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Halide perovskites are crystalline semiconductors gaining increasing
attention as low-cost, high-performance materials for optoelec-
tronics. Their processing from solution at low temperatures is
compatible with rapid manufacturing of thin-film devices, including
solar cells and light-emitting diodes. Therefore, understanding the
coordination chemistry in metal halide perovskite precursor solutions
would allow controlling the crystallization of thin films, their material
properties and device performance. Here, we present a direct nano-
structural technique to characterize the colloidal structure of perov-
skites in precursor solutions. Small-angle scattering is particularly
adept for measuring nanoparticles in solution. Applying this technique
to perovskite precursor solutions, we can study their colloidal prop-
erties. We show that not only do the colloids themselves matter, but
also we can reveal their strong interactions in the early stages of
crystallization. In particular, we focus on the prearrangement of
particles into cluster-like formations. As an example, we present the
concentration dependence, which is additionally supported using
207ppy NMR.

In recent years, the efficiency of perovskite solar cells (PSCs) has
increased in record speed. Due to their outstanding properties,
lead halide perovskites are not only considered to be the future
in the photovoltaic industry, but also find application as light-
emitting diodes, nanowire lasers or photo-detectors.'” Besides
their excellent photovoltaic properties, the low temperature,
solution-based perovskite fabrication procedure is another
criterion for why they are particularly well suited for rapid and
cost-efficient manufacturing.* The absorber material, perov-
skite, is however not sufficiently understood to control the
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device efficiency systematically or to explain and selectively
influence observed photovoltaic properties. One approach to
gain further knowledge that has received considerable attention
is to study the chemical organization in the precursor solution
used to synthesize the perovskite thin film.>® As the crystalline
thin film grows directly from solution, a detailed understanding
of the crystallization mechanism is critical to enable control of
perovskite formation. In this regard, the colloidal chemistry of
perovskite precursor solutions contributes significantly to the
crystallization process and thus to the perovskite morphology,
which is known to have a direct impact on the performance of
PSCs.>”® In a theoretical study, Radicchi et al® present the
iodoplumbate complexes [Pbl,,X,]>~™ that can be expected in
a certain solvent, with X being solvent molecules, such as N,N-
dimethylformamide (DMF) and dimethyl sulfoxide (DMSO),
with lead as the central atom. The role of solvents and coordi-
nation chemistry of the central atom Pb is one of the key topics
in the field of solution chemistry for perovskite precursors.®**°
Weakly coordinating solvents tend to favour faster crystalliza-
tion, whereas stronger coordinating solvents like DMSO form
an intermediate state, which leads to a slower crystallization
process and thus better film morphology.'** However, though
trends are observable and the resulting film properties are
characterised in detail, the actual solution chemistry, including
the specific structure of colloidal particles and a mechanism to
explain the rapid, low-temperature crystallization, remains
unclear.®®

Methods preferably used for solution characterization, like
dynamic light scattering (DLS), UV-vis spectroscopy or cryogenic
transmission electron microscopy (cryo-TEM) should be used
with caution, as often the nature of the regarded system slightly
differs, or crucial properties are only indirectly deter-
mined.>”**® Considering the origin of biochemical solutions
(e.g. micelle formation), DLS is particularly suitable to detect
larger nanostructures in the range of 5 to 1000 nm. It measures
fluctuations, which can be related to the Brownian diffusivity of
particles and not particle size directly. Though one can then
calculate the particle size, this implies making assumptions
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that are not suitable for every colloidal system.'” Thus, it occurs
that derived particle sizes from a microscopy technique (e.g.
TEM) differ from the calculated distributions derived by DLS.
Kim et al. report colloidal sizes in the range of 100 nm based on
DLS studies.>'® In contrast, a study using cryo-TEM reveals first
insights into the size of colloidal structures found in perovskite
precursor solutions, which is in the range of 1 nm.* Still, it
remains unclear what effect cryo shock freezing has on the
nature of colloid chemistry in solution.” Unfortunately,
colloidal interactions in liquid are also not considered. UV-vis
spectroscopy is frequently used to identify characteristic
absorption spectra, which can be used to determine possible
species in solution.®” However, it is challenging to apply this
method to solution concentrations above 1 mol L™ typically
used for thin-film deposition in solar cell fabrication.® Consid-
ering that the majority of PSCs are fabricated by a solution-
based deposition process, it is of utmost importance to char-
acterize the solution properties and their nature close to
application.

Herein, we apply small-angle scattering using synchrotron
radiation (SAXS) as well as neutrons (SANS) to characterize
a perovskite precursor solution on the nanostructural level. We
observe well-structured colloidal nanoparticles in solution,
interacting and forming a dynamic arrangement. We demon-
strate that this method can be applied directly to the precursor
solution used for processing PSCs without the need for further
adjustments.

