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optimal chemical composition and film
preparation methodology for perovskite
materials, which leads to highly efficient
perovskite solar cells (PSCs), photodetectors, light-emitting diodes, and lasers.[4–6]
Sequential deposition is one of the most
recruited perovskite preparation methods
in which a PbI2 layer is first deposited,
followed by dip-coating or spin-coating
of an additional AI (A = methylammonium, MA; formamidinium, FA) layer.[7,8]
Since Burschka et al. first employed this
method to prepare MAPbI3 perovskite
thin films for solar cells,[7] the ensuing
studies have been focused on controlling reactant concentration and film morphology to enhance power conversion
efficiency (PCE).[9] Recently, the sequential
deposition method is extended to prepare
FAPbI3, a perovskite species with favorable
bandgap. Various stages of the FAPbI3
perovskite growth process are refined to achieve great efficiencies for both mesoscopic and planar structure devices.[2,10]
Despite all the encouraging progresses made in recent years,
the exact growth mechanism following the sequential deposition of FAPbI3 perovskite is yet ambiguous and warrants further
investigations. An intimate knowledge of the chemical reaction
and phase transition behavior during film growth would enable
rational screening of processing conditions and provide clues
for further device performance improvements.[11,12] Previous
studies draw much attention on film morphologies, such as
crystal sizes, grain boundaries, and pinholes,[13,14] whereas the
evolution of crystal microstructures during perovskite formation has not been fully surveyed in the sequential deposition of
FAPbI3. Recent reports reveal that the control of crystal orientations in a single-grain scale could effectively alter the resultant
device efficiency due to the facet-dependent optoelectronic characters.[15–18] Accordingly, crystal facet orientation management
in the sequential deposition of FAPbI3 could provide another
knob to fine tune the film quality. In addition, pure FAPbI3
suffers from structural instability that it undergoes undesired
phase transition from α-phase black perovskite to δ-phase
yellow nonperovskite at room temperature.[19] The incorporation
of organic cations or halide anions is requisite to tackle
this issue.[20] However, the microscopic mechanisms for additive ions and their synergistic effect largely remain unknown.

Metal halide perovskites have revolutionized the development of highly
efficient, solution-processable solar cells. Further advancements rely on
improving perovskite film qualities through a better understanding of the
underlying growth mechanism. Here, a systematic in situ grazing-incidence
X-ray diffraction investigation is performed, facilitated by other techniques,
on the sequential deposition of formamidinium lead iodide (FAPbI3)-based
perovskite films. The active chemical reaction, composition distribution,
phase transition, and crystal grain orientation are all visualized following the
entire perovskite formation process. Furthermore, the influences of additive ions on the crystallization speed, grain orientation, and morphology of
FAPbI3-based films, along with their photovoltaic performances, are fully
evaluated and optimized, which leads to highly reproducible and efficient
perovskite solar cells. The findings provide key insights into the perovskite
growth mechanism and suggest the fabrication of high-quality perovskite
films for widespread optoelectronic applications.

1. Introduction
Metal halide perovskites have emerged as strong contenders for
the next-generation photovoltaic materials due to their extraordinary optoelectronic properties, such as tunable bandgap,
long exciton diffusion lengths, and low charge recombination
rates.[1–3] Tremendous efforts are devoted in searching for the
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The synchrotron-based grazing-incidence X-ray diffraction
(GI-XRD) technique has been effectively employed to characterize perovskite materials.[21,22] The high brilliance of
X-ray beams enables in situ observation of the perovskite
crystallization dynamics. The perovskite formation in the onestep spin-coating or vapor deposition process has been monitored through this technique, which constitutes a fundamental
understanding in the film crystallization mechanism and fosters further improvements in film qualities.[23–26] The pioneer
studies investigating the role of Cl− ions and the intermediate
phases during film preparation using the GI-XRD technique
further demonstrate the importance of in situ measurements
to engineer perovskite films for tailored properties.[27–29] Moreover, the GI-XRD setup equipped with a 2D detector can offer
additional information about crystal orientations in perovskite films.[16,17] These merits are beneficial for scrutinizing
the physicochemical activities in the sequential deposition
of FAPbI3 and provide key insights to realize high-efficiency
optoelectronic devices.
Herein, the dynamic growth processes of the sequential deposition of FAPbI3-based films under various reaction conditions
are comprehensively investigated through the synchrotronbased GI-XRD technique facilitated by a set of spectroscopic and
analytical tools. The in situ real-time studies depict the detailed
pathways at different stages of the sequential deposition process from a smooth PbI2 film to a trilayer PbI2–FAI composite
film and finally to the α-FAPbI3 perovskite, where the chemical
reaction, composition distribution, phase transition, and crystal
orientation evolutions are fully surveyed. Based on these, the
typical organic cation and halide anions, including MA+, Br−,
and Cl−, are further introduced as additives to evaluate their
effects on film qualities. Our results show that all the ions can
suppress the formation of the unfavorable δ-FAPbI3, increase
the crystallization rate of the α-phase perovskite, and regulate
the crystal grain orientations. Inspired by these results, the
photovoltaic performances are further evaluated and optimized,
which engenders PSC devices of PCE over 20% with good
reproducibility.

