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ABSTRACT: Understanding the mechanism and ultimately directing nano-
crystal (NC) superlattice assembly and attachment have important implications
on future advances in this emerging field. Here, we use 4D-STEM to investigate
a monolayer of PbS NCs at various stages of the transformation from a hexatic
assembly to a nonconnected square-like superlattice over large fields of view.
Maps of nanobeam electron diffraction patterns acquired with an electron
microscope pixel array detector (EMPAD) offer unprecedented detail into the
3D crystallographic alignment of the polyhedral NCs. Our analysis reveals that
superlattice transformation is dominated by translation of prealigned NCs

TRANSLATION

IP rotation
OP tilt

SL structure
Model

ORIENTATION

strongly coupled along the <11n>,; direction and occurs stochastically and

gradually throughout single grains. We validate the generality of the proposed mechanism by examining the structure of analogous
PbSe NC assemblies using conventional transmission electron microscopy and selected area electron diffraction. The experimental
results presented here provide new mechanistic insights into NC self-assembly and oriented attachment.
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B INTRODUCTION

The prospect of creating and studying programmable materials
formed by the directed assembly and attachment of colloidal
nanocrystals (NCs) has inspired and intrigued scientists for the
past two decades.'™ Access to NC building blocks with
precisely controlled size, shape, and composition and advances
in synthetic control over inter-NC coupling have created a
fertile opportunity space for creating programmable materi-
als."™” Semiconducting lead chalcogenide NCs and their
assemblies present a particularly interesting model system by
virtue of the strong quantum confinement effects and the
availability of colloidal NC building blocks with well-defined
size and polyhedral faceting.®” Recent advances to create
epitaxially connected superstructures have provided access to
superlattices in which neighboring NCs are held in precise
registry within the (para)crystal and are strongly coupled
electronically.'~"*

Atomistic tight binding calculations of such superlattices
forecast a rich electronic structure with experimentally
accessible bandwidths."*™"° Currently available superlattices
lack the fidelity to test many of the predicted characteristics
emerging from long-range charge delocalization.'”'>'® Future
progress toward creating test structures in which the predicted
emerging electronic properties can be probed and exploited is
predicated on better understanding of and control over the
coupled subsequence of NC assembly and attachment. What is
astounding, and not yet well understood, is how the
irreversible attachment of ~10° NCs in an imperfect
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preassembly is orchestrated to yield the formation of
micrometer-sized epitaxially connected superlattice grains.
The transformation of an unconnected hexatic assembly into
an epitaxially connected square superlattice involves a complex
choreography of translating and orienting the constituent NCs.
Some of the possible transformation pathways are illustrated in
Figure 1. In the case of 3D assemblies, Abelson et al.'” recently
reported that a distorted body-centered cubic assembly can
transform into a distorted simple cubic epitaxially connected
quantum dot solid via a topotactical transformation pathway.
In the case of 2D assemblies, Geuchies et al."® proposed a
model for the hexatic-to-square superlattice transformation of
PbSe monolayers. In these studies, the transformation pathway
was inferred from selected area electron diffraction (SAED) at
single grain level, combined with X-ray scattering experiments
at micrometer length scales. Fundamental limitations in real
and reciprocal space correlation limit the ability to
unambiguously determine the fine structure of NCs positional
and in-plane and out-of-plane orientational arrangement
throughout the transformation (Figure S5). Wang et al.’?
investigated the superlattice transformation of PbSe mono-
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Figure 1. Illustration of transformation pathways by which monolayer
NC superlattices may form through translational and orientational
alignment. Whether the transformation pathway involves subsequent
translation followed by rotation (path (i)) or vice versa (path (iii)), or
by a concerted change of NC position and orientation (path (ii)), has
not been known.

layers using high-resolution real-time imaging with liquid-
phase TEM. This technique provides rich details about NC—
NC interactions and the dynamics of NC attachment;
however, limitations arise regarding transformation of ordered
assemblies on a fluid—fluid interface.

Recent advances in electron microscopy, in specific, the
introduction of pixelated STEM detectors which have enabled
new 4D-STEM approaches,””*" provide a unique opportunity
to resolve this challenge. Detectors with fast readout, high
dynamic range, and high sensitivity, such as the electron
microscope pixel-array detector (EMPAD),” enable the
acquisition of nanobeam electron diffraction (NBED) maps
pixel by pixel with a nanometer-sized electron probe. NBED
provides detailed structural information, such as the degree of
in-plane and out-of-plane crystallographic tilt of individual
NCs. In this work, we precisely determined the position and
crystallographic orientation of single NCs within superlattices
with “transient regions” containing hexatic and square-like
structures. For simplicity, we define the initial hexatic
superlattice as HX and the final square-like superlattice as
SQ. We note that the HX and SQ structures shown in Figure 1
are the end points of the transformation. Here, we investigate
the intermediate states of this transformation. New mecha-
nistic insights gained from this detailed structural analysis
provide important guidance to future efforts to better
understand and control NC superlattice transformations.

