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 diffusion lengths (hole/electron diffusion 
lengths = ≈813/≈177 nm).[2–5] However, it 
is extremely difficult to obtain phase-pure 
and high-quality FAPbI3 perovskite films 
compared with MAPbI3, mostly due to 
the ionic radius of the FA+ cation (2.53 Å), 
which is larger than that of the MA+ cation 
(2.17 Å). The larger cation leads to a high 
tolerance factor of FAPbI3 close to 1,[6–8] 
indicating that the diffusion of the FA+ 
cation is difficult and that this perovskite 
structure is less stable than perovskite 
structures with the MA+ cation.[4,9] In addi-
tion, FAPbI3 is readily crystallized or trans-
formed into an undesired nonperovskite 
byproduct (δ-FAPbI3) during crystalliza-
tion, which restricts the formation of pure 
cubic α-FAPbI3 perovskite.[3,10–14] Thus far, 
developing and modifying the fabrication 
method of FAPbI3 perovskite films remain 
a major challenge in exploiting the advan-
tages of α-FAPbI3 in PSCs.

Hybrid perovskite thin films are typi-
cally derived from reactions between the 

organic and inorganic halide precursors through one-step or 
two-step processes.[15–17] Many efforts have been reported to 
explore the formation and deposition of phase-pure FAPbI3 
perovskite thin films. Snaith and coworkers reported an effec-
tive method that involved adding a certain amount of hydroi-
odic acid (HI) into a perovskite precursor solution to fabricate 
α-FAPbI3, but it failed to generate a uniform morphology.[2] 
Zhao and coworkers introduced HPbI3 into perovskite 

Formamidinium (FA) lead halide (α-FAPbI3) perovskites are promising 
materials for photovoltaic applications because of their excellent light har-
vesting capability (absorption edge 840 nm) and long carrier diffusion length. 
However, it is extremely difficult to prepare a pure α-FAPbI3 phase because 
of its easy transformation into a nondesirable δ-FAPbI3 phase. In the present 
study, a “perovskite” template (MAPbI3-FAI-PbI2-DMSO) structure is used 
to avoid and suppress the formation of δ-FAPbI3 phases. The perovskite 
structure is formed via postdeposition involving the treatment of colloidal 
MAI-PbI2-DMSO film with FAI before annealing. In situ X-ray diffraction in 
vacuum shows no detectable δ-FAPbI3 phase during the whole synthesis 
process when the sample is annealed from 100 to 180 °C. This method is 
found to reduce defects at grain boundaries and enhance the film quality as 
determined by means of photoluminescence mapping and Kelvin probe force 
microscopy. The perovskite solar cells (PSCs) fabricated by this method dem-
onstrate a much-enhanced short-circuit current density (  Jsc) of 24.99 mA cm−2  
and a power conversion efficiency (PCE) of 21.24%, which is the highest 
efficiency reported for pure FAPbI3, with great stability under 800 h of thermal 
ageing and 500 h of light soaking in nitrogen.
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1. Introduction

Hybrid organic–inorganic perovskite solar cells (PSCs) have 
been distinguished as a potentially inexpensive and highly 
efficient technology with power conversion efficiencies 
(PCE) over 24.2%.[1] Formamidinium-based perovskites have 
attracted increasing attention owing to their good thermal sta-
bility, extended absorption range (≈840 nm), and long carrier 
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 precursors to prepare FAPbI3 films in a one-step spin-coating 
process.[18] This method produced a relatively better sur-
face than perovskite films fabricated from FAI/PbI2 and FAI/
PbI2+HI precursor combinations, but the morphology needs 
further improvement for a good PSC. Although phase-pure 
α-FAPbI3 was obtained, the poor morphology had many defects 
and inferior long-wavelength light conversion, which was dem-
onstrated in the wavelength-dependent external quantum effi-
ciency (EQE).[14,19]

In contrast, MAPbI3 perovskite thin films do not suffer from 
these challenges; it is easy to fabricate pure α-MAPbI3 without 
the parasitic δ-phase.[7,20] The significant processing advantages 
of MAPbI3 should be used to guide the fabrication of α-FAPbI3. 
MAPbI3 might be converted directly into FAPbI3 perovskite 
with both the desirable morphologies and lattice structure of 
the original thin film preserved. To carry out this process, pro-
tonated FA+ cations must be dissolved in an alcohol solvent that 
also dissolves MAPbI3, affecting and destroying the original 
film morphology.[21] Hence, it is necessary to modify the fabri-
cation process for the preparation of α-FAPbI3 with a composi-
tional approach utilizing the 3D MAPbI3 structure.