2. Results and Discussions
2.1. Preparation of PbI2 Films
The typical perovskite fabrication procedure employing the
sequential deposition method involves three main steps as
illustrated in Figure 1a. A dense and uniform PbI2 layer is crucial for the subsequent stacking of the FAI layer and the further
formation of the FAPbI3 perovskite film.[10] Previously, N,Ndimethylformamide (DMF) is employed as a solvent for PbI2;
however, the limited solubility requires elevated operation temperature that may curtail reproducibility.[7] In addition, the fast
nucleation process during spin-coating could result in rough
surfaces and inferior contacts with substrates. We add dimethyl
sulfoxide (DMSO) in DMF to enhance the solubility of PbI2.
DMSO can also coordinate with PbI2 to form the Lewis acid–
base adduct of PbI2·DMSO which could effectively reduce the
crystallization speed. We dissolve PbI2 in the mixed solvents of
DMF and DMSO as precursors for spin-coating. The volume
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ratios of DMF and DMSO in the solvents are 1:0 (denoted as
DMF), 9.5:0.5, 9:1, 4:1, 1:1, and 0:1 (denoted as DMSO), respectively. The as-spun film using the DMF precursor exhibits the
typical 2H PbI2 XRD pattern with two diffraction peaks centered
at 12.6° and 29.4° (Figure 1b). As the DMSO ratio increases to
9.5:0.5, the weak diffraction peaks of PbI2·DMSO at 7.9° and
8.6° emerge, indicating the as-spun film contains mainly PbI2
with a small fraction of PbI2·DMSO.[8] Further elevating the
DMSO concentration generates PbI2·DMSO films with high
crystallinity for the 9:1, 4:1, 1:1, and DMSO cases (Figure 1b;
Figure S1, Supporting Information). These as-spun films
are subsequently subjected to temperature-dependent in situ
GI-XRD measurements. The typical 2D intensity–time color
mappings following the formation process of PbI2 from the
highly crystallized PbI2·DMSO (4:1) and the PbI2/PbI2·DMSO
composite film (9.5:0.5) are presented separately in Figure 1c,d.
In both cases, as the temperature elevates, the 2D layer-structured PbI2·DMSO fully converts to PbI2 at 60–70 °C, as indicated by the decrease of the diffraction peak intensities at 7.9°
and 8.6° and the increase of the peak intensity at 12.6°. Morphologically, however, the highly crystalized PbI2·DMSO film
(represented by the film prepared with the 4:1 precursor) generates PbI2 films with rough surfaces (Figure 1e) which may
originate from the crystal structure of the PbI2·DMSO species,[8] while the film containing lower fraction of PbI2·DMSO
(with the precursor of 9.5:0.5) provides dense and uniform PbI2
films (Figure 1f). Based on the morphological investigation and
further device performance study, the optimized PbI2 film is
obtained with the precursor containing 5 vol% of DMSO in the
DMF/DMSO mixed solvent.

2.2. Structural Information of the PbI2–FAI Composite Film
Having attained the optimized PbI2 film, FAI is subsequently
deposited by spin-coating of the FAI/isopropanol (IPA) precursor to form the as-prepared PbI2–FAI (APF) composite
film, as schematically shown as step 2 in Figure 1a. Previous
studies consider this film to have a bilayer structure without
full access to the exact composition distribution.[30] As it greatly
affects the subsequent crystallization process, the GI-XRD
technique is introduced to investigate the crystal structure and
the internal profile of the APF film. By adjusting the incident
angle, the X-ray penetration depth can be tuned to probe the
internal structure of the sample in a layer-by-layer manner. To
conduct the GI-XRD experiments, the APF films are quickly
transferred from a N2-filled glovebox located aside the beamline into a custom-made sealed cell filled with N2 (a heating
stage is also installed in the cell for the following temperaturedependent experiments). Figure S2a (Supporting Information)
presents the 2D GI-XRD images of the APF film collected at
a series of incident angles from 0.05° to 0.5° with an interval
of 0.05°, and Figure S2b (Supporting Information) shows the
corresponding integrated XRD patterns. The GI-XRD results
indicate that the APF film possesses a complex composition
with the superposed diffraction peaks of PbI2, FAI, α-, and
δ-FAPbI3. The areal intensities of the typical diffraction peaks
of individual components, namely, the (001) peak for PbI2 at
12.6°, the (100) peak for α-FAPbI3 at 13.9°, the (010) peak for
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Figure 1. Preparation of the optimal PbI2 film. a) Schematic illustration of the sequential deposition of FAPbI3-based perovskites; from left to right:
1) PbI2, 2) trilayer composite film, and 3) perovskite. b) Integrated GI-XRD patterns of the as-spun films prepared employing various PbI2 precursor
solutions. c,d) 2D intensity–time color mappings following the PbI2 formation process through a 5 °C min−1 ramp process using the 4:1 and 9.5:0.5
precursor solutions, respectively. e,f) Scanning electron microscopy images of the PbI2 films corresponding to (c) and (d), respectively.

