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Abstract
Hybrid halide perovskites (HHPs) are very promising absorber materials for solar cells due to their high power conversion efficiency and the low-cost 
solution-based processing methods. We applied small angle X-ray scattering to  MAPbI3,  FAPbI3 and  MAPbBr3 precursor solutions in different solvents 
(GBL, DMF, and mixtures) to gain a deeper understanding of the building blocks during the early stage of HHP formation. We present a core–shell 
model where the core is formed by  [PbX6] octahedra surrounded by a shell of solvent molecules, which explains the arrangement of the precursors 
in solution and how the solvent and the halide influence such arrangement.

Introduction
Hybrid halide perovskites (HHPs) have become extremely 
popular for a number of applications, such as LEDs,[1] pho-
todetectors,[2] and most importantly, for photovoltaics.[3] Due 
to their outstanding properties as absorber materials for solar 
cells, they are particularly of interest among the photovoltaic 
community since the power conversion efficiency (PCE) of 
perovskite-based solar cells has sky-rocketed reaching up to 
26.1% in 2023.[4]

HHPs have an  ABX3 composition and crystallize in the per-
ovskite-type structure. Here, A is a monovalent organic cation, 
typically methylammonium  (MA+) or formamidinium  (FA+), 
B is a divalent metallic cation such as  Pb2+ or  Sn2+, and X is 
a halide,  I−,  Br−, or  Cl−. The bandgap energy of HHPs can be 
tuned when varying their composition by exchanging the anion 
or the  cations[5] making this material ideal for single junction 
as well as for tandem solar cell applications. As an example, 
the bandgap energy of MAPb(I1-xBrx)3 can be tuned continu-
ously from 1.56 to 2.3 eV.[6] HHPs can be synthesized from 
solution at low temperatures.[7–10] It has been shown that the 
choice of the solvent not only affects the crystallization path 
of HHPs,[11,12] but also the power conversion efficiency of the 
solar cell.[13] Therefore, understanding the formation mecha-
nism of HHPs in the solution is a key point for controlling the 
crystallization process and ultimately improving the perfor-
mance of a device produced from solution processing. It has 
been reported in literature the existence of highly valent iodo-
plumbates in HHPs precursor  solution[14] as well as the possi-
bility of achieving a power conversion efficiency of 20% using 
solvent  engineering[15] showing how important it is to under-
stand the solvation chemistry in HHPs precursor solutions. 

Flatken et al.[16] demonstrated that small angle X-ray scattering 
(SAXS) is a powerful technique to investigate HHPs precursor 
solutions in the nanometer range. They showed the existence of 
colloidal nanostructures in  MAPbI3 precursor solutions using a 
mixture of dimethylformamide (DMF) and dimethyl sulfoxide 
(DMSO) as solvent in a range of concentrations, from 0.4 M to 
1.2 M. With this study, we aim to bring more clarity about the 
precursor arrangement in solution prior to crystallization and 
how the solvent affects the atomic arrangement in this early 
state. We applied SAXS to investigate the precursor solutions 
of  MAPbI3,  FAPbI3, and  MAPbBr3 in different common sol-
vents used to synthesize HHPs layers, such as γ-butyrolactone 
(GBL), dimethylformamide (DMF), and mixtures thereof 
while keeping the concentration constant to 0.8 M. In this first 
approach to understand the role of the solvent in the early-stage 
crystallization of HHPs, we chose GBL and DMF as solvents 
since they are frequently used to synthesize HHP single crystal, 
bulk as well as thin films. The Gutmann’s donor number (DN) 
is a parameter used to predict how a solvent is able to solvate 
HHP precursors,[17] increasing DN indicates that the solvent is 
more likely to coordinate with  Pb2+, competing with  I−. On the 
other hand, a lower DN favors the formation of iodoplumbates 
since it is less likely to coordinate with  Pb2+. Since GBL has a 
lower DN than DMF (18 and 26.6[18] kcal/mol, respectively), 
it is expected that the iodoplumbates in solution when GBL 
is used as solvent are larger than the iodoplumbates present 
in the solution when DMF is used as solvent. SAXS is a non-
destructive characterization technique based on the scattering 
length density difference between the scattering objects and 
the matrix. SAXS allows us to determine the average distance 
between the centers of mass of adjacent scattering objects as 
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well as the form factor and the structure factor. The form factor 
contains information about the size and shape of the nanoparti-
cles (scattering objects), whereas the structure factor describes 
the interaction between them.[19–21] Herein, we conclude that 
the choice of solvent and the anion affect the arrangement of the 
precursors in HHPs solutions and therefore have the potential 
to influence the crystallization path.