Earlier recorded DLS data (Fig. S6, ESIT) indicate that large
higher-level structures in the micrometer range are present in
perovskite precursor solutions (1 mol L™"). In addition, parti-
cles having small sizes in the order of nanometers have also
been detected. By combining DLS with diffusion ordered spec-
troscopy (DOSY), we can prove that these can be assigned to the
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solute and cannot be traced back to the solvent itself (Fig. S8,
ESIT). In order to better understand these sub-nanometer scale
particles and simultaneously explain the occurrence of large
sized particles, we decided to use SAXS and SANS for further
characterization.

Small-angle scattering (SAS) is a characterization technique
used to determine the structure of nanometer sized particles,
distances, and arrangements in a material system.**** A scheme
of the general SAS technique is provided in Fig. 1. Azimuthal
integration of the 2D detector image produces the final 1D
scattering pattern. The variations of the resulting scattering
pattern offer the first indication about changes of size, size
distributions, shape and the possible arrangement of colloidal
particles observed in the sample. Simulated scattering patterns
of a typical spherical-shaped form factor for a monodisperse
sample as well as for a polydisperse sample are modeled in
Fig. 1b. The form factor contains the primary information about
the nanosized shape, whereas the structure factor describes the
inter-particle interaction between the colloidal particles (for
more information see the ESIT).>*** Thus, most simply, for
a monodisperse colloidal solution without any particle inter-
action, the experimentally derived scattering pattern can be
expressed as the form factor multiplied by the number of
colloids that are in the beam.

The peak maximum in a 1D scattering pattern evolves due
to the interaction of particles (e.g. in solution). This leads to
a dominant influence of the structure factor in the scattering
pattern, which becomes evident by the formation of a broad
peak. In this case, the scattering intensity of single spheres is
reduced to the benefit of an arising peak at g = 2m/d as
indicated by the black arrow in Fig. 1b. The mean spacing
d between the mass centers of interacting colloidal particles
can be calculated (Fig. 1b, on the right) using the magnitude
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Fig.1 SAS technique. (a) Basic scheme of a SAS instrument. (b) Series o
of a 2D-detector image as shown in the top right corner of each plot.
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f theoretically modelled 1D scattering curves derived by radial averaging
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of g at the peak maximum as discussed by Raghuwanshi
et al.>*

In the current case, we focus on the characterization of
perovskite precursor solutions, in particular methylammonium
lead iodide (MAPbI;) precursor solutions using a solvent
mixture of DMF and DMSO. As it is known from the literature,
the instability of perovskite devices, as well as perovskite solu-
tions is a crucial topic in the research field and leads to suspi-
cion of radiation damage.”>*® At Helmholtz-Zentrum Berlin fiir
Materialien und Energie (HZB), we were able to use synchrotron
radiation at BESSY II as well as neutrons at BER II to perform
SAXS and SANS on perovskite precursor solutions. Using SAXS
with X-ray energies of 8 keV and 10 keV (£2 eV), respectively, we
cover a broad g-range from 0.05 to 8.5 nm ™" (size range: 209.4-
0.74 nm) to obtain a good overview of particles and size distri-
bution in the perovskite precursor. With SANS we cover a g-
range from 0.5 to 8.5 nm ' (size range: 12.6-0.78 nm),
measured on the V4 instrument at the BER II reactor with
a wavelength of 0.45 nm. Two critical advantages of uncharged
neutrons is their weak interaction and high penetration depth
that enable them to probe the bulk of the sample non-
destructively. Without further modifying the precursor solu-
tion, SAS provides direct information about the colloidal
structure.

The measured scattering intensity obtained from the SANS
pattern (Fig. 2) first proves the presence of particles in the
perovskite solution. As already indicated by the DLS data, the
curve of scattering intensity gives rise to the assumption of the
existence of two phases in solution, particles and solvent.
Additionally, the integrated detector signal in the 1D pattern of
the perovskite precursor solution exhibits features of inter-
particle interference (Fig. 1b). An arising broad peak in the
SANS pattern reveals that these particles interact, which allows
us to suspect that these particles form a dynamic colloidal
network explaining the formation of higher-level structures
observed in DLS. In the case of the 1.3 mol L' MAPbI,
precursor solution shown in Fig. 2, the colloidal arrangement is
characterised by a mean spacing d between the mass center of
individual particles of approximately 2 nm (maximum of the
peak position at ¢ = 3.1 nm™"). This inter particle short-range
order might indicate the starting points for growth into long-
range ordered crystals. Hence, the strong interaction seems to
indicate the “quasi-crystalline” prearrangement of colloidal
particles in the early stages of crystallization.*”*®

