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ABSTRACT: Metal halide perovskites have generated interest across many fields for the
impressive optoelectronic properties achievable in films produced using facile solution-
processing techniques. Previous research has revealed the colloidal nature of perovskite
precursor inks and established a relationship between the colloid distribution and the film
optoelectronic quality. Yet, the identity of colloids remains unknown, hindering our
understanding of their role in perovskite crystallization. Here, we investigate precursor inks
of the prototypical methylammonium lead triiodide perovskite using cryo-electron microscopy
(cryo-EM) and show, for the first time, that the colloids are neither amorphous nor
undissolved lead iodide, as previously speculated, but are a crystalline, non-perovskite material.
We identify this as a perovskite precursor phase and discuss this as a potential means to
understanding the role of chloride in processing. This work establishes cryo-EM as a viable
technique to elucidate the nature of colloids in perovskite inks, a vital step toward a
fundamental understanding of thin-film crystallization.

Metal halide perovskites have risen to prominence in
recent years as promising materials for optoelectronic

applications.1−3 Their strong visible-light absorption1 and long
carrier diffusion lengths4,5 are complemented by great
flexibility in the processing techniques6−8 which can be used
to deposit high-quality perovskite thin films. Prominent among
these are solution-based methods,6,9 in particular, the one-step
deposition of precursor inks by spin coating.9 Besides its
simplicity, speed, and low cost, solution processing is desirable
for how well it lends itself to customization. Previous works
have identified several solution additives, from metal ions to
acids, all capable of modifying crystallization and enhancing
the optoelectronic properties of perovskite films prepared
through this route.10−15

However, our fundamental understanding of the nature of
these precursor inks remains incomplete. In particular, it has
been shown that precursor inks are not true solutions but
colloidal dispersions, often with the colloids in a bidisperse
distribution consisting of micron-sized and nanoscale col-
loids.16−18 Previous efforts to understand the role of these
colloids have mainly focused on the relationship between the
colloid size and the film properties. Literature has shown that
for multiple perovskite systems and processing routes, a high
concentration of large colloids in precursor inks leads to films
with poor morphology and reduced optoelectronic quality,
whereas smaller colloids result in the deposition of
homogeneous, pinhole-free films with improved optoelectronic
properties.16−18 However, although researchers have put
forward hypotheses as to the nature of these colloids,16 their

identity has not been satisfactorily established through
experimentation.
This crucial lack of data on the precise nature of the colloids

likely stems from the experimental challenge of characterizing
such small particles in solution, in particular, when they are not
readily isolated from, or even stable outside of, the solvent.
The previous works have mainly employed light-scattering
techniques, but unfortunately these are complicated by colloid
hydrodynamics and have provided no more than approximate
size distributions.16−18 Diffraction methods, meanwhile, are
severely resolution-limited by the presence of the solvent. This
leaves a dearth of techniques available to characterize the
identity of these colloids, hindering our ability to truly
understand both the nature of precursor inks and the
perovskite crystallization process.
One technique with the potential to address this challenge is

cryo-electron microscopy (cryo-EM). In roughly the same time
that metal halide perovskites have risen to prominence as a
material class, cryo-EM has risen as a method or, more
accurately, as a collection of methods. Most of its acclaim has
come from the field of molecular biology, where cryo-EM is
performed on macromolecules suspended in vitrified water and
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used to determine their 3D structures at atomic resolu-
tion.19−22 Lately, however, cryo-EM has made impressive
contributions outside of biology. In electrochemistry, it enables
the imaging of beam-sensitive lithium and solid−liquid
interfaces, giving insight into the material behaviors that
underlie battery performance,23−25 and more recently, it was
applied to overcome the sensitivity of metal halide perovskites
and study their structural changes during degradation.26

Despite these widespread and exciting results, there generally
exists a divide between cryo-EM in the physical and life
sciences, and the advances made by biologists on imaging
specimens in solution remain largely untapped in materials
science, with few exceptions.27,28