Experimental
Synthesis
MAPbI3,  FAPbI3, and  MAPbBr3 precursor solutions were 
synthesized using a method adapted from Im et al.[22] All the 
chemicals were used as received without further purification. 
The halide perovskite precursor solutions were prepared mix-
ing 0.8 M of  PbI2 (Tokyo Chemical Industry, > 98%) and MAI 
 (CH3NH3I), FAI (CH(NH2)2I), or MABr  (CH3NH3Br) (Tokyo 
Chemical Industry, > 99%), respectively, in a solvent (GBL, 
DMF, Tokyo Chemical Industry, > 99%).  MAPbI3 precursor 
solutions were prepared mixing stoichiometric amounts of 
MAI and  PbI2 using the following GBL:DMF solvent ratios: 
100% GBL, 90:10, 80:20, 70:30, 60:40, 50:50, 40:60, 30:70, 
20:80, 10:90, and 100% DMF.  FAPbI3 precursor solutions were 
prepared mixing stoichiometric amounts of FAI and  PbI2 using 
the following GBL:DMF solvent ratios: 100% GBL, 50:50, and 
100% DMF.  MAPbBr3 precursor solution was processed mix-
ing stoichiometric amounts of MABr and  PbBr2 using 100% 
DMF as solvent. The solutions were stirred at 60 ℃ for 60 min 
under nitrogen atmosphere. Afterward, the precursor solutions 
were transferred into a thin (wall thickness of 0.1 mm) rectan-
gular borosilicate capillary purchased from CM Scientific, UK.

Density functional theory (DFT) modeling
The bond length between the  Pb2+ ion and the halogen  (X−) was 
calculated by optimizing the structure of  [PbX6]4− octahedra 
using Hartree–Fock (HF) calculations with nwchem7.0.2[23] 
and the UGBS basis set.[24] The outer radius of  X− was defined 
as 95% probability of the integrated electron density (Table I).

The structures of GBL and DMF were modeled using an 
optimized model made with HF [23] with a 6-31g basis set. Fur-
ther, Slater radii were added to the atoms in order to model their 
size.[25] The overall shape of the molecules was then described 
by calculating minimal volume enclosing ellipsoids using the 
mvee method of the qinfer library in python3. The resulting 
ellipsoid is described by 3 radii ( rs1, rs2 and rs3 ) (Table II).

Characterization
Synchrotron small angle X‑ray scattering (SAXS)
All the precursor solutions were measured at the HZB’s syn-
chrotron radiation source BESSY II, at the four-crystal mono-
chromator  beamline[26] in the laboratory of the Physikalisch-
Technische Bundesanstalt using the Helmholtz-Zentrum Berlin 
(HZB) ASAXS  instrument[27] at room temperature. The SAXS 
patterns were recorded using a windowless DECTRIS 1M PIL-
ATUS2 in vacuum hybrid pixel detector. The measurements 
were carried out at 10 keV with a distance between the sample 
and the detector of 0.8 m, therefore, a q-range from 0.2 to 8 
 nm−1 (size range: 31.41–0.79 nm) was covered. Each sample 
was measured twice at three different points along the capil-
lary for 3 min, being the total exposure 18 min/sample. The 2D 
scattering images were azimuthally averaged to 1D scattering 
curves around the beam center. The data were analyzed using 
the software SASfit.[28]

Results and discussion
The SAXS pattern obtained from the measurements of  MAPbI3, 
 FAPbI3, and  MAPbBr3 precursor solutions show a clear maxi-
mum in the scattered intensity at q-values of approximately 
2.5–3.7  nm−1 [Figure 1(a)]. The average distance between 
scattering objects ( dexp ) can be calculated using the peak posi-
tion ( qmax ) applying Eq. 1 [Figure 1(b)]. The peak position 
was determined by a single peak fit using the PseudoVoigt1 
function.

There is a clear correlation between the fractions of GBL 
and DMF in the solvent and the average distance between the 
scattering objects, dexp . In both  MAPbI3 and  FAPbI3 precursor 
solutions, dexp increases with increasing GBL content in the 
GBL:DMF solvents. This trend indicates that the scattering 
objects formed in higher GBL content are larger than those 
formed with higher DMF content. Moreover, exchanging the 
halide from iodide to bromide decreases dexp even further. On 
the other hand, exchanging  MA+ for  FA+ as the A-cation does 
not have a significant impact on dexp . The distance between 
scattering objects in  MAPbI3 precursor solution ranges from 
1.956 ± 0.020 in DMF to 2.306 ± 0.020 nm in GBL, in case of 
 FAPbI3 precursor solution, dexp is in the range of 1.949 ± 0.020 
nm in DMF to 2.271 ± 0.020 in GBL and the dexp in  MAPbBr3 

(1)dexp =
2π

qmax

,

Table I.  Bond lengths between lead and the halide and halide radii 
calculated with DFT.