In this work, with the template MAPbI3, a template-assisted 
perovskite structure (MAPbI3-(FAI-PbI2-DMSO) compound) 
was formed by a postprocessing method to produce pure-
phase α-FAPbI3 with high-quality morphology. The formation 
of δ-FAPbI3 and the transformation of α-MAPbI3 to α-FAPbI3 
were verified by variable temperature X-ray diffraction (XRD), 
as there was no δ-FAPbI3 fingerprint peak during the annealing 
process from 100 up to 180 °C. This method involved drip-
ping a certain amount of FAI/IPA solution on the top of 
colloid-like MAI-PbI2-DMSO films, and a template-assisted 
perovskite structure was formed during annealing at 100 °C. 
After annealing was performed at 140 °C for 60 min, purified 
α-FAPbI3 was obtained. Meanwhile, as determined by mapping 

measurements, the template structure achieved high-quality 
morphology and a substantially reduced number of deep 
defects. It is reported that deep trap states mainly stemming 
from the surface would enhance the risk of recombination 
and lead to inferior quantum efficiency at the high- wavelength 
range.[14,19,22] Consequently, this method can not only fabricate 
pure α-FAPbI3 but also achieve a higher voltage. The FAPbI3-
based PSC achieved a PCE of 21.24% with high stability 
under 800 h of thermal ageing and 500 h of light soaking with 
encapsulation.

2. Results and Discussions

Figure 1a schematically illustrates the fabrication process 
for the preparation of FA-based perovskite films. A perov-
skite precursor solution (MAI:PbI2 = 1:1) was spin-coated on 
mesoporous TiO2/FTO substrate following a reported proce-
dure.[17] After chlorobenzene (CB) was dripped, the FAI/iso-
propanol (IPA) solution was quickly dripped onto the spinning 
unannealed colloidal film, and the color changed to maple. 
When the sample was annealed at the initial temperature of 
100 °C, the color (maple) transformed into dark brown, and 
the final film turned completely black after the second stage of 
annealing, which occurred at 140 °C for an hour. Figure 1b–d 
shows the in situ X-ray diffraction patterns at various tempera-
tures in vacuum. During the annealing from 100 to 180 °C, the 
absence of a characteristic peak of δ-FAPbI3 (11.8°) (Figure 1c) 
indicated that there is no formation of δ-FAPbI3. The peaks 
corresponding to the (110) and (220) planes showed a shift in 
position from ≈14.2° to 13.9° and from ≈28.2° to ≈28.1°, respec-
tively.[4,16,18,23] Such peak position shifts strongly suggested that 
the α-MAPbI3 was transformed to α-FAPbI3 without the forma-
tion of the undesired δ-FAPbI3 phase. In contrast, the in situ 
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Figure 1. a) Schematic illustration of postprocessing for the fabrication of FA-based perovskite films. b–e) In situ X-ray diffraction of the perovskite 
films in vacuum during postprocessing. The temperature increases at 5 °C min−1, and the soaking time of each scan is 10 min with a characterization 
speed of 10° per min.
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XRD patterns of the perovskite films prepared by the conven-
tional method revealed a peak of δ-FAPbI3 (11.8°) (Figure S2,  
Supporting Information). The formation of δ-FAPbI3 would 
influence the growth of α-FAPbI3 perovskite during annealing 
at 140 °C, and a part of δ-FAPbI3 may transform into α-FAPbI3 
(13.9° and 28.1°). The main δ-FAPbI3 probably decomposes to 
PbI2.[13,14]

Figure 2 schematically illustrates our proposed mechanism 
of the template-assisted perovskite formation. First, the perov-
skite precursor solution (MAI+PbI2+DMSO) was spin-coated 
onto the substrate. The MAI+PbI2+DMSO films transformed 
into 2D MAI-PbI2-DMSO (Figure S3, Supporting Information) 
when CB was dripped.[17] After FAI solution was dripped, the 
colloidal MAI-PbI2-DMSO converted into the intermediate of 
(MAI-PbI2-DMSO)+(FAI-PbI2-DMSO), which resulted from the 
FAI diffusing into a 2D structure, and the MAI molecules of 
the outer shell of MAI-PbI2-DMSO could be easily substituted 
by additional FAI molecules with the inner MAI-PbI2-DMSO 
structure remaining unaltered. During the initial annealing 
at 100 °C, the perovskite template-assisted structure MAPbI3-
FAI-PbI2-DMSO was formed because the remaining MAI-PbI2-
DMSO inner structure transformed to MAPbI3 and coordinated 
with the outer FAI-PbI2-DMSO.[24,25] When annealed at 140 °C, 
some of the FA+ cations remaining in the film from the drip-
ping FAI/IPA solution, intercalated into the MAPbI3 lattice to 
substitute for MA+ as a result of the reduction of MA+ to MA 
and the oxidation of FA to FA+ at higher temperature.[6] In the 
meantime, the coordinated FAI-PbI2-DMSO could convert to 
FAPbI3 on the template of the 3D MAPbI3 structure. After one 
hour of annealing, the purified FAPbI3 was finally obtained 

without the formation of a δ-FAPbI3 phase during the whole 
process. The step-wise compositional process of the template-
assisted perovskite structure can be described as[16,26]
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To verify the intermediate phase of MAPbI3-FAI-PbI2-DMSO, 
XRD patterns of the corresponding intermediate products were 
measured, and they are shown in Figure S4 in the Supporting 
Information. The lack of the characteristic peak of δ-FAPbI3 
(11.8°) indicates that δ-FAPbI3 does not exist throughout the 
whole process. As shown in Figure S4a in the Supporting 
 Information, the characteristic peaks of MAI-PbI2-DMSO 
(Figure S4b, Supporting Information) (marked with “*”) and 
FAI-PbI2-DMSO (Figure S4c, Supporting Information) (marked 
with “#”) appeared in the intermediate product after FAI drip-
ping. There are two small peaks at 6.54° and 7.20° (Figure S4a,  
Supporting Information) in the intermediate product, which 
represent a small quantity of MAI-PbI2-DMSO.[25] The pres-
ence of those peaks indicates the formation of MAI-PbI2-
DMSO+FAI-PbI2-DMSO in the interim, which was also proven 
by the FTIR spectra shown in Figure S5 in the Supporting 
Information. The CN stretch (1712 cm−1) indicated the exist-
ence of FA+ in the intermediate phase, confirming the forma-
tion of MAI-PbI2-DMSO+FAI-PbI2-DMSO.[15,27]