In this Letter, we exploit the unique ability of cryo-EM to
study small particles in solution to investigate the nature of
colloids in methylammonium lead triiodide (MAPbI3)
precursor systems. We focus our attention on two N,N-
dimethylformamide (DMF)-based inks, a 1:1 M ratio of
methylammonium iodide (MAI) and lead iodide (PbI2) and a
3:1 M ratio of MAI and lead chloride (PbCl2), and show for
the first time that their nanoscale colloids consist of a
crystalline precursor phase. We furthermore determine that the
colloids have the same crystal structure in both systems, with
the exception of a small shift in the Pb−X bond length due to
the presence of different halides, which we are able to observe
directly with cryo-EM. Above all, we show that the nanoscale
colloids in perovskite precursor inks can consist of important
phases that play direct roles in perovskite formation, and we
employ a combination of novel techniques to determine their
nature.

MAPbI3 precursor inks are prepared by dissolving a 1:1
molar ratio of MAI and PbI2 in DMF such that the final
molarity of the ink is 1.2 M. For the Cl-based precursor, MAI
and PbCl2 are dissolved in DMF in a 3:1 molar ratio to yield an
ink that is a 40 wt. % concentration with respect to the
perovskite salts. To investigate the nature of nanoscale colloids
in the two precursor inks with cryo-EM, we plunge-freeze each
onto a transmission electron microscopy (TEM) grid using the
method for inorganic solvents described in our previous
work.28,29 In brief, 5 μm of the desired solution is deposited
onto an untreated 200-mesh copper TEM grid with Quantifoil
substrate (R 3.5/1) in the chamber of a Thermo Fisher
Scientific Vitrobot Mark IV. The 3.5 μm hole size Quantifoil is
selected to allow for potential imaging of any micron-scale
colloids, so they can be visually distinguished from the
nanoscale colloids that are the target of this study. Although
Vitrobot chambers are typically maintained at 100% relative
humidity and 4 °C when plunge-freezing biological samples,
here ∼40% relative humidity and 20 °C are employed to
prevent contamination of the sample by water vapor and
unwanted temperature effects.28 Samples are blotted once at a
force setting of 0 for 3 s before they are plunged into liquid
nitrogen. The result is a vitrified layer of ink that can be imaged
through the ordered array of holes in the substrate, as shown in
Figure 1a,b.
Vitrified samples can then be characterized with any TEM

using a side-entry cryo-transfer holder or with a designated
cryo-EM; in this study, we employ a mix of the two. Bright-
field cryo-EM imaging is performed on a Thermo Scientific
Titan Krios G3 apparatus, employing a Gatan BioQuantum
imaging filter and Gatan K2 Summit direct electron detection

Figure 1. Employing cryo-EM to study nanoscale colloids. Example cryo-EM grids in panels a and b show vitrified ink suspended in holes and the
absence of micron-scale features, with 10 and 2 μm scale bars, respectively. Size distributions of colloids in cryo-EM micrographs peak around 1 to
2 nm for (c) I and (d) Cl inks. Example colloids for each are shown in the inset; 4 nm scale bars.
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camera in counting mode with a 20 eV slit. Micrographs are
acquired at 440k× magnification for 4.5 s for the I-based
precursor and 350k× magnification for 3 s for the Cl-based
precursor, cycling through defocus values of −1.0, −1.5, and
−2.0 μm. To preserve the vitrified samples, the electron dose is
kept below 5 e−/Å2. We are able to identify nanoscale colloids,
shown by the insets in Figure 1c,d, and confirm the absence of
micron-scale features in the imaging area. To compare the
general morphology of the colloids observed with those
expected, we perform a 2D size distribution analysis in
ImageJ30 of 200 individual colloids for each sample, shown by
the histograms in Figure 1c,d for the I and Cl inks, respectively.
The systems show an average colloid size of 1 to 2 nm, with Cl
giving rise to slightly larger colloids than I. Both of these results
are consistent with the distributions seen for nanoscale colloids
in previous studies.17,18