Bond Bond length (nm) Anion X− Radius 
anion r

X
− 

(nm)

Pb − I 0.319 I− 0.165
Pb − Br 0.288 Br− 0.137

Table II.  Radii of GBL and DMF calculated with DFT.

Solvent r s1 (nm) r s2 (nm) r s3 (nm)

GBL 0.188 0.211 0.314
DMF 0.150 0.245 0.306
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precursor solution in DMF is 1.718 ± 0.020 nm. The difference 
in the distance between the scattering objects in DMF and GBL 
cannot be explained solely by the size difference between the 
solvent molecules.

While all solutions show agglomerations, we are able to 
demonstrate that the size of those agglomerates changes not 
only with the composition of HHP precursors, but also with 
the solvent. Based on this information, we have developed 
a core–shell model to describe the scattering objects, with 
[PbX6] (X =  I−,  Br−) octahedra in the core surrounded by sol-
vent molecules [Figure 2(a)]. Based on this information, we 
have developed a core–shell model to describe the scatter-
ing objects, with [PbX6] (X =  I−,  Br−) octahedra in the core 
surrounded by solvent molecules [Figure 2(a)]. This model 
combines the information obtained by SAXS using differ-
ent solvents as well as the information from Radicchi et al. 

and Flatken et al.[14,16] where they indicate the presence of 
highly valent iodoplumbates in solution. For this model, we 
considered three assumptions: firstly, the scattering objects 
agglomerate, as shown by the structure factor; we consider 
that they are spherical, as shown by the form factor; and 
lastly, we do not consider the interaction between the solvent 
and  Pb2+. The [PbX6] octahedra in the core can be arranged as 
a single octahedron [PbX6]4− or as corner-sharing octahedra 
 [Pb2X11]7−. When the core is formed by a single octahedron, 
the radius of the core ( rcore ) can be described as the sum 
of the Pb-X bond length and the radius of the outer anion 
( r

X
− ) (Eq. 2). Whereas, when the core is composed of a cor-

ner-sharing octahedra, its radius is calculated as the sum of 
twice the Pb-X bond length and the radius of the outer anion 
(Eq. 3).

(2)r
singleoctahedra

core
= Pb− X + r

X
− ,

Figure 1.  (a) SAXS patterns of  MAPbI3 in a range of GBL:DMF mixtures. The peak shifts toward lower q-values with increasing GBL con-
tent. (b) Distance between scattering objects in solution for  MAPbI3,  FAPbI3, and  MAPbBr3 precursor solutions. Increasing the amount of 
GBL in the solvent ratio increases the distance between scattering objects linearly for both  MAPbI3 and  FAPbI3.

(a) (b)

Figure 2.  (a) Core–shell model of two adjacent scattering objects with a single  [PbX6] octahedra in the core and randomly oriented GBL 
solvent molecules as the shell. (b) Proportion of single octahedra (black) and corner-sharing octahedra (orange) in the core. The use of 
DMF as solvent and bromide as halogen favor the single octahedra arrangement in the core of the scattering objects.
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The core is surrounded by a shell of solvent molecules 
which were modeled as ellipsoids (Table II). We considered 
the ellipsoids to be randomly oriented, therefore the geo-
metric mean ( rs ) (Eq. 4) of the ellipsoid radii was used to 
calculate the radius of the solvent.

Combining the two core arrangements and the radius of 
the solvent, we can describe the distance between two adja-
cent scattering objects as Eq. 5:

As a result, we can explain the average distance between the 
scattering objects, dexp , obtained from the peak position in the 
SAXS pattern applying the core–shell model with a combina-
tion of single octahedra and corner-sharing octahedra  [PbX6] 
arrangement in the core and surrounded by randomly oriented 
solvent molecules. We found that the solvent has a major influ-
ence on how the [PbX6] octahedra in the core are arranged. 
Most of the cores in the precursor solutions prepared with GBL 
are arranged as corner-sharing octahedra for both  MAPbI3 and 
 FAPbI3; however, when DMF is used as solvent instead, most 
of the cores are arranged as single octahedra [Figure 2(b)]. 
Moreover, in case of  MAPbBr3 precursor solution, we found 
that all the cores in the scattering objects are arranged as single 
octahedra. This shows that although the effect of the solvent is 
stronger than the halide, the effect of the halide in the precur-
sors arrangement of HHPs cannot be neglected.

