and amorphous substrates led to
the growth of compact PbI2 layers [36]. In contrast, with the
spin-coated seed layer, PbI2 forms a platelet structure with
different orientations, as shown in figures 2(c), (d). The
average diameter of the platelets is ∼130 nm, judging from
the SEM images. We believe that the platelets result from the

Figure 1. Schematic illustration of the spin-coating/vapor/spray/annealing (SVSA) method for the deposition of MAPbI3.
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hexagonal and layered crystals structure of PbI2, where I–Pb–
I layers were covalently bonded and stacked by the Van der
Waals force in the c-axis [37, 38]. We had also investigated
the cross-sectional morphology of the evaporated PbI2 grown
on the seed layer, as shown in figure S3. Compared to the
cross-section of the spin-coated and evaporated PbI2 reference
samples on PEDOT:PSS/FTO substrates (figure S4), the
seeded growth PbI2 thin films present more grain boundary
features. The height of a piece of the vertical standing pla-
telets is almost equivalent to the thickness of the thin films.
This proves that hexagonal platelets grow not only on the
upper part of the evaporated PbI2 films, but also almost
throughout the depth direction of the films.

The platelets growth process is also revealed by the SEM
images monitored at different evaporated thickness (200, 250,
300, and 350 nm, respectively) in figures 2(c), (d) and figure
S5. At the beginning of deposition, the growth of hexagonal
PbI2 crystals is parallel to the FTO substrate in the basal
plane. When the thickness reaches 200 nm, the small amount
of platelets randomly shoot out from the grain boundary of
the bottom PbI2 with various angles to the substrate. The sizes
and the densities of the platelets were analyzed using image
tools, as shown in figures S6 and S7. When the evaporated
thickness increased from 200 nm to 350 nm, the average
diameters of the platelets increased first, then decreased

(figure S6), whereas the density of the platelets showed a
consistent increase with the film thickness (figure S7). The
platelets occupied most of the surface area when the film
thickness exceeded 300 nm, leaving small voids among the
platelets. Figure S8(a) compares the x-ray diffraction (XRD)
patterns of the evaporated PbI2 films prepared with different
thicknesses. The diffraction peaks center at 12.6°, 25.5°,
38.5° and 52.2°, which corresponds to the (001), (002), (003)
and (004) diffractions of PbI2, respectively [38]. A preferred
orientation in the (001) plane indicates that the polycrystal-
line-PbI2 films grow mainly in the direction perpendicular to
the c-axis [39]. The magnified figure in figure S8(b) further
compares the (001) diffraction peak intensities of these PbI2
films. It is found that the (001) peak intensities of the PbI2
platelets films are significantly lower than those of the com-
pact PbI2 films deposited by just one step spin-coating, or the
evaporation method. It indicates that the PbI2 platelets grow
in different orientations, therefore weakening the diffraction
peak intensity of the (001) plane.

We also examined the XRD of MAPbI3 thin films after
ultrasonic spraying of MAI droplets onto PbI2 platelets, as
shown in figure 3(a). There are strong sharp diffraction peaks
located at approximately 14.09°, 28.43°, and 31.87°
corresponding to the (110), (220), and (310) crystal planes of
the tetragonal perovskite structure, which is consistent with

Figure 2. (a), (b) SEM images of (a) spin-coated 1 M PbI2 films and (b) PbI2 layers deposited by typical vacuum evaporation on PEDOT:
PSS/FTO substrates. (c), (d) PbI2 films of (c) 200 nm and (d) 250 nm were deposited by a seed layer assisted growth method on PEDOT:
PSS/FTO substrates.
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Figure 3. XRD patterns of (a) the deposited MAPbI3 films via the SVSA method and (b) the magnified diffraction peak of MAPbI3 films by
three different processes. Samples with different evaporated PbI2 thickness are denoted with the PbI2 layer thickness value. Peaks from the
FTO substrates (JCPDS No.01-072-1147) are labelled with •, peaks from PbI2 (JCPDS No.73-1754) are labelled with *, and peaks from the
perovskite are labelled with ♦.