δ-FAPbI3 at 11.9°, and the peak cluster for FAI around 18°,
are integrated and plotted as a function of the incident angle
as presented in Figure 2a (the standard XRD patterns of the
corresponding pure phase species are shown in Figure S3 in
the Supporting Information). We note that X-rays can reach a
certain distance before they are absorbed and scattered by the
substances in a film, so their penetration depth (perpendicular
to the film) is dependent on the incident angle. Under the same
conditions, X-ray penetration depth increases as the incident
angle increases. At lower incident angles (smaller than 0.15°),
only the diffraction signals of FAI are detectable indicating the
presence of an FAI top layer in the APF film. As the incident
angle increases from 0.15° to 0.3°, the emergence and increase
of diffraction signals from α- and δ-FAPbI3 and the unchanged
diffraction intensities from FAI show a middle layer of FAPbI3
in the APF film. The diffraction signals originating from PbI2
emerge beyond the incident angle of 0.3°, revealing an underneath PbI2 layer. It is thus clear that the APF film has a trilayer
structure of FAI/α and δ-FAPbI3/PbI2, as identified by the dash
Adv. Funct. Mater. 2019, 29, 1902319

lines in Figure 2a. Interestingly, the α-phase perovskite tends
to form close to the FAI layer while δ-FAPbI3 grows near the
PbI2 side. These results confirm that the crystallization of
FAPbI3 initiates during the spin-coating of the FAI precursor
in an inter-diffusion mode. We also calculate the X-ray penetration depth as a function of the incident angle and the result
is shown in Figure S4 (Supporting Information).[31] The thicknesses of the FAI and FAPbI3 layers are estimated to be 88.4
and 44.7 nm, respectively. The GI-XRD experiment provides
more detailed structural information about the APF film as
compared to the scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDS) results (Figure 2b)
which only suggest the separation of the FAI and PbI2 layers.
2.3. In Situ Observation of FAPbI3 Formation
The in situ GI-XRD experiments are subsequently conducted
to follow the annealing process of the APF film (from step
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Figure 2. The growth process of the FAPbI3 perovskite film. a) The areal intensity of the typical diffraction peak of each component plotted as a function of the incident angle. b) Cross-sectional SEM image and corresponding EDS mapping (the curves on right side show the average percentages of
the elements across the same section along the depth profile) of the APF film. c) 2D intensity–time color mapping following the FAPbI3 formation and
degradation processes through the temperature ramping profile. d) XRD patterns extracted at points I–IV as marked in (c). e) The evolutions of the
characteristic peak areal intensities (denoted by A–D in (d)) following the temperature profile.

2 to 3 in Figure 1a), aiming at mapping out the structural evolution in the entire crystallization process. The incident angle is
set as 0.4° to achieve high-depth penetration (it is kept at 0.4°
in the following experiments unless otherwise specifies) and
the time–temperature (t–T) profile is set to increase from room
temperature (RT) to 300 °C at a ramp of 5 °C min−1. A continuous series of 2D GI-XRD images following the crystallization
process are recorded. By integrating each of these images and
plotting in the temperature (time) domain, the 2D intensity–
time color mapping is obtained, which reveals the structural
evolution of the sample through the t–T profile (Figure 2c). Horizontal linecuts are taken in all the structurally distinct regions
in Figure 2c (labeled as I–IV) and presented in Figure 2d to
show the underlying structures of different phases. Initially,

Adv. Funct. Mater. 2019, 29, 1902319

at stage I, the APF film exhibits complex diffraction patterns
with the superposition of the diffraction peaks originating from
PbI2, FAI, α-, and δ-FAPbI3. As the temperature elevates to
100 °C at stage II, the diffraction peaks attributing to PbI2 disappear, referring to a film with FAPbI3 of both α and δ phases
and FAI diffused in it. When the temperature further increases
to 150 °C, the pure α-FAPbI3 film is obtained at stage III, indicating the total conversion of nonperovskite phase FAPbI3 and
the depletion of FAI. The pattern at stage IV reveals the degradation of perovskite into PbI2 (4H structure) at higher temperatures. We further trace the areal intensities of four typical
peaks (labeled as A, B, C, and D in Figure 2d corresponding to
α-FAPbI3, δ-FAPbI3, PbI2, and FAI, respectively) representing
four different species involved in the crystallization process as
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a function of temperature from the 2D intensity–time color
mapping (Figure 2e). They can visualize the intensity evolution
of each species with a good temperature (time) resolution. As
the temperature increases from RT to ≈75 °C, the diffraction
peak intensity of the α-FAPbI3 barely changes and that of the δ
phase increases sharply while the PbI2 signal decreases. In this
temperature range, PbI2 reacts with FAI to form the nonperovskite δ-FAPbI3. From 75 to 100 °C, the α-FAPbI3 peak intensity starts to increase and the signals from the δ-FAPbI3 and
PbI2 decline. This indicates PbI2 continuously reacts with FAI
to form the α-FAPbI3 and is consumed completely at ≈100 °C
where the δ to α phase transition of FAPbI3 initiates. From
100 to 150 °C, the reaction is dominated by the δ to α phase
transition of FAPbI3, accompanied by the reduction of FAI.
At 150 °C, the diffraction from the δ-FAPbI3 disappears while
that from the α phase reaches its maximum. We attribute the
following decrease of the α-FAPbI3 intensity between 150 and
260 °C to the degradation of FAPbI3 crystals into amorphous
structures, in view of the absence of the PbI2 signal. The sharp
decrease of α-FAPbI3 and the increase of the 4H PbI2 signal at
≈260 °C indicate the further decomposition of the perovskite
film. The relatively low intensity of PbI2 is likely attributed to
its low crystallinity at high temperatures. It is also clear that
FAI presents in the film up to ≈150 °C with two of its phase
transition temperatures (monoclinic to orthorhombic and
orthorhombic to cubic) observed at ≈75 and 115 °C, respectively.[32] To direct device fabrication, the normal perovskite film
preparation process is also simulated with the t–T profile composed of a quick ramp from RT to 150 °C, an annealing process
at 150 °C for 15 min and then a cooling down process back to
RT. During the ramp process from RT to 150 °C (Figure S5a,
Supporting Information), the film shows the similar characteristics as that in Figure 2c. The decreases of the peak intensities
of PbI2, FAI, and δ-FAPbI3 coincide with the formation of the
α-FAPbI3 perovskite (Figure S5b, Supporting Information). The
peak position and areal intensity of the typical diffraction peak
of the α-FAPbI3 following the t–T profile are plotted in Figure S5c
(Supporting Information). During the annealing process at
150 °C, the slight increase in the areal intensity indicates
the further growth of α-FAPbI3. The shift of the peak position toward higher diffraction angles in the cooling process is
ascribed to volume contraction.
Based on these experimental observations, we propose the
following model for the transformation from the trilayer APF
film to the α-FAPbI3 film. Due to its relatively lower formation energy, the δ-FAPbI3 phase is thermodynamically more
favorable at RT when FAI is coated onto the PbI2 film.[20] The
concomitant formation of α-FAPbI3 in the trilayer APF film
could be due to the presence of the FAI salt and the altered
formation energy at microscales.[33] The trilayer configuration
of the APF film containing both FAI and PbI2 also indicates
the slow formation of FAPbI3 at RT. Previous studies reveal that
in the sequential deposition of MAPbI3, the PbI2 film readily
transforms into perovskite upon the coating of MAI, due to the
fast diffusion of the organohalide salt into the grain boundaries of the underneath film.[34] In this case, we speculate that
the larger size of FA (as compared to MA) prevents the fast
diffusion of FAI thus impedes the growth of FAPbI3.[35] The
subsequent conversion of the trilayer APF film into α-FAPbI3
Adv. Funct. Mater. 2019, 29, 1902319

