GDCh
~—

13658  Wiley Online Library

Perovskite Solar Cells

Zuschriften

An dte

Chemie

Deutsche Ausgabe: DOI: 10.1002/ange.201606801
Internationale Ausgabe: DOI: 10.1002/anie.201606801

Ion-Exchange-Induced 2D-3D Conversion of HMA, ,FA PbI;Cl
Perovskite into a High-Quality MA,_ FA Pbl; Perovskite
Ge Li, Taiyang Zhang, Nanjie Guo, Feng Xu, Xufang Qian, and Yixin Zhao*

Abstract: High-quality phase-pure MA,_FA.PbI; planar
films (MA =methylammonium, FA = formamidinium) with
extended absorption and enhanced thermal stability are
difficult to deposit by regular simple solution chemistry
approaches owing to crystallization competition between the
easy-to-crystallize but unwanted O-FAPbIy/MAPbI; and
FAMA,_Pbl; requiring rigid crystallization conditions.
Here A 2D-3D conversion to transform compact 2D mixed
composition HMA,; .FA,PbI;Cl perovskite precursor films
into 3D MA,_.FA,Pbl; (x=0.1-0.9) perovskites is presented.
The designed Cl/I and H/FA(MA) ion exchange reaction
induced fast transformation of compact 2D perovskite film,
helping to form the phase-pure and high quality
MA,_ FA Pbl; without 6-FAPbI; and MAPbI; impurity. In
all, we successfully developed a facile one-step method to
fabricate high quality phase-pure MA,_ . FA Pbl; (x=0.1-0.9)
perovskite films by 2D-3D conversion of HMA,_.FA ,PbI;Cl
perovskite. This 2D-3D conversion is a promising strategy for
lead halide perovskite fabrication.

Lead halide perovskite solar cells have progressed up to
about 22% certified efficiency in the past years.'™ The
formamidinium (FA) based perovskites such as FAPbI; or
MA-FA mixed MA, FA.Pbl; (MA =methylammonium)
have attracted more and more attention owing to their
advantages of better thermal stability and extended absorp-
tion range compared to the well-studied CH;NH;Pbl;
(MAPbL,) lead halide perovskites."*2! Although so many
solution chemistry approaches with advantages of low cost
and effectiveness have been developed for fabrication of
high-efficiency CH;NH;Pbl; (MAPbI;) perovskite solar
cells,"*132531 there is less solution chemistry deposition
techniques  for  depositing high-quality = phase-pure
MA,_FA,Pbl; perovskite planar films. It is difficult to
obtain phase-pure MA,_FA Pbl; perovskite by solution
chemistry because of the competition formation of easy-to-
crystalize 5-FAPbI;/MAPDI; and phase-pure MA,_FA Pbl.
This is due to the different steric effect of MA" and FA™"
cation with [PbXg]* units in the crystal lattice. Furthermore,
the different steric effect of MA and FA cations make the
excess MAI and FAI in two-step method compete to
intercalate into perovskite crystal lattice, leading to uncer-
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tainty in the FA/MA ratios.'¥! Consequently, it is difficult to
prepare high-quality phase-pure MA,_FA Pbl; without 6-
FAPDI; impurity by the regular one-step or two-step methods.
In the popular solvent engineering method, the MA,_FA I
and Pbl, precursors also form the unwanted d-FAPbI; mixed
with MAPbBL,.P! To solve this problem, the Br is usually
adopted in solvent engineering to adjust the tolerant factor to
help form phase-pure FA or FA-MA mixed perovskite, but
the Br could broaden the band gaps to narrow the absorb-
ance.*?! Recently, Han and co-workers have successfully
developed a novel two-step method to prepare
MA,_,FA,Pbl; using Pbl,.xFAI precursor films with fixed
FAI stoichiometry for MAI intercalation.” In this novel
stoichiometric controlled method, a rigid high temperature
with narrow range is still critical to form the phase pure
Pbl,:xFAI precursor and MA,_,FA Pbl; perovskite. It is
necessary to develop a general and facile solution method to
prepare the phase-pure FA-MA mixed perovskite. The layer
material precursor such as Pbl, is an ideal candidate for
preparation of compact perovskite films. In the two-step
method, the layer structured Pbl, is intercalated into 3D
perovskite and the intercalation process involves lots of
technique problems such as volume expansion because the
size of MAPDL, is almost twice as PblL,.[">203?]