To obtain further information about the colloidal network,
the precursor solution was stepwise heated up to 60 °C (Fig. 2a).
With increasing temperature, an apparent reduction of the
maximum intensity is observed. Due to higher mobility caused
by rising temperature, the observed network exhibits less inter-
colloidal forces, and consequently, the peak maximum in the
measured scattering pattern decreases. Accordingly, the
observed effect of the structure factor in the scattering pattern
significantly decreases. On cooling the solution to room
temperature the peak maximum is again more pronounced and
in the same position as before, concluding that the assembly
process as well as breaking of the assembly due to external
temperature effects is reversible (Fig. 2b).

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Temperature dependence of a perovskite precursor solution
probed with SANS. Scattering pattern of MAPblz solution (1.3 mol L)
measured at different temperatures. (a) Temperature ramping from
20 °C to 24 °Cin 2 °C steps and at 60 °C giving a specific recurring
distance d at g = 3.1 nm~* and (b) cooling from 60 °C to 20 °C. The
reversible temperature effect is indicated by the smoothened scat-
tering data in (b). Here, the green and red arrows illustrate the process
of increasing the temperature (red) and cooling (green).

In conclusion, SANS can provide fast and direct information
about the colloidal interactions observed in perovskite
precursor solutions. Furthermore, the reproducibility of each
measurement run proves the non-destructive character of the
neutron source. For each temperature and sample, four SANS
curves were measured, which were merged to achieve better
statistical results (Fig. S1, ESIt).

Besides the colloidal interaction in solution, further infor-
mation about the nanoparticle structure itself, which represents
the subunits of the colloidal network, can be obtained. In
particular, a concentration series of the MAPbI; precursor
solutions is analyzed using the SAXS technique in combination
with **’Pb NMR, Fig. 3. On increasing the concentration from
0.4 mol L' to higher concentrations, an upfield chemical shift
can be seen in the **’Pb NMR spectrum (Fig. 3a). The chemical
environment of the probed atom (here: Pb) can influence its
electron density through the polar effect. According to Lenz's
law, atoms with higher electron density have higher induced
fields, and therefore the nucleus is more shielded. To exclude
any electronic effects of the environment, we kept the solvent

J. Mater. Chem. A, 2021, 9,13477-13482 | 13479
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Fig.3 Concentration series of the perovskite precursor solution. (a) 2°”Pb NMR and (b) SAXS patterns for 0.4 to 1.2 mol L~* solutions of MAPblz
(1.3 mol L™ for NMR). The linear trend is given in (c) combined with a scheme of the colloidal distances that changes with higher concentrations
(from SAXS data). (d) Two concentrations (0.4 and 1.2 mol L™ chosen to demonstrate the fitted SAXS data with a suitable form and structure

factor using SASfit©.

mixture unchanged (i.e. DMF : DMSO, v/v 6 : 1). The electron-
donating effect of iodides, as direct neighbors to Pb, can
explain the increase in electron density leading to an upfield
shift. We can assume that the more concentrated the precursor
solution is, the more iodides will be near the central atom Pb.
This can be interpreted to mean that a colloidal network of
iodoplumbates becomes larger with increasing concentration,
which results in higher shielding of the regarded lead core and
thus causes a shift to lower ppm values (Fig. 3a). The SAXS
scattering cross-sections of the precursor solutions show
a substantial increase in intensity from 0.4 mol L' to
1.2 mol L™" (Fig. 3b). The higher the concentration, the more
colloidal particles contribute to the scattering pattern, which
leads to an increase in intensity.

Considering the previously explained effects of form and
structure factors, the precursor solution with a concentration of
0.4 mol L™" is mainly determined by the form factor that holds
information about the shape and size of the colloidal subunits
(Fig. S3, ESIf). Moving towards higher concentrations, the
influence of the structure factor on the scattering pattern
increases, meaning that the colloidal interaction increases. The
evolving broad peak maximum, which is similar to the one
measured by SANS, slightly shifts with higher concentrations to
higher g values and lower mean d spacing between the colloidal
particles. The trend of the reduced inter-particle distance is

13480 | J Mater. Chem. A, 2021, 9, 13477-13482

depicted in Fig. S10.1 The lower mean d spacing can be directly
related to higher shielding with increasing concentration, as
observed by **’Pb NMR. Fig. 3c illustrates the linear depen-
dence of the chemical shift on solution concentration. The blue
spheres represent the colloids in solution and schematically
describe their increasing interaction with higher concentration,
as observed in the respective SAXS pattern. With a more
pronounced interaction, higher electron density at the Pb
nucleus is observed (upfield shift in NMR). Simultaneously, as
the interaction of the colloidal particles becomes more robust
and the distance d between the particles shortens, the density of
the electron-donating iodides around lead increases and
becomes apparent by a lower chemical shift (Fig. 3a and c).
Combining the information derived from SAXS with **”Pb NMR,
that complement each other, we can postulate that the observed
interacting nanoparticles are indeed subunits of coordinated
lead that agglomerate to an extent that depends on the
concentration of the solution.