Adv. Sci. 2019, 6, 1901591

Figure 2. Schematic illustration of the template-assisted perovskite mechanism for the fabrication of phase-pure α-FAPbI3 perovskite films.
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After the samples were annealed at 100 °C, the characteristic 
peaks of MAPbI3 (marked with “&”) and the FAI-PbI2-DMSO 
intermediate appeared in the template-assisted perovskite struc-
ture (Figure S4e, Supporting Information), indicating a mix-
ture of 2D/3D structures.[14,28] However, the peak of FAI-PbI2-
DMSO at 24.3° (002) (Figure S4c, Supporting Information) and 
the peak of MAPbI3 at 14.08° (110) (Figure S4f, Supporting 
Information) disappeared when the samples were annealed at 
100 °C.[7] This result may indicate that the intermediate of FAI-
PbI2-DMSO and MAI-PbI2-DMSO transformed into a template 
2D/3D perovskite structure that is not a δ-phase but is advan-
tageous for the production of the phase-pure α-FAPbI3. The 
formation of MAPbI3-FAI-PbI2-DMSO may derive from the 
 connection between the (002) plane of FAI-PbI2-DMSO and 
the (110) plane of MAPbI3, which was evidenced by the disap-
pearance of the XRD peaks of FAI-PbI2-DMSO and the appear-
ance of new peaks of MAPbI3. The peaks at 1712 and 600 cm−1 
(NH2) in the Fourier transform infrared (FTIR) spectra in 
Figure S6 in the Supporting Information indicated the pres-
ence of FA.[27,29] In addition, the CH3-NH3

+ rock (991 cm−1) 
and stretch (943 and 961 cm−1) demonstrated the formation of 
α-MAPbI3.[30] Therefore, it can be concluded that the template-
assisted perovskite structure is MAPbI3-FAI-PbI2-DMSO.

During the annealing to 140 °C, FA+ substituted for MA+ 
(in the MAPbI3 lattice), and the template-assisted perovskite 
structure transformed to FAPbI3 with the help of MAPbI3. 
Finally, phase-pure FAPbI3 perovskite was obtained. Moreover, 
the amount of MAI-PbI2-DMSO converted depended on the 
 quantity of FAI dripped because the more FAI cations that dif-
fuse to the film, the more MAI will be substituted, up to the 
limit of the MAI concentration. The FAI concentration could 

directly influence the effectiveness of the template-assisted 
perovskite structure because it would increase its reactivity 
with MAPbI3 in the center of each particle, which would then 
be transformed to phase-pure FAPbI3. However, a low number 
of FAI molecules would result in excess PbI2 in the film and 
the formation of many defects.[31] Proper FAI concentration is 
critical for the formation of phase-pure and high-quality FAPbI3 
perovskite films.

To further study the influence of the FAI postprocessing on 
the lattice structure and phase purity of the final perovskite 
film, films were postprocessed with different FAI concentra-
tions in solution (10, 20, 30, and 40 mg mL−1), and the samples 
were named FAI-10, FAI-20, FAI-30, and FAI-40, respectively. 
As shown in Figure 3a–b and Figure S7 in the Supporting 
Information, the XRD peaks of (110) and (220) facets appeared 
at 13.9° and 28.1°, respectively, for both FAI-20 and FAI-30.[3,11] 
However, when processed for FAI-10 and FAI-40, the peaks of 
the (110) plane and (220) plane were close to 13.9° and 28.1°, 
respectively, demonstrating that there was significant FA con-
tent and that the phase was not pure FAPbI3. It is evident in 
Figure 3c that the lattice parameter of FAI-20 and FAI-30 is 
6.38 Å, which verifies the formation of the α-FAPbI3 lattice.[12] 
To further certify the purity of the α-FAPbI3 perovskite films, 
nuclear magnetic resonance (NMR) with low-temperature 13C 
cross-polarized magic angle spinning (CP MAS) spectra were 
measured. Figure S8 in the Supporting Information shows the 
peaks of MAPbI3 and FAPbI3 from the conventional method 
(C-MAPbI3 and C-FAPbI3) at ≈31 ppm (Figure S8a, Supporting 
Information) and ≈156 ppm (Figure S8b, Supporting Infor-
mation), respectively.[32] As shown in Figure S8a,b in the Sup-
porting Information, there was only an NMR peak at ≈156 ppm 
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Figure 3. XRD peaks for the a) (110) plane and b) (220) plane of the films postprocessed with different FAI concentrations (10, 20, 30, and 40 mg mL−1). 
c) The lattice parameter of the postprocessed films with different FA contents. The lattice parameter is calculated from the Bragg equation: 2dsinθ = 
nλ (λ = 1.54056 Å). The line is a linear fitting of the lattice parameters. d) UV–visible absorption spectra of the postprocessed films.