Figure 4. The J−V characteristics of the best perovskite solar cells based on MAPbI3 perovskite thin films deposited by (a) SVSA process, by
(b) SSA and VSA methods, EQE spectrums of (c) perovskite solar cells with three different approaches. (d) Device performance statistics
from perovskite solar cells based on SVSA (the 250 nm-thick PbI2 films), SSA and VSA methods (30 cells for each).
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tetragonal phase structures reported previously [40, 41]. The
absorption of the MAPbI3 thin films exhibit a broad range of
absorption in the visible region of the spectrum and a strong
optical bleaching at around 760 nm [9, 42], as shown in figure
S9. The different thicknesses of evaporated PbI2 films can
affect the conversion of PbI2 to MAPbI3 during the ultrasonic
spray and annealing processes. There is no significant residual
PbI2 in the films converted from 250 nm PbI2 with platelet
nanostructures. As the PbI2 thickness reaches 300 and
350 nm, an addition peak appears at 2θ≈12.65° indicating
unconverted PbI2, which indicates incomplete PbI2 conver-
sion at this thickness. On the contrary, there is obvious resi-
dual PbI2 in perovskite films fabricated by the VSA approach
with just 250 nm (figure S10).

To find out how the different growth conditions would
affect the solar cells’ performance, a series of perovskite solar
cells were prepared from different thickness PbI2 layers using
the SVSA method. Figure 4(a) shows the current density–
voltage (J–V ) curves of the perovskite solar cells under AM
1.5 illumination. The photovoltaic parameters of the fabri-
cated solar cells for various thicknesses of evaporated PbI2
films are summarized in table 1. All device parameters depend
on the thickness of the evaporated PbI2 films, particularly
short-circuit density (Jsc) and fill factor (FF). It is obvious that
the Jsc is increased from 11.77 mA cm−2 to 15.11 mA cm−2

when the thickness of evaporation is increased from 200 nm
to 250 nm. The devices fabricated on 200 and 250 nm PbI2
films show negligible hysteresis in forward and reverse scan

(figure S12). Owning to the porous and loose structure of the
evaporated PbI2 films, we obtain fewer defects and fully
reactive perovskite absorption layers through the SVSA
method, as depicted in figure 5(a). However, the value of Jsc
deteriorates after 300 nm, although the value of open-circuit
voltage (Voc) remains constant at different thicknesses. The
best performance was obtained for the 250 nm-thick PbI2 thin
films, which resulted in 9.11% PCE, with a Jsc of
15.11 mAcm−2, Voc of 0.885 V and a FF of 68.11%.

In contrast, the planar perovskite solar cells based on the
MAPbI3 thin films deposited using the SSA and VSA meth-
ods showed the best PCE of 7.28% and 6.26%, respectively,
as shown in figure 4(b). Devices fabricated by the SSA
approach, Jsc of 12.38 mA cm−2, Voc of 0.890 V, and FF of
66.11% were obtained for the best cells. The perovskite solar
cells fabricated by the VSA process achieved a Jsc of
12.82 mA cm−2, a Voc of 0.969 V, and a FF of 50.39%. The
compact PbI2 layer on the PEDOT:PSS/FTO/glass impeded
the reaction between the bottom PbI2 crystals and MAI dro-
plets, as illustrated in figure 5(b). Nevertheless, we note that
distributions of Voc are higher than the other two ways, shown
in figure S13. We assume that the increment of Voc mainly
relates to better transport at the interface of the pervoskite
layer with the PEDOT:PSS films using direct evaporation.

Figure 4(c) shows the external quantum efficiency (EQE)
spectra of perovskite solar cells using three deposition
methods. The integrated of Jsc calculated from the EQE data
correlated with the Jsc obtained from the J–V measurements.

Figure 5. Schematic diagram of the processes of fabricating perovskite films: (a) the porous platelets-PbI2 and (b) the compact PbI2.

Table 1. Solar cell performance parameters extracted from the J–V characteristics in figures 4(a) and (b).

Process PbI2 thickness[nm] Jsc[mA cm−2] Voc[V] FF[%] PCE[%]

SVSA Spin (30)/Evaporation(200) 11.77 0.908 65.17 6.97
Spin (30)/Evaporation(250) 15.11 0.885 68.11 9.11
Spin (30)/Evaporation(300) 14.70 0.932 63.49 8.70
Spin (30)/Evaporation(350) 13.33 0.928 63.11 7.80

SSA 200 12.38 0.890 66.11 7.28
VSA 250 12.82 0.969 50.39 6.26
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It is noted that there are two troughs in the EQE spectra at
around 460 nm and 625 nm, which is caused by the stronger
reflection of the glass/FTO substrates at these wavelength
regions. The EQE spectra of perovskite solar cells with
250 nm PbI2 exhibits over 50% between 400 to 750 nm, and
highest value nearly 70% around 670 nm.