Having confirmed the presence of nanoscale colloids in the
vitrified samples, we begin our structural analysis by employing
cryo-selected area electron diffraction (cryo-SAED). cryo-
SAED is performed on a Thermo Scientific Talos F200X
scanning/transmission electron microscope (S/TEM) using a
Gatan 626 side-entry cryo-transfer holder; patterns are
acquired using a 40 μm selected area aperture from regions

like that shown in Figure 1b. Figure 2a,b shows a selection of
cryo-SAED patterns for the I- and Cl-based inks in DMF.
There is significant amorphous character, as expected from the
amorphous carbon Quantifoil substrate and vitreous DMF
layer; no evidence of crystalline DMF is observed.31 Still, both
samples show ring patterns, indicating the presence of a
crystalline phase. In Figure 2a, we compare two patterns for the
Cl ink, one showing diffraction spots and one showing rings.
The presence of diffraction spots is clear evidence of
crystallinity and allows us to conclude that the ring pattern
is indeed polycrystalline, despite the low-resolution endemic to
the use of a vitrified, solvent-suspended sample. Moreover, in
Figure 2b, we compare diffraction rings for the I and Cl inks
and conclude that the pattern is nominally identical for the two
samples, despite their different precursor salts.
These results show for the first time that the nanoscale

colloids long known to be present in I- and Cl-based inks are
crystalline in nature. Radially integrating the SAED patterns
and comparing to diffraction data for PbI2 and PbCl2 alone
gives a poor match, as seen in Figure 2c,d,32,33 and shows that
the colloidal crystals are not simply partially dissolved salts, as
has previously been speculated.16 Instead, we postulate that the
colloids represent a crystalline precursor phase.

Figure 2. Cryo-SAED reveals crystalline colloids matching the perovskite precursor phase. Cryo-SAED shows rings and dots, indicating
polycrystallinity, for Cl inks (a, right side of b) and I inks (left side of b) with the same pattern for both halides; 5 Å−1 scale bars. Radially integrated
patterns in panels c and d for I (purple) and Cl (green) inks, respectively, are poor matches to solute salts alone32,33 (gray) but a good match to the
MA2PbX4 precursor structure

34 (yellow). Note that the yellow curve combines data from two diffraction methods originally presented separately in
ref 32.
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The existence of a crystalline precursor after film deposition
has previously been established by Stone et al. for inks of PbCl2
and MAI in DMF. They propose an initial structure consisting
of lead mixed-halide chains arranged in an orthorhombic unit
cell with stoichiometry MA2PbI3Cl, which slowly gives way to
MAPbI3 perovskite during annealing. They then argue that the
existence of this precursor phase and the slow transition to
perovskite it enables leads to the improved crystallization and
optoelectronic properties seen with the Cl-based process over
the corresponding I-based route.34

Figure 2c,d shows diffraction data for the MA2PbI3Cl
structure against our cryo-SAED results. It provides a good
match, in particular, to the signature cryo-SAED peaks at Q ≈
1.1 and 1.7 Å−1. Thus the cryo-SAED patterns suggest that the
precursor phase observed after deposition by Stone et al. is
already present as colloids in the precursor ink. Interestingly,
this also shows that the colloids do not incorporate DMF.
Furthermore, it reveals that a precursor of the identical crystal
structure forms in both the I- and Cl-based systems, even
though out of solution, it has only been observed with the
latter. This implies that the improvements to perovskite

crystallization observed with the Cl system arise not because
the addition of Cl leads to the formation of a precursor phase
in general, as was previously thought, but because Cl acts to
stabilize the phase out of solution. Thermodynamically, this
hypothesis is consistent with the observation by Stone et al.
that the transformation from the precursor to perovskite begins
only after a certain amount of MACl has been removed from
the film,34 implying that the most stable phase switches from
precursor to perovskite with decreasing Cl concentration. Of
course, the crystals must take on different stoichiometries in
the different inks, so, for generalization, the precursor structure
will henceforth be referred to as MA2PbX4.
We can probe the colloid structure further by adapting a