through thermal treatment is ascribed to the elevated temperature (150 °C in this case) which simultaneously accelerates the
FAI diffusion and overcomes the high formation energy of
α-FAPbI3.[20,36]
2.4. Crystal Orientations in FAPbI3 Films
The facet orientation of perovskite crystals in thin films will
considerably influence their optical and electronic properties.[17,18] The performance of single crystal or polycrystalline
perovskite-based optoelectronic devices could be improved by
controlling the growth direction of perovskite grains and the
exposed crystalline facets.[16,37] We therefore monitor the orientation development during the sequential formation of FAPbI3
using the GI-XRD technique. The 2D GI-XRD patterns of three
typical films, namely the PbI2, APF, and α-FAPbI3 (prepared
following the t–T profile given in Figure S5a in the Supporting
Information) films are presented in Figure 3a–c. Clearly, all
three films show preferred crystal orientations with intense diffraction spots appearing in specific directions. To perform quantitative analysis, the intensities along the Debye–Scherrer rings
of the PbI2 {001} planes (the wavevector transfer q of ≈0.9 Å−1)
and the FAPbI3 {100} planes (q of ≈1 Å−1) are separately integrated and plotted against the azimuthal angle as shown in
Figure 3d. The PbI2 film shows a preferential orientation at 90°
(black curve in Figure 3d), indicating the {001} planes of the
hexagonal units in the PbI2 film are oriented parallel to the substrate as schematically illustrated in Figure 3e (the simulated
results are shown in Figure S6a in the Supporting Information). Both the diffraction rings of the PbI2 {001} and α-FAPbI3
{100} planes in the APF films are investigated. The PbI2 crystals in the APF film exhibit the similar orientation with a peak
at 90° but have a larger full width at half-maximum (FWHM)
(red curve in Figure 3d), revealing the reduced orientation of
PbI2 following the spin-coating of FAI. The orientation distribution of the α-FAPbI3 {100} planes in the APF film is marked
with three peaks located at 38°, 90°, and 142°, respectively (blue
curve in Figure 3d). Detailed analyses reveal the α-FAPbI3 film
has two preferred orientations (Figure S6b, Supporting Information). The peak at 90° is attributed to the FAPbI3 crystals
with their {100} planes parallel to the substrate. The other two
symmetric peaks at 38° and 142° with relatively higher intensities originate from the more dominant orientation with the
{111} planes of the cubic FAPbI3 crystals parallel to the substrate. After annealing, the pristine α-FAPbI3 film shows three
identical peaks at 38°, 90°, and 142° (green curve in Figure 3d).
Among them, the peak at 90° becomes intenser than the rest
two, indicating the change of the dominant orientation in the
FAPbI3 film. These results suggest that there are two possible
crystal growth modes in the sequential deposition of FAPbI3.
Previous reports show that the formation of the perovskite
polycrystalline films involves the formation of [PbI6]4− polyiodides as intermediates followed by the further nucleation
and growth processes.[23] The arrangement of the [PbI6]4−
octahedrons could intimately determine the crystal facet
orientations in the film, which is associated with the overall
chemical potential of the system and the formation energy of
the final product.[15] At low temperatures, the α-FAPbI3 species
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Figure 3. Crystal orientation evolution following the sequential deposition of FAPbI3. a–c) 2D GI-XRD patterns from the PbI2, APF, and FAPbI3 films.
d) Integrated and normalized intensities of PbI2 {001} and α-FAPbI3 {100} planes in the PbI2, APF, and FAPbI3 films plotted as a function of the azimuthal angle. e) A schematic illustration depicting the orientations of the PbI2 and α-FAPbI3 species in the corresponding films.