For the MAPbI3 perovskite thin films deposited by the
SVSA method, the absorption of the light by the perovskite
layer is an important factor. On the one hand, if the perovskite
film is too thin (200 nm), it will not absorb enough sunlight to
produce sufficient electron–hole pairs. The low EQE of per-
ovskite solar cell from the 200 nm PbI2 layer gives clear
evidence for insufficient light absorption. On the other hand,
if the perovskite absorption layers are too thick, such as
350 nm, the photo-generated charge carriers will not be
extracted effectively from perovskite films, probably due to
the limited carrier life time in unreacted PbI2.

Furthermore, the statistical results of the perovskite solar
cells’ performance based on three different processes are
shown in figure 4(d). By comparison, the PCE distributions
from perovskite solar cells based on the SVSA method is in
the range of 7.26% to 9.11% with an average efficiency of
about 7.98%. Additionally, detailed information of the PCE
distributions is shown in figure S14. Although the present
PCE of 9.11% is low, the result demonstrated the improve-
ment of the photovoltaic performance upon using the SVSA
method.

We suspected that the incomplete conversion PbI2 lay at
the bottom of the perovskite layer for the thick films. To
verify our hypothesis, we performed secondary ion mass
spectrometry (SIMS) measurements on the perovskite sam-
ples converted from the evaporated PbI2 platelets with a
thickness of 250 and 350 nm. Figure 6 reveals the penetration
of Pb2+, I− and NH3 across the whole MAPbI3 layer. As
expected, the perovskite layers based on the 250 nm-thick
PbI2 films exhibits stable intensity of NH3 as the sputtering
depth increased in figure 6(a), which indicates that the MAI
solution fully converts all of the the PbI2 thin films into
MAPbI3 perovskite films. In contrast, the compositional
profile of NH3 shows a graded intensity toward the PEDOT:
PSS side for the sample from the 350 nm PbI2 layer, as shown
in figure 6(b). This suggests that the underlying PbI2 layers at
the bottom are prohibited from reacting with MAI for the
350 nm-thick PbI2 films. There is a maximum thickness of
platelets-PbI2 layers for spray assisted perovskite fabrication.

The film quality of the perovskite based on 250 nm-thick
PbI2 films is further evaluated by SEM and atomic force
microscopy (AFM). As shown in figure S15, the perovskite
film possesses the characteristics of full surface coverage and
being pinhole-free on the substrates. In addition, the porous
nanostructure presented in the original evaporated PbI2 films
vanished after the perovskite crystals formed (figure S16).
The root mean square (RMS) roughness of the film is cal-
culated to be 12.81 nm in the range of 5 μm×5 μm, which is
better than the previously reported 16 nm in [34] (shown in
figure 7). The smooth surface morphology is an indication of
the effective conversion of the porous PbI2 nanostructure into
perovskite thin films. The small droplets of atomization which

eject from a nozzle to the substrate are expected to be less
than 100 micrometers. Furthermore, the N2 flow provides a
driving force for deep infiltration of MAI, which can improve
the conversion of PbI2 to perovskite films. Hence, the good

Figure 6. (a), (b) SIMS depth profile of the perovskite films based on
an evaporated PbI2 thickness of 250 (a) and 350 nm (b), respectively.
The data were generated utilizing 0.5 keV Cs ions with a primary ion
beam current of 100 nA.

Figure 7. AFM images of the perovskite films based on evaporation
thickness of 250 nm. The scanning area is 5 μm×5 μm.
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quality crystalline and pinhole-free perovskite thin films lar-
gely improve the FF.

4. Conclusions

In conclusion, the porous platelets-PbI2 facilitates an efficient
conversion of PbI2 to MAPbI3 perovskite via a SVSA pro-
cess. The SVSA presents a simple and controllable approach
to obtain the perovskite films of full coverage, pinhole-free
and uniform. In comparison to the SSA and VSA methods
using similar processing conditions, the evaporated PbI2
films, 250 nm-thick and derived from the SVSA approach,
results in an improvement in the average and champion power
conversion efficiency of 9.11%. Moreover, future work will
focus on the device structure optimization to improve the
overall device performance. Thus, the SVSA method as a new
approach for the controlled-morphology deposition could be
an alternative way to deposit high quality and large area
absorber layers for efficient perovskite based solar cells.
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