www.advancedsciencenews.com

1901591 (5 of 10) © 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedscience.com

in FAI-20 and FAI-30, which verifies an absence of δ-FAPbI3 and 
MA+ in the films. However, both FAI-10 and FAI-40 have NMR 
peaks at ≈156 and ≈31 ppm, respectively. Meanwhile, the cor-
responding 1H NMR spectra are shown in Figure S8c in the 
Supporting Information.[33] These spectra indicated the same 
results as the 13C spectra. These results proved that both FAI-30 
and FAI-20 were completely purified α-FAPbI3 without δ-phase, 
while FAI-10 and FAI-40 turned into a mixed cation perovskite 
with high FA content. All of the results are in agreement with 
the XRD measurements, and together they support the produc-
tion of phase-pure α-FAPbI3 by the template-assisted perov-
skite technique. In addition, C-FAPbI3 also exhibits δ-FAPbI3 
(Figure S9a, Supporting Information). As a result, it is diffi-
cult to obtain phase-pure FAPbI3 when treatment uses 10 and 
40 mg mL−1 of FAI, which is consistent with the earlier men-
tioned consideration that less or more FAI than 20–30 mg mL−1  
would restrict the formation of phase-pure FAPbI3.

Figure 3d shows the UV–visible absorption spectra of post-
processed films formed with different FAI concentrations. The 
FAI-30 film shows a broad absorption edge at 840 nm (pure 
FAPbI3), but the FAI-20 film displays a weaker absorption, 
which owes to the excess residual PbI2 content in the film.[31,34] 
As a comparison, the C-FAPbI3 film shows a blue shift of the 
absorption edge (Figure S9b, Supporting Information). In addi-
tion, the excess PbI2 would restrict the growth of the grains and 
create a gap in the grain boundaries. Furthermore, the more 
FAI would allow a small concentration of MAI-PbI2-DMSO to 
remain in the film and affect the formation of the template-
assisted perovskite, which in turn would result in a poor mor-
phology.[31,35] Therefore, it is essential to judiciously control the 
FAI content in the FAI solution to preserve the morphology of 
the unannealed film, which can lead to a good quality of pure-
phase FAPbI3 film.

The morphological textures of the perovskite films are shown 
in Figure 4. It was previously reported that morphologies with a 
large grain size, compactness, and a flattened surface is key to 
attaining high photovoltaic performance.[36] The cross-sectional 
scanning electron microscopy(SEM) images (Figure 4) show 
that the postprocessed films formed with different FAI concen-
trations are uniform and could be clearly identified through an 
integral large grain with visible boundaries in the vertical direc-
tion.[37] No pinhole or visible defect on the grains was observed, 
and the estimated thickness of the absorbers is 400–500 nm, 
which are completely uniformly spread on the top of the elec-
tron transport layer and demonstrate a high-quality perovskite 
film.[38] The top-view SEM images (Figure 4e–h) of perovskite 
layers show smooth, uniform and pinhole-free polygonal 
grains with sizes of 400–500 nm. In contrast, the FAI-10 film 
displays excess lead iodide (PbI2) remaining in the film, prob-
ably due to an insufficient number of FAI molecules for the 
reaction, which is also in line with the PbI2 peak (Figure S7, 
Supporting Information). The residual PbI2 affects the quality 
of the film morphology and restricts the formation of phase-
pure FAPbI3.[39] The FAI-30 film shows a smooth and flattened 
morphology in which grain size increases to up to ≈500 nm in 
size.[40] As a control, C-FAPbI3 has a rough surface with poor 
cross-sectional properties (Figure S12, Supporting Informa-
tion). The improved morphology could enhance light harvesting 
and increase the external quantum efficiency. The spectral 

response of the treated films is confirmed by the EQE spectrum 
in Figure S10 in the Supporting Information. As expected, the 
EQE spectra exhibited a redshift with increasing FAI concentra-
tion, and the maximum absorption edge was at a wavelength 
greater than 833 nm, which has been previously reported in 
the mixed cation perovskites FAxMA1−xPbI3 with high FA con-
tent (x = 0.7 and 0.9).[14,41] This phenomenon could be due to 
several factors. First, FAxMA1−xPbI3 (x = 0.28, 1.00, 1.00, and 
0.63) is a good composition for enhanced PV performance and 
promises increased photoelectric conversion in the high wave-
length range. Second, film fabrication via the postprocessing 
method is helpful for modifying different compositions of 
FAxMA1−xPbI3 perovskites. Third, the electron/hole diffusion 
length (≈177/≈813 nm) of the FAPbI3-based device is suitable 
for FTO/Cl-TiO2/meso-TiO2/perovskite/spiro structures.[3] As 
shown in Figure 4i–l, both the FAI-20 and FAI-30 films have 
a smooth surface and a roughness of −46–43 nm. Though 
the FAI-40 film has a similar surface, its roughness is larger 
than that of the FAI-20 and FAI-30 films. The FAI-10 film is 
coarse because excess PbI2 influences the morphology. For the 
different morphologies of purified FAPbI3 (Figure 4e–h), it is 
important to analyze the defects in the purified α-FAPbI3 films 
caused by the different FAI concentrations.[42]