possesses the preferable orientation with the {100} planes parallel to the substrate, which could be due to the formation of
the horizontally aligned [PbI6]4− slabs dictated by the stacking
pattern of PbI2.[38] The high temperatures could induce the rearrangement of the Pb-I slabs to form the perovskite crystals with
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the thermodynamically favorable orientation in which the {111}
planes are parallel to the substrate.[16,38] These new insights
gained on crystal orientation variations provide inspiring information about the crystallization dynamics in the sequential
deposition of FAPbI3.
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2.5. Crystallographic Influences of Additive
Ions on Perovskite Films
It is well known that the pristine FAPbI3 suffers from instability issues due to the unfavorable α to δ phase transition at
RT.[19] In addition, most of the pristine FAPbI3-based solar cell
devices show inferior performances likely ascribed to the poor
film quality.[39,40] Consequently, various organic cations and
halide anions are empirically introduced as additives to assist
the FAPbI3 film growth without much knowledge of the exact
role of each additive ion.[41,42] In the following sections, we will
evaluate the microstructural influence of different additive
ions on the crystallization dynamics of sequentially deposited
FAPbI3 and unravel the underlying interaction mechanisms.
Three frequently used ions, namely, Br−, Cl−, and MA+, are
introduced in the second step of the sequential deposition
by dissolving FABr, FACl, or MAI in the FAI/IPA precursor.
The amount of additive is initially set as 15% molar ratio
with respect to the FAI concentration, the benchmark recipe
for device fabrications in previous studies. A mixture of these
three additives is also employed and denoted as mixed ions
(MI) to investigate their synergistic effect. The FAI/IPA solutions with different additives are separately spin-coated onto
the PbI2 films to form different APF films denoted as APFBr, APF-Cl, APF-MA, and APF-MI for Br−, Cl−, MA+, and MI,
respectively. The representative 2D GI-XRD images and the
integrated XRD patterns of the APF films based on different
ions at various incident angles are presented in Figure S7 in
the Supporting Information. The areal intensities of the typical diffraction peaks of PbI2, FAI, α-, and δ-FAPbI3 (the same
peaks as described in Figure 2d) are integrated for each condition and summarized in Figure 4a. All the APF-Br, APF-Cl,
and APF-MA films display a trilayer feature with the configuration of FAI/FAPbI3/PbI2. Compared to the APF film prepared
without additive ions, the APF-Cl film shows lower intensities
of δ-FAPbI3 while the APF-Br and APF-MA films show no trace
of the nonperovskite δ-FAPbI3. This suggests all the additive
ions suppress the δ-FAPbI3 formation, plausibly due to their
smaller ionic radii that alter the overall tolerance factor. The
APF films with additive ions show little difference in the characteristic peak intensity of α-FAPbI3, lower FAI intensities at
all the incident angles and higher PbI2 intensities at larger
incident angles as compared to the pristine APF film. These
results indicate that the additive ions could reduce the crystalline FAI film thickness, possibly by enhancing the diffusion of
FAI molecules into PbI2 to form amorphous FAPbI3 precursors. This is consistent with the fact that no crystalline phase
FAI is detected in the APF-MI film due to the synergistic effect
that further accelerates the FAI diffusion, resulting in a mixed
layer of PbI2 and α-FAPbI3.
We subsequently conduct in situ GI-XRD measurements
to follow the crystallization processes of the APF-Br, APF-Cl,
APF-MA, and APF-MI films and investigate the influences of
additive ions on the formation dynamics of FAPbI3. The films
are subjected to the t–T profile containing a ramp of 2.5 min
from RT to 150 °C and then kept at 150 °C for 15 min before
cooling which mimics the normal FAPbI3 preparation conditions. The resultant 2D intensity–time color mappings are presented separately in Figure S8 (Supporting Information). All
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the films show a quick growth process during the temperature
ramp and reach a relatively steady state during annealing at
150 °C. The areal intensities of the characteristic α-FAPbI3 peak
(the (100) peak at around 13.9°) are integrated along the t–T
profile and presented in Figure 4b. It is evident that initiating
from the same values, the α-FAPbI3 peak intensities of the
films prepared with Br−, Cl−, and MA+ ions exceed that of the
pristine film during the entire t–T profile, following the order
of MA+ > Br− > Cl− > pristine. Moreover, for the pristine and
Cl− added films, the perovskite peak signals slightly increase
during the entire annealing process at 150 °C, indicating the
continuous growth of the perovskite crystals; while for the films
prepared with Br− and MA+, the typical peak intensities level
off at ≈8 and 10 min respectively, demonstrating the ceasing
of the crystallization process. In the case of mixed ions, the
film shows even higher perovskite diffraction intensity and the
entire crystallization process accomplishes at the very beginning of the annealing process (2.5 min). These results illustrate that the additive ions can accelerate the crystallization of
the FAPbI3-based perovskite films. As previously reported, the
better film quality could be achieved by manipulating the perovskite crystallization rate.[30,43]
In order to further assess the impact of additive ions on the
quality of the final perovskite film, more specific characterizations are conducted on the FAPbI3-based perovskite samples
prepared with Br−, Cl−, MA+, and their mixture added, denoted
as PVSK-Br, PVSK-Cl, PVSK-MA, and PVSK-MI, respectively.
Figure 4c presents the 2D GI-XRD and SEM images of these
films. Discrete Bragg spots along the Debye–Scherrer rings are
observed in all the 2D diffraction patterns, indicating the oriented nature of the crystals in these perovskite films. We further trace the intensities of the diffraction rings of the FAPbI3
{100} planes (q of ≈1 Å−1) along the azimuthal direction for each
of the films and the normalized curves are plotted in Figure 4d.
As aforementioned, the orientation distribution of the pristine
FAPbI3 film shows three peaks at 38°, 90°, and 142°, indicating
two preferential orientations with the {111} or {100} planes
parallel to the substrate. By introducing additive ions, the
orientation distributions of PVSK-Br, PVSK-Cl, and PVSK-MA
show the similar three-peak patterns; however, the intensities of
the peaks at the azimuthal angle of 90° significantly decrease.
This indicates the additive ions effectively suppress the crystal
growth in the mode with the {100} planes parallel to the substrate, thus can regulate crystal orientations. This orientation
regulating ability follows the order of MA+ > Br− > Cl−. The
PVSK-MI film shows a more obvious crystal grain orientation,
with a nearly two-peak pattern. The crystal orientation adjustment ability is schematically illustrated in Figure 4e and is also
supported by the gradual decrease of the FWHM values of the
peaks at 38° and 142° (Figure S9, Supporting Information).
Moreover, the SEM images of the PVSK-Br, PVSK-Cl, PVSKMA, and PVSK-MI films in Figure 4c show that the addition
of Br− and MA+ slightly affects the morphology of the resultant
PVSK films, while Cl− and MI flatten the films and considerably influences the overall surface morphology. We note that
the crystal orientation in the FAPbI3-based perovskite films is
not only associated with the surface morphology, but also provides additional information on the fundamental crystal growth
mechanism.
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Figure 4. Effects of additive ions on the crystallization process of FAPbI3. a) The areal intensities of the typical diffraction peaks of different components as a function of the incident angle in various APF films. b) The areal intensity evolutions of the α-FAPbI3 characteristic peaks following the t–T
profile for various APF films. c) 2D GI-XRD and SEM images (the scale bars are 500 nm) of the FAPbI3-based films prepared with various additives.
d) Integrated and normalized intensities of the α-FAPbI3 {100} planes as marked in (c) and plotted as a function of the azimuthal angle. e) Schematic
illustration of the orientation regulating ability of different ion recipes.