cryo-EM technique from structural biology known as single-
particle analysis (SPA). In this method, the low signal-to-noise
ratio inherent to cryo-EM (due to the low electron dose
needed to preserve cryogenic specimens) is compensated for
by averaging individual images of many structurally identical
particles, normally with the goal of recovering the 3D particle
structure.21,22 Inorganic or hybrid materials in solution bring
an additional level of complexity to SPA due to their increased

Figure 3. Schematic of SPA adaptation used for this study. Particles (in this case, colloids) are selected from cryo-EM micrographs, sorted into
groups of like orientation, and aligned and averaged. Averages show improved contrast from original micrographs and reveal greater structural
detail.

Figure 4. Visualizing the crystal structure with cryo-EM SPA. Cryo-EM averages show colloids in (a) I and (b) Cl inks, with contrast inverted from
original micrographs; 2 nm scale bars. Projecting along the [102] direction of the MA2PbX4 structure with (c) MA hidden and (d) halides and MA
hidden, we can index the averages to the Pb atom locations, as shown by the yellow overlays in panels e and f. Radial intensity curves in panel g
make this clearer: The Pb-only MA2PbX4 plane from panel d is in yellow, the I ink data from panel a are in purple, and the Cl ink data from panel b
are filled green, and all show similar peaks. Open green markers show that scaling by the ratio of expected Pb−I and Pb−Cl bond lengths eliminates
the shift between I and Cl data.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://dx.doi.org/10.1021/acs.jpclett.0c01975
J. Phys. Chem. Lett. 2020, 11, 5980−5986

5983

https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01975?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01975?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01975?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01975?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01975?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01975?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01975?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c01975?fig=fig4&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c01975?ref=pdf


heterogeneity compared with biological macromolecules;
heterogeneity limits the resolution of information gleaned
from SPA, and taking this into consideration is important to
ensure that the interpretation of the analysis is physically
grounded.28 For the colloids in this study, the crystallinity
revealed by cryo-SAED in Figure 2 gives homogeneity of
composition and local atomic structure, but the distributions
shown in Figure 1c,d show some heterogeneity of size. From
this, we conclude that signal-to-noise enhancement in two
dimensions via SPA will be more useful than attempting to
reconstruct the colloids in 3D, where the surface resolution will
be limited by size heterogeneity. Thus by incorporating
knowledge of the system in this way, SPA can be adapted to
provide useful information on non-biological materials in
solution that cannot be gained from more traditional
techniques.
The adaptation of SPA employed for this study is illustrated

in Figure 3. For each ink, individual colloids are selected from
the original micrographs, sorted into groups of like orientation,
and used to generate 2D averages. Automated data acquisition
for SPA is performed with EPU, and SPA is performed in
EMAN235 with ∼2000 colloids per sample and ∼100 per class
average. It should be noted that this is at least an order of
magnitude fewer particles than are used for biological
applications but that the much higher mass−thickness contrast
enabled by the presence of heavy elements like Pb in the
samples works to counteract this in determining the contrast of
the final averaged image. Thus the resulting average of ∼100
individual colloid images displays high enough contrast to
reveal previously indiscernible structural detail.
The results of SPA are shown in Figure 4. Average images

for the I- and Cl-based inks in Figure 4a,b, respectively, show
the colloid as a bright region over a darker solvent background,
as contrast inversion from the original TEM was performed
during processing. Both images show an ordered core with a
clear lattice structure as well as a disordered exterior; this
suggests that the colloids have regions of poor crystallinity
toward their surface where the colloid interfaces with the
solvent. The colloid sizes are consistent with our observations
from Figure 1c of a 1 to 2 nm typical size and a slight increase
in size with the use of Cl as opposed to I.
The lattice structure apparent in these images can be