To understand the quality of the purified FAPbI3 films, con-
focal photoluminescence (PL) mappings of FAI-20 and FAI-30 
films were performed with a structure of glass/perovskite.[43] 
Figure 5a,b shows the confocal PL peak maps with excitation 
through the glass. The FAI-30 film showed an extremely uni-
form emission distribution (830–840 nm) that proved the high 
quality and excellent uniformity of α-FAPbI3 (Figure 5a).[20] For 
the FAI-20 maps in Figure 5b, the peaks ranged from 825 to 
840 nm. This result suggested that the components of the film 
in the small circle were slightly nonuniform due to insufficient 
FAI to exchange with MAI and that the MAI participated in the 
lattice. The corresponding intensity maps were measured, and 
they are shown in Figure 5c,d to demonstrate the dynamic car-
rier kinetics. FAI-30 showed the most uniform peak intensity 
and thus demonstrated minimal nonradiative decay; its inten-
sity is almost an order of magnitude higher than that of the 
FAI-20. In addition, there are light and dark spots in the FAI-20 
film, showing different peak intensities. The nonuniformity 
results in trap states and contributes to quality of FAI-20 being 
poorer than that of FAI-30.[44] In contrast, PL maps of the 
C-FAPbI3 film show extensive absorption (670–820 nm) and 
nonuniform intensity (Figure S13a,b, Supporting Information), 
similar to the atomic force microscope(AFM) image, which has 
a rough surface (Figure S13c, Supporting Information).

To determine the trap states and uniformity of the FAI-20 
and FAI-30 films, Kelvin probe force microscopy (KPFM) was 
employed to measure the surface potential of the perovskite 
films, and the results are shown in Figure 5e,f. Different con-
centrations of FAI solution induce a change in the surface 
work function, which can be detected in the KPFM measure-
ment.[43,45] Compared with the FAI-20 film, the FAI-30 film 
shows a uniform surface potential throughout the whole scan-
ning region (Figure 5e), confirming the film uniformity.[46] 
However, the C-FAPbI3 film (Figure S13d, Supporting Infor-
mation) failed to realize a superb uniformity. Good uniformity 
helps to improve contact between the hole transport layer 

Adv. Sci. 2019, 6, 1901591



www.advancedsciencenews.com

1901591 (6 of 10) © 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedscience.com

(HTL) and perovskite layer, reducing the number of trap states 
and realizing a decreased barrier height. All of the above fac-
tors are significant for the transport of holes and, as a result, 
balancing charge transport.

To further investigate the trap states of the perovskite films 
and devices, defect measurements were conducted, and the 
results are shown in Figure 6. Steady-state photoluminescence 
and time-resolved photoluminescence (TRPL) methods were 
used to study the trap states in the perovskite bulks.[47] We pre-
pared perovskite films on bare glass to avoid charge injection 
between the active layer and FTO. As shown in Figure S11a in 

the Supporting Information, the FAI-30 film exhibits a sharper 
and stronger peak than the other films, indicating a reduction 
in defects on the surface of film. The charge lifetime (Figure 6a) 

was fitted by the double index model y A exp A exp1
1

2
2

t t

τ τ
= −







+ −

















 , 

the effective time was calculated via 1 1 2 2

1 2

A A

A A
effτ τ τ= +

+
,[48] and the 

results are summarized in Table S1 in the Supporting Infor-
mation. The average lifetime (τeff) indicates a longer carrier 
lifetime (110.56 ns) and fewer defects for the FAI-30 film 
than for the FAI-20 film (63.95 ns), which was in line with the 
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Figure 4. Cross-sectional scanning electron microscopy (SEM) images: a) FAI-10, b) FAI-20, c) FAI-30, and d) FAI-40. The yellow line distinguishes the 
different samples. The green line distinguishes the cross-sectional SEM at different microscope magnifications (the top is 2000×, while the below is 
1000×). The red line distinguishes the perovskite and substrate. Corresponding top-view SEM images of e) FAI-10, f) FAI-20, g) FAI-30, and h) FAI-40 
films. Atomic force microscope (AFM) images of i) FAI-10, j) FAI-20, k) FAI-30, and l) FAI-40 films.



www.advancedsciencenews.com

1901591 (7 of 10) © 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedscience.com

Adv. Sci. 2019, 6, 1901591

Figure 5. Confocal photoluminescence (PL) peak maps of the a) FAI-30 and b) FAI-20 configurations infiltrated into a nonquenching compact layer and 
measured through the glass side. The corresponding peak intensity maps of c) FAI-30 and d) FAI-20 films, respectively. Kelvin probe force microscope 
(KPFM) images of e) FAI-30 and f) FAI-20 films, respectively. All of the areas are 10 × 10 µm2 each.