2.6. Underlying Interaction Mechanisms of Additive Ions
After figuring out the general influences of the additive ions on
the crystallization process of the FAPbI3-based perovskites, we
subsequently carry out a series of detailed spectral and morphological analyses to understand the interaction between each ion
and perovskite. The concentrations of the Br−, Cl−, or MA+ ions
are continuously increased from 15% to 60% with respect to the
mole concentration of FAI, and the resultant perovskite films

Adv. Funct. Mater. 2019, 29, 1902319

are thoroughly characterized by XRD, photoluminescence (PL),
EDS, X-ray photoelectron spectroscopy (XPS), SEM, thermal
gravity (TG), and Fourier transform infrared spectroscopy
(FTIR) techniques. In the Br− ion case, as the additive ion concentration increases, the characteristic XRD peak shifts toward
higher 2θ values, indicating the continuous shrinkage of the
crystal lattices (Figure S10a, Supporting Information), while
the PL emission peaks gradually blue shift which is ascribed
to the increased bandgap energies (Figure S10b, Supporting
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Information). The EDS results further reveal the increasing
amount of the Br element in the final perovskite films with
a higher Br/I ratio for the higher Br− solution concentrations
(Figure S10c, Supporting Information). The morphology of
the perovskite film shows no obvious change for the samples
employing 15–45% Br−, while the 60% Br−-based film shows
distinct surface morphology (Figure S10d, Supporting Information). The 60% Br− film also shows the split XRD and PL
peaks, which is likely due to transition to the tetragonal phase
(Figure S10a,b, Supporting Information). The above results
confirm that the Br− ions are incorporated in the perovskite
crystal lattices and spontaneously alter the optoelectronic properties of the perovskite film due to its smaller ionic radius.[41]
For the Cl− ion, the typical XRD peaks and the PL emission
peaks of the resultant perovskite films show anomalous shift
for different Cl− concentrations (Figure S11a,b, Supporting
Information). The EDS and XPS results show that the Cl− element is barely detectable in all the films. On the other hand, the
morphology of the final perovskite film is significantly altered
by introducing the Cl− ions (Figure S11c, Supporting Information). The average sizes of the grain-like features continuously
increase from 100 to 200 nm for the pristine perovskite film to
1000–2000 nm for the 60% Cl− based film (Figure S11d, Supporting Information).[44] It was reported that Cl− ions in the
one-step preparation of MAPbI3 perovskite film could introduce
intermediate phase in the perovskite crystallization process and
no Cl− ion was detected in the resultant perovskite film.[28,45,46]
The change in surface morphology was attributed to the altered
kinetics in the film formation process with Cl incorporation.[28]
Similar results are obtained here in the sequential deposition
of FAPbI3. We propose that the Cl− ions could alter the morphology of the final perovskite via its complex interaction with
other species during the perovskite crystallization process and
the final FAPbI3 film retains the stoichiometric composition by
eliminating the Cl containing components.[26,46]
The introducing of MA+ additives shows a more complex situation with regard to the influence on the resultant perovskite
film. The characteristic XRD peaks and the PL emission peaks
remain unchanged for the pristine, 15% and 30% MA+-based
samples, while they shift toward higher 2θ values and smaller
wavelengths, respectively, for higher MA+ concentrations
(Figure S12a,b, Supporting Information). Moreover, the final
films based on the pristine, 15% and 30% MA+ show similar
morphologies while those of the 45% and 60% films become
very different (Figure S12c, Supporting Information). It is thus
reasonable to speculate that the MA+ ions solute in the perovskite lattice only at higher MA+ concentrations, because FA+ has
generally better affinity to the [PbI6]4− octahedral blocks as compared to MA+.[40] There is a possible dynamic equilibrium process between the formation and dissolution of MAPbI3 and the
higher MA+ concentrations accelerate the forward reaction. The
EDS results show that the C to N element ratio continuously
increases as the MA concentration increases (Figure S12d, Supporting Information). The TG-FTIR results indicate that the
perovskite film prepared with 15% MA+ contains both MA+and FA+-based species as evidenced by the successive release of
MA and FA during annealing (Figure S12e, Supporting Information). We propose that for lower MA+ concentrations (such
as 15%), the MAI species diffuse in the perovskite film and
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possibly locate at the grain boundaries. As previously reported,
the passivation of perovskite films with MAI could enhance
their crystallinity and alter their optoelectronic properties.[47]