indexed to the array of Pb atoms viewed along the [102]
direction of the MA2PbX4 precursor structure.34 This
projection is shown in Figure 4c for a 2 × 2 × 2 supercell,
with MA molecules hidden for ease of viewing. Figure 4d
shows the same plane but with halides also hidden to highlight
the arrangement of Pb atoms visible in cryo-EM. This
arrangement is overlaid onto SPA results for the I- and Cl-
based inks in Figure 4e,f, respectively. There is a good match
within the core of the colloids and progressively less toward
the edges as the imaged structures show more disorder.
To more closely compare the structures apparent in cryo-

EM with each other and with the Pb-only MA2PbX4 plane, an
average radial intensity was computed for each image. This was
performed by manually identifying 12 atom locations in the
cryo-EM averages, integrating the image intensity extending
radially outward from those points, and then averaging results
from the 12 locations. The final curves, plotted in Figure 4g,
are analogous to a radial distribution function for the 2D
structures imaged, with the pixel intensity acting as a proxy for
the probability of finding an atom in that location.

The radial intensities in Figure 4g show a series of
qualitatively matching peaks for the Pb-only precursor
structure and the SPA results for the I and Cl systems,
supporting our indexing of the lattice. Notably, there is a small
mismatch between the I and Cl data, with the Cl curve shifted
to lower radii. Using the nearest-neighbor peaks in the radial
intensity curves and the geometry of the MA2PbX4 lattice, we
can calculate a Pb−X bond length of 3.15 Å for the I system
and 2.83 Å for the Cl system. These values match closely the
Pb−I bond length in MAPbI3 (3.16 Å) and the Pb−Cl bond
length in MAPbCl3 (2.84 Å).34 Thus the shift between the I
and Cl curves can be eliminated by scaling the Cl data by the
ratio of the expected MAPbX3 bond lengths (3.16/2.84). This
is represented by the bottom curve in Figure 4g and leads us to
conclude that the mismatch between the structures imaged for
the I and Cl inks arises from the different halide sizes. This not
only is in line with physical intuition but also demonstrates the
value of cryo-EM SPA for the systems; this local structural
variation was not readily understood from cryo-SAED and
helps to explain shifts in the diffraction data.
These results illuminate a previously unknown feature of

perovskite solution processing, but they can also aid in the
understanding of the post-solution Cl treatment of perovskite
films. For instance, Chen et al. has shown that the deposition
of MACl on a randomly oriented MAPbI3 film leads to
increased texturing via the formation of an oriented
intermediate phase at the interface.36 If Cl acts to stabilize
the MA2PbX4 phase out of solution, as we have proposed, then
this now becomes a likely candidate for the intermediate phase,
which forms where the Cl concentration has been increased by
the addition of MACl. Indeed, their scattering data for the
intermediate show a feature near ∼1.1 Å−1, which matches the
largest peak from our cryo-SAED.36 This peak also
corresponds to the primary texture observed by Stone et al.
when the MA2PbX4 structure first formed, supporting the
notion that it would be a preferred orientation after MACl
treatment.34 Whereas work remains to fully understand these
phase changes, this example demonstrates how understanding
precursor inks better with cryo-EM stands to shed light on
perovskite processing in general.
In conclusion, through a combination of cryo-EM

techniques, including cryo-SAED and SPA, we have demon-
strated that the colloids in DMF-based MAPbI3 precursor inks
consist of a crystalline precursor phase. This phase matches
what has previously been observed in films deposited from Cl-
derived inks before the transformation to perovskite is
completed,34 implying that this precursor phase actually arises
in solution and is only stable out of solution in the presence of
sufficient Cl. This work sheds new light on both the origin and
behavior of precursor phases in perovskite processing and
introduces cryo-EM as a tool that can be used to further the
understanding of both the nature of perovskite precursor inks
and the mechanisms that underpin the formation of both single
crystals and thin films.
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