Figure 6. Analysis of defects on the FAI-20 and FAI-30 films via a) time-resolved photoluminescence (TRPL) spectra, b) space-charge-limited current 
(SCLC) measurements, c) electrochemical impedance spectroscopy (EIS) and d) density of defect measurements.
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 steady-state PL results (Figure S11a, Supporting Information). 
To further investigate the electron–hole mobility of the post-
processed films, the space-charge-limited current (SCLC) was 
measured for an FTO/ETL/perovskite/Au structure. The defect 
density (nt) was calculated according to the following equation

2
TFL

t
2

0

V
en d

εε
=  (2)

where e is the electric charge (1.602 × 10−19 C), d is the thick-
ness of the perovskite layer, ε0 is the vacuum permittivity 
(8.8542 × 10−14 F cm−1), and ε is the dielectric constant.[49,50] 
Compared with the FAI-20 film, the FAI-30 film shows a 
reduced onset voltage for the trap-filled limit (VTFL, Figure 6b), 
demonstrating a reduced defect density (nt2 < nt1). The open-
circuit voltage decay curves in Figure S11b in the Supporting 
Information display similar trends as the PL and TRPL results. 
The FAI-30 film shows a slower decay than the FAI-20 film. 
To study the interfacial transfer dynamics of devices, electro-
chemical impedance spectroscopy (EIS) data were fitted in 
Figure 6c, and they are summarized in Table S2 in the Sup-
porting Information.[51] The recombination resistance (Rrec) of 
the FAI-30 and FAI-20 films was 93.00 and 72.36 Ω, respec-
tively, suggesting that the capability of the films to suppress 
nonradiative recombination losses becomes stronger as the 
Rrec values increase. Figure 6d shows the calculated density 
of the defects, which were deep trap states, stemming from 
the surface of the perovskite layer.[50,52] It is suggested that the 
FAI-30 film is superior because it has fewer defects than the 
other films, which is well demonstrated by previously discussed 
results. Figure S14 in the Supporting Information shows 
the quantity of defects in the C-FAPbI3 film, indicating an 
increased number of trap states that is higher than the number 

in the FAI-30 and FAI-20 films. All of the above measurements 
proved that FAI treatment of films could substantially reduce 
grain boundaries and defects.[47]

The external quantum efficiency and PCE were measured 
to examine the total effects of the FAI postprocessing method 
on the performance of the final prepared devices. Figure 7a 
exhibits substantially enhanced Jsc produced by increased effec-
tive carrier collection at both electrodes, and the value of the 
integrated current reached 24.02 mA cm−2, which is close to 
the measured Jsc of 24.99 mA cm−2. The stabilized Jsc at the 
maximum power point for the same device was measured over 
the time range of 0–500 s, showing that the current stabilized 
at ≈24.02 mA cm−2, which is consistent with the IPCE results. 
The current density–voltage (J–V) characteristics of FAI-20- 
and FAI-30-based devices are shown in Figure 7c and listed 
in Table S3 in the Supporting Information. Compared with 
C-FAPbI3 (Figure S15b, Table S3, Supporting Information), 
the best postprocessed device had a PCE of 21.24%, a JSC of 
24.99 mA cm−2, a VOC of 1.09 V, and an FF of 78.01%. More-
over, there is little detected hysteresis in the reverse direction 
and the forward direction. In Figure 7d, a histogram of the 
average PCEs for FAI-20 and FAI-30 is presented. Compared 
with the cells of C-FAPbI3 (Figure S16, Supporting Informa-
tion), ≈80% of FAI-30 cells exhibited an overall efficiency 
exceeding 19% at 1 sun.

Figure S17 in the Supporting Information shows the stability 
of an α-FAPbI3-based device aged under thermal and light 
soaking conditions (25 °C). The photovoltaic performance of 
FAPbI3 was measured every 24 h of ageing at room tempera-
ture (25 °C), 85, 140, and 195 °C.[24] The FAI-30-based device 
showed a high thermal stability, which might be attributed to 
its high-quality morphology and improved phase stability. In  
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Figure 7. a) EQE spectra of the best-performing devices based on FAI-20 and FAI-30 films with respective integrated Jsc curves. b) Stabilized Jsc at 
the maximum power point of FAI-20- and FAI-30-based devices. c) J–V curves of the best FAI-20- and FAI-30-based devices. d) Histogram of average 
efficiencies of FAI-20- and FAI-30-based devices (28 devices).
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addition, the FAI-30-based devices showed ≈25% degradation 
after 500 h of light soaking. The stability of the devices tested 
in nitrogen showed substantial improvement over that of 
devices tested in air (Figure S18, Supporting Information). All 
of the above results reinforce the hypothesis that the fabrica-
tion of FAPbI3 perovskite films assisted by the formation of a 
template-assisted perovskite structure could enhance the photo-
electric performance because of the reduced number of defects 
reducing light and thermal degradation.