2.7. Effect of Additive Ions on Device Photovoltaic Performance
To reveal the influence of the additive ions on device performance, we fabricate solar cells featuring perovskite films
prepared with various additive ion recipes. The PSC devices
employ a planar structure, consisting of indium tin oxide (ITO)
glass as substrate, SnO2 nanocrystal-based thin film as electron transport layer (ETL), various FAPbI3-based films as light
absorbers, spiro-OMeTAD as hole transport layer (HTL), and a
Ag metal cathode. The statistical performance of the devices is
summarized in Figure 5a. The cross-sectional SEM image of
the typical device employing the perovskite film prepared with
MI is presented in Figure 5b. The performance trend correlates well with the crystallization kinetics and orientation study
results, with the optimal device performance achieved when
MI is used. The device employing the MI-based perovskite film
exhibit PCE of 20.54% under reverse scan (open-circuit voltage
Voc to short-circuit current density Jsc) with a Voc of 1.07 V, a
Jsc of 24.25 mA cm−2, and a fill factor of 79.1% (Figure 5c). A
stabilized power output of 20.3% is obtained by tracing the
output current at the maximum power point voltage of 0.9 V
(inset of Figure 5c). Negligible hysteresis, good reproducibility
and stability are observed in this class of devices (Figure S13,
Supporting Information). The spectral response of the PSC is
further analyzed and the incident photon-to-electron conversion efficiency (IPCE) spectrum is presented in Figure 5d. The
integrated Jsc of 23 mA cm−2 is obtained which is consistent
with the J–V results. The encouraging device performance
emphasizes the importance of additive ions on the quality of
the FAPbI3-based perovskite films. The superior quality of the
MI based perovskite films has strong correlation with their
crystallographic properties and regulated grain orientations.

3. Conclusion
In this work, the detailed pathways at different stages of the
sequential deposition of the FAPbI3-based perovskite films
under various reaction conditions are investigated through a
systematic in situ study. The chemical reaction, composition
distribution, phase transition and crystal orientation evolutions
during the entire film preparation process are clearly mapped
out. Further crystallographic analyses reveal the sequentially
deposited FAPbI3 films exhibit two preferred crystal orientations with the {100} and {111} planes parallel to substrates.
Two distinct crystal growth modes are proposed for the FAPbI3
formation, one inherits the orientation of PbI2 and the other
represents the favorable orientation of perovskite lattices. The
additive ions of Br−, Cl−, MA+, and MI are introduced during
the sequential deposition process to improve the quality of the
FAPbI3-based perovskite films. They consistently accelerate
crystallization speed and regulate crystal grain orientation of
perovskite films, with their capabilities following the order of
MI > MA+ > Br− > Cl−. This study provides a comprehensive
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Figure 5. Solar cell device performances. a) Statistical PCEs of the devices fabricated with various FAPbI3-based films (data based on 15 cells for each
condition; the upper and lower error bars represent the maximum and minimum values respectively; the mid-line in each box represents the median
value; the top and the bottom of the box represent the upper and lower quartile respectively). b) Cross-sectional SEM image of the device featuring
the perovskite film prepared with MI (the scale bar is 1 µm). c,d) J–V curve, stabilized power output, and IPCE spectrum of the optimized device.

picture of the sequential deposition process, which allows
better control over perovskite film quality and thereby reproducibly enhancing solar cell performances. Our findings lay a
solid foundation for further optimization of perovskite films
fabricated through sequential deposition for various optoelectronic applications.