In this 2D-3D intercalation process, the layer-structured
2D Pbl, precursor is expanded into a 3D structure. Inspired
by this concept of using a high quality precursor film, we
developed a facile one-step strategy to transform the high-
quality layer structure 2D mixed composite perovskite into
3D MA,_,FA Pbl; perovskite by an ion-exchange reaction.
The layer-structured 2D organic/inorganic lead halide per-
ovskites of A,BX, (A =organic cation, B=Pb, X =1,Br,Cl)
are a popular perovskite with various applications.” ! The
conversion of 2D A,BX, perovskite into 3D ABX; involving
ion/cation exchange reaction would lead to release of the
extra AX. To facilitate the ion/cation exchange reaction for
the 2D/3D conversion, it is necessary to select some A and X
candidate with weaker interaction in the crystal structure than
the remaining A and X in the final ABX;. Previous reports
have suggested that the Cl has much weaker bond affinity to
Pb than I and the MA(FA) trend to cation exchange with H in
HPbI, frame.”>> ¥ To facilitate the ion-exchange reaction to
induce the 2D perovskite conversion, the Cl with 1:3 molar
ratio to I and the smallest cation H with 1:1 molar ratio to FA/
MA mixture were adapted in our designed A,BX, structure.
As illustrated in Scheme 1, we developed a 2D perovskite
precursor of mixed composition HMA,_FA PbI;Cl, which
can be facilely prepared by using stoichiometric [HCl+
(1-x)MAI + x FAI + Pbl,] mixture precursor solutions.
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Scheme 1. Transformation of the 2D mixed composition A,BX, of
HMA, _,FAPbI;Cl (A=H, MA, FA, B=Pb, X=1, Cl) into 3D

MA, _,FA,Pbl;. Here the cations of H, FA and MA should be randomly
distributed at A sites.

The cation A in classic 2D A,BX, perovskite is usually
long-chain alkyl ammonium to stabilize the 2D configuration
by preventing the merging of the nearby 2D layers. In our
designed easy-to-merge 2D HMA,_FA PbI;Cl perovskite,
the H*, MA*, and FA" cations without long chains occupy the
Asite and the I and Cl with 3:1 ratio occupy the X site to form
a 2D perovskite of A,MX, (Scheme 1). Of course, the
elemental ratio in the deposited film might be some different
from the precursor solution owing to some uncerntainty
during the spin-coating process. Although previously
reported layer structure lead halide perovskites of HPbI;
and HPbLCl with a similar unit frame are relatively
stable,”>%" this designed HMA, ,FA PbI,Cl without long
chain spacing is instable. Once the H/FA(MA) and Cl/I ion
exchange reactions take place, the H* and Cl~ would form
highly volatile HCI during the 2D-3D transformation and the
HCI then releases into air. In contrast, the HCI/HI in previous
reported assisted deposition of MAPbI; or FAPDI; is to
modify the crystallization kinetics of perovskites.!>237-3

The deposited 2D HMA,_FA PbI;Cl perovskite films
quickly turned to brown or dark even if they were kept in
room temperature or under vacuum. Generally, the lower the
FA content of x in the HMA,_FA PbI;Cl, the quicker the
precursor films turn to brown. Unfortunately, we cannot take
the SEM or elemental characterization on these 2D perov-
skite precursor films because of their fast transformation into
brown 3D perovskite films under vacuum. To obtain the
reliable XRD and UV/Vis measurement, these deposited 2D
perovskite films were immediately covered with PMMA and
cooled down by an ice bag. The HMA(FA,;Pbl;Cl precursor
films always turn brown during UV/Vis spectra and XRD
measurement at room temperature even if they had been
cooled by an ice bag. The XRD patterns of these ice-cooled
stable HMA,_,FA PbI;Cl (x >0.1) precursor films are listed
in the Figure 1 A. First of all, no typical pure MAPbI; or
FAPbDI; characteristic peaks of perovskites appear in the
XRD patterns of these HMA,_ FA Pbl;Cl films. Although
the MA:FA ratio are different in the HMA,_FA Pbl;Cl
precursor films, their XRD patterns have the same character-
istic peaks at about 8.7°. Such sub-10 degree XRD peaks are
similar to previous reported 2D lead halide perovskites or
layer structure HPbI; and HPbL,Cl (Figure 1C). The inor-
ganic slab of [PbX¢] can be oriented into (100), (110), and
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Figure 1. A) XRD and UV/Vis B) patterns of 2D HMA,_,FA Pbl;Cl
(x=0.3, 0.5, 0.7 and 0.9) precursor films; C) XRD patterns and D) UV/
Vis spectrum of the HMA, ;FA;Pb1;Cl precursor films as the typical
2D HMA,_,FA,PbI;Cl perovskite compared with the HPbl; and HPbI,Cl
precursors films, respectively.