To extract the structural information from the scattering
curves, the SASfit® software was used to fit a specific form factor
to the measured scattering pattern. The software SASfit©*
offers several different models of form factors describing
different shapes of colloidal particles. As an example, the
solution with a concentration of 0.4 mol L™" with almost no
contribution from the structure factor as well as the 1.2 mol L™*

This journal is © The Royal Society of Chemistry 2021
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solution with the most pronounced maximum is discussed
further. Under inclusion of highly valent iodoplumbates, we
hypothesize that the octahedral colloidal species present in the
solution are stretched due to Jahn-Teller distortion.***> To
describe this using a model, a cylindrical shape can be taken as
an approximation. Therefore, the form factor for a long cylinder
was used, including the input parameters: radius of the cylinder
R and length of the cylinder L as given in Fig. 3d. The best fit,
shown in red, was achieved with the form factor having input
parameters of R = 2.5 A and L = 6.5 A for 0.4 mol L%, and for
1.2 mol L™, the parameters were slightly modified to R = 2.5 A
and L = 7.5 A.

Furthermore, the structure factor in the form of a hard-
sphere model was included in the fit (for further details see
the ESIT). Here, a volume fraction of 0.035 was used to model
the 0.4 mol L™' solution, whereas the 1.2 mol L™ solution
shows a significantly higher volume fraction of 0.14. Thereby,
the volume fraction is the measure of interacting nanoparticles
in the colloidal network.”® Taking into account an average
atomic distance of 3 A between the center atom lead and
iodide,* the values given by the applied model could fit the
proposed highly valent iodoplumbate formation in solution.
From previous work, it is known that we can expect iodo-
plumbates in solution and that the number of iodides
surrounding lead increases with concentration.***?** So far,
experiments, e.g. UV-vis, were mostly carried out for extremely
diluted solutions, based on experimental limitations,*” and
thus generally only lower valent iodoplumbates were observed.
SAS is now providing new opportunities to probe even moder-
ately and more concentrated solutions to expand the knowledge
derived so far. Furthermore, including the information of the
structure factor, we know of the emergence of strong interac-
tions in the probed solution with which we can postulate the
presence of large aggregates, which are formed by a fine
arrangement of small subunits of iodoplumbates.

The relevance of the different characteristics of a colloidal
network in solution, as discussed based on the concentration
dependence, becomes apparent when considering the resulting
thin-film crystallinity using different solutions with different
concentrations (Fig. S9, ESI}). Further elaboration of this
influence will be part of a follow-up project.

Note that this methodology can equally be applied to further
compositions (and of course different solvents, e.g. for solvent
engineering approaches).

Conclusions

To conclude, we demonstrated that SAS is an analytical tech-
nique that can provide direct insights into the shape and size of
colloidal subunits within halide perovskite precursor solutions.
SAS overcomes the limitations of more often employed tradi-
tional techniques, such as UV-vis or DLS, which are more
challenging to implement at typical precursor concentrations
used for halide perovskite solar cell fabrication. We are able to
probe the arrangement of colloidal subunits, which is expected
to have a significant impact on the early stages of the crystalli-
zation process and thus on the final absorber layer of the

This journal is © The Royal Society of Chemistry 2021
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perovskite materials. The consistency of the SAS analysis using
X-ray photons as well as neutrons on samples under different
testing conditions was verified. Moreover, we supported our
data interpretation with **’Pb NMR analysis. The current find-
ings give reason to assume the existence of interacting, highly
valent iodoplumbates of sub-nm size in concentrations of the
precursor solution that are close to application.

We proved that SAS is a non-destructive technique for
studying the colloidal chemistry of the size, shape and
arrangement of perovskite precursor solutions. Understanding
mechanisms, for example those linked to the use of additives
that are not being included in the resulting crystal structure and
still show a significant influence on the device performance can
be approached from an entirely new perspective.***® Hence, SAS
is convincing as a characterization technique that can help to
unravel novel crystallization mechanisms in future research.
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