B RESULTS AND DISCUSSION

We characterized monolayers of PbS NCs assembled at an
ethylene glycol (EG) interface. Experimental details on the NC
synthesis and self-assembly are provided in the Supporting
Information.'®** The HX-to-SQ superlattice transformation is
initiated by displacing oleate ligands bound to the surface of
the NCs with a chemical trigger in a way that transient
structures between HX and SQ_domains are obtained. The
gradual removal of surface-bound ligands “deprotects” the
NCs, induces the superlattice transformation, and enables
proximate NCs to attach via mutually exposed facets.

We determined the precise position and crystallographic
orientation of each NC in the superlattice via a 4D-STEM
technique using the EMPAD (Figure 2a).”" An ~2 nm sized
probe scans over the sample and generates a NBED pattern at
each scan position. We identified the position and obtained an
averaged NBED pattern for each NC in the field of view
(Figure 2b and c). We determined the in-plane (IP) and out-
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of-plane (OP) AL tilt angles by comparing single-particle
NBED patterns from each NC to a series of simulated NBED
patterns™ (see the Methods section in the SI for details).
Figure 2d shows examples of matching experimental and
simulated NBED patterns for NCs with 0°, ~5°, and ~15° OP
tilt angle. The IP and OP tilt angles of the polyhedral NCs are
quantified as illustrated in Figure 2e. The IP tilt angle is
defined by the orientation of the (200) ; diffraction spot in the
range of 0—90°, and the OP tilt angles over directions x and y
are defined by OP,IIIP and OP,LOP,.

We investigated regions predominantly HX (Figure 2f—i)
and predominantly SQ (Figure 2j—m). A virtual annular dark
field (ADF) image of the superlattice was reconstructed from
the scanning diffraction data set (Figure 2f and j). The average
NBED pattern over the entire field of view is shown in the
inset. Bragg spots (instead of rings) in the average NBED
indicates AL alignment over the entire field of view and
suggests that each region lies within a single domain.

We quantitatively analyzed the local superlattice structure by
calculating a local bond order parameter that corresponds to
the degree of local 6-fold symmetry (W4) and 4-fold symmetry
(¥,) using an algorithm developed in-house."! High-angle
annular dark field (HAADF) images obtained with a
subdngstrom electron probe (Figure S6) provide a more
accurate description of the NCs’ position and local structure,
compared to the virtual ADF images, and were therefore used
to calculate the W4 and W, parameters. Figure 2g and k show
Voronoi diagrams with the local superlattice structure and ¥,
normalized between 0 and 1, where 0 and 1 corresponds to the
most hexagonal and square regions within the data frame,
respectively (see Figure S6 for ¥y diagrams).

The mechanism by which NC superlattices transform their
symmetry structure has been subject to ongoing debate.'®**
Previously, the presence of well-defined grain boundaries
between unconnected (body-centered cubic) and connected
(simple cubic) domains in multilayered superlattices suggested
that a coherent phase transformation starting from grain
boundaries may occur.”* In the case of monolayer super-
lattices, the presence of multiple HX-to-SQ_transient regions
suggests that the superlattice transformation occurs gradually
throughout single grains. The stochastic emergence of multiple
transformation regions appears to result from the inherent
distribution of ligand coverage in the NC ensemble.”” We note
that the concentration of the chemical trigger is effectively
constant at the length scales probed in the TEM sample (1077
m). Additional HAADF-STEM images further corroborate that
the superlattice structure transformation occurs within super-
lattice grains (Figure S7). The transformation process is more
analogous to bulk diffusionless transformations in atomic
crystals (e.g., martensitic transformation) than to the
previously reported domain boundary propagation mechanism
in multilayered superlattices.”* This observation indicates that
the grain boundaries form in the initial drying and assembly
process rather than in the subsequent transformation process.