(111).P) Here the interlayer space of about 1.0 nm derived
from circa 8.7° peaks suggested that these peaks could be
assigned as (001) peak because the circa 1nm spacing
distance is reasonable for the (001) layer thickness of 2D
HMA,_FA PbL;Cl perovskite in consideration of circa
0.6 nm [PbX,] layer spacing and the circa 0.2 nm size of FA/
MA cations on each side. Besides the similarity in their XRD
pattern, these HM A, _FA PbI;Cl precursor films almost have
UV/Vis spectra at the same wavelength with varied inten-
sities. Both the XRD and UV/Vis results revealed that
the HMA, [FA ,PbI;Cl might have very similar crystal
structure as our designed 2D perovskite configuration. As
illustrated in Scheme 1, the [PbIsCl] frame unit of the 2D
HMA,_FA PbL;Cl has the similar crystal structure with
lattice parameters between the [Pbl;] of HPbI; and
[PbI,Cl,] of HPBL,CIL. Interestingly, both the characteristic
XRD peaks and UV/Vis absorbance of the 2D
HMA,_FA PbL;Cl perovskites located between those of
HPbI; and HPbL,Cl, which is reasonable based on their
similarities in configuration and lattice parameter.

Since these 2D HMA,_,FA PbI;ClI perovskites are insta-
ble and can turn to brown or black so quickly, we had to study
their XRD and UV/Vis spectra under room temperature.
Here we present the HMA(;FA(;Pbl;Cl precursor of
MA,;FA,;Pbl; perovskite as the typical sample for inves-
tigation; other samples exhibited the similar crystal growth
trend. Figure 2A,B show the XRD pattern and UV/Vis
spectra evolution of the deposited HMA,FA;PbI;Cl pre-
cursor film. First, both XRD and UV/Vis spectra show that
the greenish—colorless precursor film can quickly grow into
phase-pure MA,FA,;Pbl; perovskite with an absorbance
onset edge at around 790 nm, which is consistent with the
previously reported phase-pure MA,-FA,;PbI;.¥) When the
HMA,;FA;PbL;Cl precursor film was annealed at 30°C for
1 min, its characteristic XRD peaks decrease significantly
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Figure 2. A) XRD and B) UV/Vis evolution of the transformation of
HMA, ;FA,;Pbl;Cl into MA,,FA,5Pbl; films annealed at 30°C and
100°C for different times.

while characteristic XRD peaks of 3D MA,;FA;Pbl;
perovskite appear. The UV/Vis spectra of HM A ;FA;Pbl;Cl
precursor film annealed at 30°C for 1 min also exhibited
a MA,FA;Pbl; related absorbance onset edge but with
some remaining HMA,FA;PbI;Cl precursor films at short
wavelength. After 30°C annealing for 5 min, the
HMA,,;FA;PbI;Cl precursor film completely transforms
into phase pure MA,,FA;Pbl; perovskite based on its
XRD and UV/Vis spectrum evolution. Although the
HMA,;FA(;PbL;Cl perovskite can transform into phase-
pure MA,FA,;Pbl; perovskite at room temperature, we
still adopt the common 5 min 100°C annealing to completely
remove the solvent and other residues for deposition of
MA,_,FA Pbl; (x<0.5) using the HMA,_,FA PbI;Cl sam-
ples. The high-temperature annealing can improve both the
crystallinity and UV/Vis absorbance. For the crystallization
process of the different HMA,_,FA PbI;Cl perovskites, their
transformation from HMA,_,FA Pbl;Cl into brown perov-
skite becomes slower with increasing x of FA content, which
could be due to the steric effect of the FA cation to crystalize
into 3D perovskite. For convenience, we adapted the 170°C
annealing to avoid the possible formation of &-FAPbI,
impurity during deposit of FA-rich perovskite of
MA,_FAPbl; (x >0.5) because the 0-FAPDI; phase is easy
to form with the relatively low-temperature annealing
process. We just use a simple and general annealing condition
to demonstrate the facile deposition of high quality 3D
MA,_FA,Pbl; by conversion of 2D HMA, [FA Pbl;Cl
precursor films. The adapted unspecific annealing treatments
is not optimal for all the samples, which might account for the
low PV efficiency for some MA,_ FA Pbl; perovskites solar
cells.

Figure 3A lists the XRD patterns of annealed
MA,_FAPbl; (x=0.9, 0.7, 0.5, 0.3, 0.1) perovskite films.
First, no impurity peaks such as 8-FAPbI; were found in any
of these samples. The 2D-3D transformation might account

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. A) XRD patterns and B) UV/Vis spectrum of MA,_,FAPbl,
(x=0.1,0.3, 0.5, 0.7, 0.9) perovskite films prepared from

HMAHFAXPbI3CI. SEM images of C) MAysFA,,Pbls, D) MAy,FA,;Pbl;,
E) MA,sFA,sPbls, F) MAy;FA,;Pbl; and G) MA,;FA,4Pbl; films. The
scale bar is 1 um.