3. Conclusions

This template-assisted approach enables the preparation of 
high-quality and phase-pure α-FAPbI3 perovskite layers. The 
resulting α-FAPbI3 film showed an absorption edge at a wave-
length greater than 840 nm and highly uniform and enlarged 
grains (400–500 nm). The enhanced film quality increased the 
photon-induced electron–hole pair mobility and effective light 
utilization. The improved crystallinity and reduced grain bound-
aries of the perovskite film effectively reduced the nonradiative 
carrier recombination. The devices assembled by employing 
the FAI postprocessing technique showed the highest power 
conversion efficiency (21.24%) under standard illumination. 
This study provides an effective protocol for fabricating efficient 
and stable inorganic–organic hybrid heterojunction solar cells, 
which can be helpful in the future for producing commercially 
feasible PSCs. This work has realized the highest reported effi-
ciency of FAPbI3 with superb stability under 800 h of thermal 
ageing and 500 h of light soaking.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Acknowledgements
The authors acknowledge support from the National Key Research and 
Development Program of China (No. 2016YFA0202401), the 111 Project 
(No. B16016), the National Natural Science Foundation of China (Nos. 
51702096 and U1705256), and the Fundamental Research Funds for the 
Central Universities (No. 2018ZD07).

Conflict of Interest
The authors declare no conflict of interest.

Keywords
high quality, highest efficiency, perovskite solar cells, pure phase, 
template-assisted

Received: June 27, 2019
Revised: August 15, 2019

Published online: September 10, 2019

[1] NREL, Best Research-Cell Efficiencies, https://www.nrel.gov/pv/
assets/pdfs/best-research-cell-efficiencies.20190802.pdf, (accessed: 
May 2019).

[2] G. E. Eperon, S. D. Stranks, C. Menelaou, M. B. Johnston,  
L. M. Herz, H. J. Snaith, Energy Environ. Sci. 2014, 7, 982.

[3] N. J. Jeon, J. H. Noh, W. S. Yang, Y. C. Kim, S. Ryu, J. Seo, S. I. Seok, 
Nature 2015, 517, 476.

[4] J. W. Lee, Z. Dai, T. H. Han, C. Choi, S. Y. Chang, S. J. Lee,  
N. De Marco, H. Zhao, P. Sun, Y. Huang, Y. Yang, Nat. Commun. 
2018, 9, 3021.

[5] C. Zuo, H. J. Bolink, H. Han, J. Huang, D. Cahen, L. Ding, Adv. Sci. 
2016, 3, 1500324.

[6] Y. Zhou, M. Yang, S. Pang, K. Zhu, N. P. Padture, J. Am. Chem. Soc. 
2016, 138, 5535.

[7] G. G. Yi Zhang, Y. Feng, A. M. Asiri, M. K. Nazeeruddin, ACS Energy 
Lett. 2017, 2, 802.

[8] a) G. Kieslich, S. Sun, A. K. Cheetham, Chem. Sci. 2014, 5, 4712;  
b) M. Y. Zhen Li, J.-S. Park, S.-H. Wei, J. J. Berry, K. Zhu, Chem. 
Mater. 2015, 28, 284.

[9] H. Miao, B. Cheng, Y. Yuan, B. Yang, J. Huang, Adv. Sci. 2016, 3, 
1500301.

[10] Z. Zhou, S. Pang, F. Ji, B. Zhang, G. Cui, Chem. Commun. 2016, 52, 3828.
[11] J. Liu, Y. Shirai, X. Yang, Y. Yue, W. Chen, Y. Wu, A. Islam, L. Han, 

Adv. Mater. 2015, 27, 4918.
[12] F. Xiea, C.-C. Chen, Y. Wu, X. Li, M. Cai, X. Liu, X. Yang, L. Yan, 

Energy Environ. Sci. 2017, 10, 1942.
[13] C. Li, Y. Zhou, L. Wang, Y. Chang, Y. Zong, L. Etgar, G. Cui,  

N. P. Padture, S. Pang, Angew. Chem., Int. Ed. 2017, 56, 7674.
[14] G. Li, T. Zhang, N. Guo, F. Xu, X. Qian, Y. Zhao, Angew. Chem., Int. 

Ed. 2016, 55, 13460.
[15] S. Lv, S. Pang, Y. Zhou, N. P. Padture, H. Hu, L. Wang, X. Zhou, H. Zhu, 

L. Zhang, C. Huang, G. Cui, Phys. Chem. Chem. Phys. 2014, 16, 19206.
[16] W. S. Yang, J. H. Noh, N. J. Jeon, Y. C. Kim, S. Ryu, S. Seo, S. IlSeok, 

Science 2015, 348, 1234.
[17] N. J. Jeon, J. H. Noh, Y. C. Kim, W. S. Yang, S. Ryu, S. I. Seok, Nat. 

Mater. 2014, 13, 897.
[18] F. Wang, H. Yu, H. Xu, N. Zhao, Adv. Funct. Mater. 2015, 25, 1120.
[19] J. Li, L. Xu, T. Wang, J. Song, J. Chen, J. Xue, Y. Dong, B. Cai, 

Q. Shan, B. Han, H. Zeng, Adv. Mater. 2017, 29, 1603885.
[20] M. Long, T. Zhang, M. Liu, Z. Chen, C. Wang, W. Xie, F. Xie, J. Chen, 

G. Li, J. Xu, Adv. Mater. 2018, 30, 1801562.
[21] a) W. Nie, H. Tsai, R. Asadpour, J.-C. Blancon, A. J. Neukirch, 

G. Gupta, J. J. Crochet, M. Chhowalla, S. Tretiak, M. A. Alam, 
H.-L. Wang, A. D. Mohite, Science 2015, 347, 522; b) M. Yang, 
T. Zhang, P. Schulz, Z. Li, G. Li, D. H. Kim, N. Guo, J. J. Berry, K. Zhu, 
Y. Zhao, Nat. Commun. 2016, 7, 12305; c) X. Xiao, C. Bao, Y. Fang, 
J. Dai, B. R. Ecker, C. Wang, Y. Lin, S. Tang, Y. Liu, Y. Deng, X. Zheng, 
Y. Gao, X. C. Zeng, J. Huang, Adv. Mater. 2018, 30, 1705176.