4. Experimental Section
Materials: PbI2, FAI, FABr, FACl, and MAI were purchased from Xi’an
Polymer Light Technology Corp. The SnO2 nanoparticle (NP) solution
was obtained from Alfa Aesar. The ITO substrates were purchased
from Nippon Sheet Glass (NSG). Ethanol and acetone were purchased
from Adamas-beta. All other materials and solvents were obtained from
Sigma Aldrich.
Perovskite Film Preparation: The PbI2 film was prepared by spincoating 1.3 m PbI2 solution (599 mg in 1 mL of DMF and DMSO mixed
solvent) at 1500 rpm for 30 s, followed by annealing at 70 °C for 1 min.
FAI/IPA solution (60 mg mL−1) were then spun on the cooled PbI2 film
at 1300 rpm for 30 s to form the pristine APF film. APF-Br, APF-Cl, and
APF-MA were obtained by spin-coating FAI solutions with different
additives. The 6.75, 4.35, and 8.59 mg of FABr, FACl, and MAI were
separately added to 1 mL FAI/IPA solution to prepare each of the FAI
solutions with 15% molar ratio additives. The APF-MI film was prepared
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using FAI solution adding a mixture of the aforementioned salts. The
freshly prepared APF films were then transferred to the sealed cell for
GI-XRD measurements via a tightly concealed bottle. The transfer time
from the glovebox to the in situ characterization facility is typically within
3–5 min.
Solar Cell Fabrication: The ITO glasses were cleaned by alternatively
sonicating in detergent solution, acetone, and IPA, followed by
UV–ozone treatment for 10 min. A SnO2 compact layer was then
deposited by spin-coating the SnO2 NP aqueous solution (≈3 wt%) at
3000 rpm for 30 s, followed by annealing at 150 °C for 15 min. The
spin-coating and annealing process was repeated to ensure a full
coverage of SnO2 on ITO. The SnO2-coated ITO substrate was then
transferred into a N2 filled glovebox for perovskite film preparation.
To prepare the PbI2 film, 50 µL of 1.3 m PbI2 (DMF:DMSO volume
ratio = 9.5:0.5) solution was spread on the substrate that was spun
at 1500 rpm for 30 s. The obtained film was subsequently annealed
at 70 °C for 1 min. Upon cooling, 80 µL of FAI/IPA solution with/
without additives was spin-coated onto the PbI2 film at 1300 rpm for
30 s. The substrate was further annealed at 150 °C for 15 min to obtain
the perovskite film. 35 µL of hole transport layer solution was then
spread on the perovskite-coated substrate by spinning at 3000 rpm
for 30 s. The HTL solution was obtained by mixing 72.3 mg spiroOMeTAD, 22.8 µL tert-butylpyridine, and 17.5 µL solution of lithium
bis(trifluoromethylsulfonyl)imide (Li-TFSI 520 mg mL−1 in acetonitrile)
in 1 mL chlorobenzene. Finally, 80 nm Ag was thermally evaporated
on the spiro-OMeTAD-coated film. The devices were aged in a dry box
overnight before testing.
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Film and Device Characterizations: SEM images were taken by a Joel
JSM-7800F Prime scanning electron microscope. Electron-dispersed
X-ray scattering spectra were obtained using an Oxford EDX integrated
in the Joel SEM system. PL spectra were recorded using a HORIBA
Fluorolog-3 photoluminescence spectrometer. Glass substrates were
applied for the PL studies. TG-FTIR measurement was conducted
using a PerkinElmer TG-IR system, where the samples were powders
that peeled off from the corresponding films. The J–V measurement
of solar cell devices was performed using Keithley 2400 digital source
meter under the illumination of a solar simulator (SS-F5-3A, Enlitech)
featuring AM 1.5G spectra whose intensity was calibrated by the certified
standard silicon solar cell (SRC-2020, Enlitech) at 100 mW cm−2. Reverse
scan (1.2–0 V) and forward scan (0–1.2 V) were both conducted in
the J–V measurements with a step of 0.03 V and delay time of 1 ms.
The cells were covered with a shadow mask having an aperture area of
4.8 mm2. The J–V measurements were conducted in a glovebox at room
temperature. For the stability test, the cells were stored in a glovebox at
room temperature under continuous illumination. The IPCE curves were
obtained by using the solar-cell spectral-response measurement system
(QE-R, Enlitech).
In Situ XRD Data Collection and Analysis: The cell for the in situ
GI-XRD measurement contains a Kapton window allowing the
transmission of X-rays, a gas-circulating system to provide and maintain
inert atmosphere and a programmable heating stage. The GI-XRD
measurements were conducted at the BL14B1 beamline of Shanghai
Synchrotron Radiation Facility (SSRF). The incident photon energy was
10 KeV (wavelength = 1.2398 Å) with adjustable incident angle and the
diffracted X-rays were collected using the 2D Mar225 CCD detector. A
collection interval of 15 s was employed in the in situ experiments. The
2D GI-XRD data were converted to 1D using Fit2D. Once converted into
1D data, the background was removed using cubic spline fitting and
selected peaks were fitted. The peak areal intensity and peak position
were then extracted for the chosen peaks. All the 1D XRD patterns were
converted to Cu Kα XRD patterns for easy comparison.
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from the author.
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