The AL alignment evident in the average NBED data
(Figure 2f j inset) is remarkable given the variation in
translational order in the transient regions. This AL alignment
corroborates SAED and in situ X-ray scattering experiments
from Geuchies et al.'® which showed preferential IP
orientation in both the HX and SQ phases. Whereas X-ray
scattering experiments provide time-resolved insights into the
transformation,'® it is important to note that scattering
signatures reflect an average over relatively large areas which
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Figure 2. 4D-STEM characterization of a monolayer of ~7 nm PbS truncated cuboctahedron NCs. (a) Hlustration of 4D-STEM: A focused beam
scans over the sample and generates a NBED pattern at each scan position. (b) Eighteen NCs within a virtual annular dark field image of the region
indicated by the dotted white box in (f). (c) Nanobeam electron diffraction patterns obtained with the EMPAD detector overlaid with a HAADF
STEM image of the same region. (d) Series of electron diffraction patterns matched to simulated patterns for 0°, ~5°, and ~15° total OP tilt. The
IP tilt angle is defined by the (200),, spot in the electron diffraction pattern identified by the dotted green circles. (e) Illustration of IP angle
defined by the orientation of the {100}, facet of the NC and OP tilt angles over directions x and y, where OP, is parallel to the IP angle. (f—i)
Predominantly HX sample region (288 NCs) and (j—m) predominantly SQ sample region (295 NCs). (f, j) Virtual annular dark field image with
size set to 128 X 128 pixels, resulting in the collection of 16384 patterns per data frame. The inset corresponding to the average NBED over the
whole scanned region shows remarkable AL alignment of NCs within the field of view. (g, k) Voronoi diagram with cells colored according to the
local 4-fold symmetry W,, normalized between 0 and 1, showing the presence of many HX-to-SQ_transition regions with small 4-fold symmetry
domains in the predominantly HX region (g) and large 4-fold symmetry domains in the predominantly SQ region (k). (h, 1) Relative IP orientation
of the NCs’ {100}, facet normalized by the average IP angle of all NCs within the field of view: 39° and 56° for the predominantly HX and SQ
regions with a 6° and S° standard deviation, respectively. (i, m) Total OP tilt of the NCs revealing the diversity in OP orientation from 0° to 15°.
Scale bar: (f, j) Virtual ADF image 20 nm; NBED 3.4 nm™".

can obscure important details about the transformation and the angles is given in Figure S8. Most NCs within the superlattice
“trajectory” of constituent NCs (Figure SS). What was not yet grain have a preferential orientation regardless of the local
known is the translational and orientational trajectory of superlattice structure (~95% of NCs have less than 10° off the
individual NCs throughout the phase transition in the average tilt). This result suggests that the NCs’ preferred IP AL
superlattice transformation, which can now be accessed by alignment relative to each other is defined at early stages of the
single NC NBED using 4D-STEM. self-assembly process, in agreement with kinetic studies on the
We developed a data processing algorithm that allowed us to self-assembly of PbS NCs by Weidman and co-workers.*’
determine the crystallographic orientation for 95% of the NCs Since the NCs’ IP orientation remains nearly unchanged
in the scanned region. Figure 2h and 1 show detailed relative IP throughout the transformation, we conclude that the HX-to-
orientation of the NCs’ {100}, facets normalized by the SQ superlattice transformation is dominated by translation of
average IP angle. The detailed statistical distribution of IP prealigned NCs. We note that a few NCs present larger IP
5269 https://dx.doi.org/10.1021/acs.nanolett.0c01579
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misalignment due to local defects such as cracks in the
superlattice, presence of nonuniform NC size distribution, or
neighboring grains, as in the case of the NCs on the top-right
of Figure 21 (Figure S7). The magnitude of global OP tilt angle
for each NC reveals a diverse distribution in the 0° to 15°
range (Figure 2i and m). The total OP tilt of NCs in the HX
and SQ regions have similar distributions with no preferential
tilt direction away from 0° and are oriented with their <100>,;
axes close to surface normal, where 85% of NCs have an OP
global tilt ranging from 0° to 10° and 15% of NCs have larger
OP tilt angles of up to 15° (Figure S9).

Access to the complete description of the NC superlattice
presents an opportunity to examine the relationship between
local superlattice structure (¥¢ and ¥,) and NC orientation.
Figure 3a and b show the IP angle distribution normalized by
the average IP angle in the +20° range for the NCs in the HX
and SQ_regions versus ¥, (see Figure S10 for IP versus ¥).
This relationship reveals that NCs in HX regions (¥, < 0.5)
have broader IP angle distributions compared to NCs in SQ
(¥, > 0.5), which indicates that during the HX-to-SQ
superlattice structure transformation, NCs continue to refine
the AL alignment and sharpen the IP angle distribution (Figure
3c).