[22] a) Y. Lin, Y. Zhang, Z. Guo, J. Zhang, W. Huang, Y. J. Lu, Z. Deng, 
Z. Liu, Y. Cao, Opt. Express 2015, 23, A979; b) J. Ye, L. Zhu, L. Zhou, 
X. Liu, X. Zhang, H. Zheng, G. Liu, Z. Shao, X. Pan, S. Dai, Sol. 
Energy 2016, 136, 505.

[23] V. L. Pool, B. Dou, D. G. Van Campen, T. R. Klein-Stockert,  
F. S. Barnes, S. E. Shaheen, M. I. Ahmad, M. F. van Hest,  
M. F. Toney, Nat. Commun. 2017, 8, 14075.

[24] Y. Ren, X. Ding, J. Zhu, T. Hayat, A. Alsaedi, Z. Li, X. Xu, Y. Ding, 
S. Yang, M. Kong, S. Dai, J. Alloys Compd. 2018, 758, 171.

[25] Q. G. Cong Li, H. Zhang, Y. Bai, F. Wang, L. Liu, T. Hayat, 
A. Alsaedi, Z. Tan, Nano Energy 2017, 40, 248.

[26] W. Zhu, D. Chen, L. Zhou, C. Zhang, J. Chang, Z. Lin, J. Zhang, 
Y. Hao, ACS Appl. Mater. Interfaces 2017, 9, 40378.

[27] K. Hills-Kimball, Y. Nagaoka, C. Cao, E. Chaykovsky, O. Chen,  
J. Mater. Chem. C 2017, 5, 5680.

[28] Z. Song, S. C. Watthage, A. B. Phillips, B. L. Tompkins,  
R. J. Ellingson, M. J. Heben, Chem. Mater. 2015, 27, 4612.

Adv. Sci. 2019, 6, 1901591

https://www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies.20190802.pdf
https://www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies.20190802.pdf


www.advancedsciencenews.com

1901591 (10 of 10) © 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advancedscience.com

[29] a) G. M. Bernard, R. E. Wasylishen, C. I. Ratcliffe, V. Terskikh, 
Q. Wu, J. M. Buriak, T. Hauger, J. Phys. Chem. A 2018, 122, 1560; 
b) P. Wang, J. Guan, D. T. K. Galeschuk, Y. Yao, C. F. He, S. Jiang, 
S. Zhang, Y. Liu, M. Jin, C. Jin, Y. Song, J. Phys. Chem. Lett. 2017, 8, 
2119.

[30] Z. Zhu, V. G. Hadjiev, Y. Rong, R. Guo, B. Cao, Z. Tang, F. Qin, 
Y. Li, Y. Wang, F. Hao, S. Venkatesan, W. Li, S. Baldelli, A. M. Guloy, 
H. Fang, Y. Hu, Y. Yao, Z. Wang, J. Bao, Chem. Mater. 2016, 28, 7385.

[31] D. Bi, J. Luo, F. Zhang, A. Magrez, E. N. Athanasopoulou, 
A. Hagfeldt, M. Gratzel, ChemSusChem 2017, 10, 1624.

[32] a) D. J. Kubicki, D. Prochowicz, A. Hofstetter, P. Pechy,  
S. M. Zakeeruddin, M. Gratzel, L. Emsley, J. Am. Chem. Soc. 
2017, 139, 10055; b) D. J. Kubicki, D. Prochowicz, A. Hofstetter, 
M. Saski, P. Yadav, D. Bi, N. Pellet, J. Lewinski, S. M. Zakeeruddin, 
M. Gratzel, L. Emsley, J. Am. Chem. Soc. 2018, 140, 3345.

[33] Xin Guo, C. McCleese, C. Kolodziej, A. C. S. Samia, Y. Zhao, 
C. Burda, Dalton Trans. 2016, 45, 3806.

[34] D. Y. Son, S. G. Kim, J. Y. Seo, S. H. Lee, H. Shin, D. Lee, N. G. Park, 
J. Am. Chem. Soc. 2018, 140, 1358.

[35] Z. Zhao, F. Gu, Y. Li, W. Sun, S. Ye, H. Rao, Z. Liu, Z. Bian, 
C. Huang, Adv. Sci. 2017, 4, 1700204.

[36] T. Zhang, M. Long, K. Yan, M. Qin, X. Lu, X. Zeng, C. M. Cheng,  
K. S. Wong, P. Liu, W. Xie, J. Xu, Adv. Energy Mater. 2017, 7, 1700118.

[37] C. Mu, J. Pan, S. Feng, Q. Li, D. Xu, Adv. Energy Mater. 2017, 7, 
1601297.

[38] G. W. P. Adhyaksa, S. Brittman, H. Āboliņš, A. Lof, X. Li, J. D. Keelor, 
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