The structural information was obtained by fitting the SAXS 
patterns using SASfit,[28] the data were fitted to a model-based 
form factor. We modeled the shape of the scattering objects as 
spheres for all the studied precursor solutions. The analysis of 
the SAXS data performed with SASfit showed that  MAPbI3 and 
 FAPbI3 precursor solutions are formed by polydisperse scat-
tering objects, which follow a lognormal size distribution. The 
median of both size distributions was fixed to 0.319 nm, which 
is Pb–I bond length. The polydispersity of the scattering objects 
increases with increasing GBL content, indicating that the pre-
cursor solution become more heterogeneous. Furthermore, 
 MAPbBr3 precursor solution is composed of monodisperse 
scattering objects. The radius of the  MAPbBr3 monodisperse 
particles is 0.259 ± 0.001 nm. These results are in agreement 
with the proposed core–shell model.

The interaction between the scattering objects (structure 
factor) was modeled as a hard sphere following the mono-
disperse Percus–Yevick approximation.[29,30] The hard sphere 
model is based on the assumption that the scattering objects 
cannot be compressed and they cannot penetrate each other. 
The structure factor can be described as a function of the 
radius of the hard sphere ( RHS  ) and the volume fraction 
of the spheres (  fp ), being RHS the minimum possible dis-
tance between the scattering objects and fp the measure of 

(3)r
corner−sharing

core
= 2 · (Pb− X )+ r

X
− .

(4)rs =
3

√
rs1rs2rs3.

(5)dmodel = 2rcore + 4rs.

interacting scattering objects in the solution. We found that 
the RHS is smaller than half of the average distance between 
scattering objects, dexp , which is the radius of one scattering 
object (core being a mixture of single and corner-sharing 
octahedra surrounded by randomly oriented solvent mole-
cules). This phenomenon indicates that the scattering objects 
must be able to achieve a more compact arrangement. The 
minimum distance between the scattering objects can be 
explained by having only single octahedra in the core sur-
rounded by oriented solvent molecules in the shell (Eq. 6):

where RHS is the radius of the hard sphere, rsingleoctahedracore  is the 
radius of the core when it is arranged as a single octahedron, 
and rapps  is the radius of the solvent when the ellipsoid used to 
describe the solvent molecule is oriented.

Conclusion
In this study, we demonstrate that the choice of solvent for 
solution-based hybrid halide perovskites has a strong influ-
ence on the atomic arrangement of the precursors. We show 
that increasing the amount of GBL in a GBL:DMF precur-
sor solution also increases the distance between the scatter-
ing objects in  MAPbI3 and  FAPbI3 solutions. We developed 
a core–shell model to describe the average distance between 
scattering objects dexp , where the core is formed by  PbX6 octa-
hedra arranged as single octahedra or corner-sharing octahedra 
and the shell is composed of randomly oriented solvent mol-
ecules surrounding the core. The ratio between single octahe-
dra and corner-sharing octahedra varies with the GBL:DMF 
ratio. Increasing DMF content in the solution also increases the 
amount of single octahedra in both  FAPbI3 and  MAPbI3 pre-
cursor solutions. In case of  MAPbBr3 precursor solution, we 
show that the core of the scattering objects is formed by single 
octahedra only. This is in agreement with the result that in this 
case the precursor solution is composed of monodisperse scat-
tering objects. Moreover, we found that  Br− as halogen also 
favors the formation of single octahedra in the core although 
the effect of the solvent is stronger. We also demonstrate 
that the A-cation does not influence the core atomic arrange-
ment. The scattering objects in the solutions were modeled as 
spheres. The SAXS analysis showed that  MAPbBr3 precursor 
solution is formed by monodisperse spheres, whereas  MAPbI3 
and  FAPbI3 precursor solutions are formed by polydisperse 
spheres described by a lognormal size distribution. The con-
clusions derived from the structural information, obtained by 
fitting the SAXS patterns using SASfit, are in agreement with 
the proposed core–shell model. This study was focused on 
 MAPbI3,  FAPbI3 and  MAPbBr3 precursor solutions; however, 
it can be expanded to other compositions or other solvents. 
We investigated the role of the A-cation in the core–shell 
model by probing compositions with inorganic A-cations [A. 
Palacios Saura et al., in preparation], as well as the effects of 
other solvent, such as NMP and DMSO [A. Palacios Saura 

(6)RHS = r
singleoctahedra

core
+ 2r

app

s
,
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et al., in preparation]. These results will be published in fol-
lowing papers. Since perovskite-based solar cells are mostly 
produced from solution, it is crucial to understand how HHPs 
are formed. As Huang et al.[13] showed, the choice of solvent 
can ultimately impact the efficiency of a perovskite-based solar 
cell. This study gives an insight on how the precursors are 
arranged in solution, showing that the solvent is not only the 
media for the reaction, but participates in the crystallization 
process. This research contributes to a better understanding of 
the formation mechanism of hybrid halide perovskites, which 
can be used for any solution-processed HHP-based solar cell 
device as well as any other applications by solvent engineer-
ing, in this way having an impact on the materials community.
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