To visualize the position and orientation of each NC in the
HX-to-SQ_transition region, we translated the 4D-STEM data
into a 3D model (Figure 4a). We provide an animation
showing a 3D reconstruction of the NCs in the field of view
(Movie S1). Figure 4b shows the NC model overlaid with the
local structure of a HX-to-SQ_transition region, where the
orientation of the <11n>,; is correlated to <11>g (Movie S2).
A closer look at a HX region reveals a nearly perfect <11n>,
directional alignment along one of the HX superlattice
symmetry axes (Figure 4c). Interestingly, given the centrosym-
metric structure of the rock-salt NCs, the preferred alignment
along the <11n>,; suggests that the superlattice structure
transformation involves a symmetry breaking compared to an
idealized hexagonal close-packed layer with randomly oriented
NCs (Figure S12).

We interpret the preferred alignment of proximate {11n},,
facets as an indication that the residual ligand density on
{11n},, facets play an important role as directing agents to
drive the stability of the preformed HX assembly through
ligand—ligand interactions. Notably, the strong NC correlation
along the <11n>,; direction is present prior, during, and after
superlattice transformation, and the NC AL orientation in the
prealigned HX structure determines the orientation of the final
SQ_superlattice. Previous reports about the relative ligand
coverage on {100},;, {110}, and {111}, facets of
polyhedral lead salt NCs pointed toward a higher ligand
coverage on {111}, facets relative to {110}, and {100},,.*"”
Preferred interactions between {111},; facets have been
previously reported for unconnected 2D and 3D body-
centered tetragonal PbS superlattices.””** Oleic acid has also
been reported to induce IP AL alignment with long-range
order in 2D ZnS$ polyhedral superlattices.”” We interpret the
preferred alignment along the <11n>,; direction in terms of an
orientation driven by preferred organization of residual ligands
on {11n}, facets to minimize the superlattice free energy.’”’"
Further ligand displacement on {11n},; facets will weaken
ligand—ligand interactions, and the high surface energy of
deprotected {100}, facets induces translation and attachment
of the NCs, increasing AL order.”
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Figure 3. (a, b) IP tilt angles correlated with local superlattice
structure (¥,) for the predominantly HX and SQ regions,
respectively. (c) Probability density function of IP tilt angles for
low and high ¥, number showing narrower angle distribution for ¥,
> 0.5 compared to ¥, < 0.5, indicating fine IP AL alignment as the
superlattice transforms from HX-to-SQ_structure. Our conclusion is
robust relative to the ¥, threshold values (Figure S11).

Based on the structural analysis discussed above, we
conclude that the transformation mechanism is one in which
the NC building blocks first orient to achieve <100>,; axes
normal to the plane. Figure S9 shows that 85% of NCs have
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Figure 4. Rich information content available from the EMPAD data allows us to create a detailed 3D reconstruction model based on the
assumption that the NCs are within the plane of the superlattice. (a) Superlattice model reflecting NC orientation across the field of view of the
predominantly SQ_region. This model illustrates NCs with uniform size and shape for simplicity. We note that we could not unambiguously
identify the orientation of 4 out of 295 NC:s in this field of view because of their high degree of OP tilt (above 15°). (b) Detailed NC orientation
(model) and superlattice local structure (Voronoi diagram ¥,) showing correlation along the <11n>,; and <11>g direction across the transient
region. (c) NC model of HX region reveals a nearly perfect <11n>, alignment. Scale bar: (a) 20 nm.
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Figure 5. Series of TEM, FFT, and SAED images and a schematic of the mechanism for superlattice transformation. (a, d) The initial hexagonal
structure with randomly oriented NCs obtained by drop casting NCs onto a solid substrate (TEM grid). This structure was not observed
experimentally on NCs assembled on an EG subphase. (b, e) HX and (c, f) SQ_structures obtained 10 and 78 min after NC injection on EG,
respectively, in which there is a correlated alignment along the <11n>,; and <11>g direction. (g) Misalignment obtained from the azimuthal
(shown in blue) and radial (shown in red) integration of the SAED (200) 5, peaks shows a decrease in orientational and translational misalignment
as the superlattice transforms from HX-to-SQ. Scale bar: (a—c) TEM 100 nm, SAED 4 nm™!, FFT 0.3 nm™".

OP tilt angles below 10°. In addition, the NCs also align IP collective IP translation that leads to increased overlap of the
during early stages of the assembly formation on EG. Figure S8 {100}, facets. Concurrently with NC translation to the SQ
shows that 95% of NCs have less than 10° degrees off the
mean IP angle. Moreover, the average <11n>,; orientation of
the NCs is parallel to the local <11>g direction throughout

phase, NCs undergo fine orientation alignment, further

narrowing the IP angle distribution, after which NCs epitaxially

the HX-to-SQ transformation. The initially oriented HX attach. In context of the transformation pathways presented in
superlattice transforms toward the SQ phase through a Figure 1, the mechanism is closest to pathway iii.
5271 https://dx.doi.org/10.1021/acs.nanolett.0c01579
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We note that no major changes have been observed in the
SL structure and NC orientation due to superlattice transfer to
the TEM grid or high vacuum in the TEM compared to in situ
X-ray scattering experiments.'” The extent to which the
detailed SL structure is sensitive to the transfer process is
currently unknown, but we expect that the SL structure is
sufficiently robust. We note that the methods described here
now offer the necessary precision to test this in future
experiments.