for the disappearance of yellow phase 6-FAPDI; formation.
The 2D-3D conversion in our method only exhibits about
10% volume shrinkage as we measured on a profilometer.
The strongest and characteristic XRD peaks of these
MA,_FA Pbl; (x =0.9-0.1) perovskite films at about 14° all
shifts with the FA content. The FA content-dependent XRD
peak shift suggests the successful formation of phase-pure
mixed-cation MA,_ FA Pbl; perovskites. The successful for-
mation of phase-pure MA,_FA Pbl; perovskites are also
evidenced by the red-shift of the UV/Vis absorbance with an
increase of FA content (Figure 3B). In all, both XRD and
UV/Vis results have confirmed the formation of phase-pure
MA,_FA,Pbl;. The SEM images of these MA,_,FA Pbl;
perovskite films exhibit compact morphology (Figure 3C-
G); their AFM images and PL spectrum are given in the
Supporting Information, Figures S1,S2. In contrast, the
regular one-step method prepared MA,;FA,;Pbl; exhibited
the phase impurity of 8-FAPbI;, coarse morphology, and low
PV performance (Supporting Information, Figure S3). Fur-
thermore, no detectable Cl signal could be found in the EDX
analysis, revealing a complete removal of extra Cl in form of
HCI from the 2D HMA;FA;PbL;Cl perovskite, as expected.
The crystal-grain size of MA,_,FA Pbl; perovskites increases
with the FA content, which could be attributed to the
relatively slow crystallization process and the higher anneal-
ing temperature for these.

Here we fabricated planar-configuration perovskite solar
cells devices using these MA,_FA Pbl; perovskite planar
films, which exhibited the typical J-V hysteresis for planar
perovskite solar cells using c-TiO, as the electron-transfer
layer (Supporting Information, Figure S4). First, these solar
cells exhibited enhanced reproducibility in PV performance
(Supporting Information, Table S1), suggesting the high
reproducibility of our method. Figure 4 lists the typical J-V
curves and IPCE of the MA,_ FA Pbl; solar cells. It is worth
mentioning that the IPCE curves of these different
MA,_,FA,Pbl; solar cells match well with their UV/Vis
spectra. The IPCE curves clearly demonstrate the successful
formation of high-quality phase-pure MA,_FA Pbl; perov-
skites with an extended light-absorbance range. The PV
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Figure 4. Typical J-V curves (A) and IPCE (B) of perovskite solar cells
based on MA,_,FAPbl; (x=0.1, 0.3, 0.5, 0.7, 0.9) perovskite films.

performance of these MA_FA Pbl; perovskite solar cells are
highly dependent on their composition of x. The J,. of solar
cells based on MA,FA;Pbl; and MA,sFA,sPbl; is higher
than the MA, FA,,Pbl;. This can be attributed to the
extended long wavelength absorbance as confirmed by
IPCE curves (Figure 4B). Although the IPCE range of
MA,;FA,,Pbl; and MA,,FA,,Pbl; has extended to even
longer wavelength, their IPCE values are lower than the other
perovskites. The  previously reported high-quality
MA,_,FAPbl; by Han et al. also present the similar phenom-
enon that not all of the high-quality MA,_ FA Pbl; exhibited
high PV performance.”® This could due to the two facts: first,
the MA,_,FA,Pbl; (x=0.7, 0.9) is not the optimal composi-
tion for the PV performance; second, the different compo-
sition MA,_,FA Pbl; perovskites require the specific optimal
fabrication process. In general, the V. of these MA,_,FA Pbl;
devices decreases with x of FA content, which could be due to
the narrowing band gaps. As a compromise of J, V., and fill
factor (FF), the MA,;FA,;Pbl; solar cells exhibited the best
efficiency. The champion MA,;FA,;Pbl; based devices
exhibited an efficiency of 17.02% with V,.=1.03V, J =
22.03mAcm 2, and FF=0.75 with 16.2% stable output
(Supporting Information, Figure S5).

In summary, we successfully demonstrated a facile trans-
formation of novel 2D HMA, FAPbL;Cl (x=0.1-0.9)
perovskite into high-quality phase-pure 3D MA,_FA Pbl;
perovskite exhibiting the extended absorbance edge and
IPCE range. The H and Cl used in the 2D perovskite with
lower bond affinity than MA/FA and I in crystal structure was
total removed during the 2D-3D conversion. In all, trans-
formation of instable 2D mixed composition lead halide
perovskite of HMA,_FA PbI;Cl into 3D high-quality phase-
pure mixed-cation lead halide perovskite is an effective and
facile method to deposit high-quality mixed-cation
MA,_,FA,Pbl; perovskite films. This 2D/3D transformation
strategy would be a promising and potential candidate for
one-step preparation of high-quality difficult-to-synthesize
mixed-composition perovskites in the future.
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