To test the generality of the proposed mechanism, we
examined the structure transformation of analogous PbSe NC
superlattice formed at an EG surface via a slow ligand removal
strategy (see Methods in the SI for more details) using the
more conventional SAED technique. Figure Sa—c show a series
of TEM images, their fast Fourier transform (FFT), and SAED
patterns recorded in the same area, which informs the
superlattice structure and the average AL orientation of the
NCs. The dotted lines show the correlation along the <11>g
orientation in real space (TEM) and reciprocal space (FFT)
and the (220),, direction in reciprocal space (SAED).

Interactions between the NCs and the substrate play a
critical role in the early stage orientational alignment of NCs.
Drop-casting the colloidal NC solution on a carbon-coated
TEM grid results in a hexagonal structure with randomly
oriented NCs (Figure 5a). In contrast, depositing NCs on the
surface of EG yields a superlattice characterized by NCs with
preferred <100>,; axis (on average) normal to the plane of the
interface and IP AL ordering in the HX and SQ phases (Figure
Sb and c). Figure Sd—f show NC models that correlate with
structures shown in Figure Sa—c.

To show the temporal evolution of the NC superlattice
structure during the HX-to-SQ transformation, Figure Sb and ¢
show the PbSe superlattice after 10 and 78 min of NC
injection on EG, respectively. The correlation along the
<lln>,; and <11>g direction (dotted line) is preserved
throughout the HX-to-SQ transformation, which further
corroborates that the superlattice transformation is dominated
by NC translation. We analyzed the (200),; peaks in the
SAED patterns obtained between 2 and 78 min after NC
injection to investigate translational and orientational misalign-
ment throughout the superlattice transformation (Figure Sg).
The azimuthal and radial integration provide a measure of the
degree of AL orientational and translational misalignment,
respectively (see Figure S13 for more details). The width of
the azimuthal peak decreases over time, indicating narrowed IP
AL alignment distribution as NCs translate toward the SQ
structure, in agreement with the conclusions from the EMPAD
data (Figure 3c). As the superlattice undergoes the trans-
formation, the width of the radial peak also decreases, meaning
that the coherent domain size increases. These results show
that the AL translational and IP orientational misalignment
decrease during the HX-to-SQ_superlattice transformation.

The preceding discussion illustrates that the complex
interplay of polyhedral NC shape and facet-specific ligand
coverage play a key role in guiding the structure transformation
of the NC superlattice. Beyond the specific model system of
truncated cuboctahedron lead salt NCs examined in this work,
we expect that the general concept can also be translated to
other systems. We note, however, that specific experimental
aspects including the thermodynamic and kinetic conditions,
NC size, shape, and ligand coverage need to be taken into
consideration.

B CONCLUSIONS

In summary, we present detailed structure analysis of PbS
superlattice transient regions at the single NC level using
scanning NBED with an EMPAD detector. This technique
provides the precise position and a complete description of the
crystallographic orientation of each NC in the field of view. We
correlated NC orientation with a local bond order parameter
to gain insights into the NC superlattice structure trans-
formation pathway. We discovered that the transformation
mechanism is dominated by translation of prealigned NCs.
Notably, a strong correlation along the <11n>, and <11>g
direction is present throughout the superlattice transformation,
such that the NC AL orientation in the prealigned hexatic
structure determines the orientation of the final square
superlattice. During later stages of the assembly trans-
formation, toward the unconnected square superlattice and
prior to NC attachment, the NCs undergo a fine orientation
alignment resulting in narrowed in-plane alignment distribu-
tion. We tested the generality of this interpretation by
examining PbSe monolayer films using SAED. We confirmed
the correlation along the <11n>,; and <11>g and the decrease
in AL misalignment as the superlattice transforms from hexatic
to square. Finally, we found that monolayer superlattice
transformation occurs gradually within a grain, rather than
through nucleation and coherent propagation in grain
boundaries. This work provides new insights into the
coordination of ~10° NCs during superlattice transformation
to enable the formation of micrometer-sized grains and
conclude that controlling NC AL alignment in the preformed
unconnected hexatic assembly is essential for obtaining long-
range ordered films of connected NCs.
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