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15 Abstract

18 Nanoparticle self-assembly and epitaxy is utilized extensively to make 1D and 2D structures with
20 complex shapes. High-resolution transmission electron microscopy (HRTEM) has shown that
single crystalline interfaces can form, but little is known about the strain and dislocations at these
25 interfaces. Such information is critically important for applications: drastically reducing
27 dislocation density was the key breakthrough enabling widespread implementation of light-
29 emitting diodes, while strain engineering has been fundamental to modern high-performance
transistors, solar cells and thermoelectrics. In this work, the interfacial defect and strain formation
34 after self-assembly and room temperature epitaxy of 7 nm Pd nanocubes capped with
36 polyvinylpyrrolidone (PVP) is examined. It is observed that during ligand removal, the cubes move
over large distances on the substrate, leading to both spontaneous self-assembly and epitaxy to
41 form single crystals. Subsequently, atomically resolved images are used to quantify the strain and
43 dislocation density at the epitaxial interfaces between cubes with different lateral and angular
misorientations. It is shown that dislocation- and strain-free interfaces form when the nanocubes
48 align parallel to each other. Angular misalignment between adjacent cubes does not necessarily
50 lead to grain boundaries but does cause dislocations, with higher densities associated with larger

52 rotations.
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Introduction

Self-assembly of nanocrystals and successive epitaxy by either dissolving the capping ligands in a
suitable solvent or via a chemical trigger has emerged as a promising route to make single crystals
with complex nanoscale geometries.!~10 This approach is very flexible, including variants where
particles are both assembled and epitaxially connected in solution — usually called oriented
attachment”->-!1'-15 — or where assembly first occurs at an interface (liquid-liquid, liquid-solid or
liquid-vapor)!-%10:16-25 followed by the epitaxy step (thermal, chemical or optical).3410:15.26-30
Interfacial assembly via aforementioned techniques can lead to 2D films with nanoscale patterns
determined by the shape and surface energetics of the particle, such as a 2D honeycomb lattice, or
to more complex nanopatterns formed by capillary assembly.!21:31-33 In all cases, the choice of
materials is broad with a variety of metals, semiconductors, and dielectrics already
demonstrated.>6:10:1921.31.3437 Theoretical simulations and in situ observation of assembly using
HR-TEM and x-ray scattering studies have helped provide insights into the mechanism of

assembly and epitaxial connection.32-38-44

Despite this vast amount of work in the field of oriented attachment and growth, little is known
about the interfacial strain and dislocations at the interfaces after epitaxy.**® One study showed
that PbSe truncated octahedral nanocrystals with large angular misalignment can have up to 7 edge
dislocations after initial attachment that can so far only be removed with annealing at elevated
(~100 °C) temperatures.’® Epitaxial particles with perfect angular alignment might be free from
strain and dislocations, but this is yet to be probed experimentally. Even with perfect angular

alignment, strain- and defect-free epitaxy would require either perfect atomic alignment (no lateral

ACS Paragon Plus Environment

Page 2 of 20



Page 3 of 20

oNOYTULT D WN =

ACS Applied Materials & Interfaces

displacement) during assembly, or some particle mobility during epitaxy to provide atomic
registry. Understanding the formation of strain and dislocations at these interfaces is critically
important to assess suitability for applications. For example, removing dislocations from epitaxial
GaN films was the key breakthrough enabling widespread implementation of light-emitting
diodes*, while strain engineering is used extensively in modern transistors to improve the mobility
of the channel’°. Strain and dislocations also play a fundamentally important role in other devices

including photovoltaics and thermoelectrics.>!=>3

In this work, we use high angle annular dark-field scanning transmission electron microscopy
(HAADF-STEM) to characterize dislocation and strain formation during nanocube self-assembly
and epitaxy at room temperature. Nanocubes, sometimes showing slightly rounded edges or
elongation in one direction, are chosen over octahedron, decahedron, icosahedron, and other
morphologies as the model system because of their atomically flat and chemically equivalent faces
which simplify both assembly and atomic merging.383%43:35¢ The strain and number of dislocations
at the interface of epitaxially connected ~ 7 nm Palladium (Pd) nanocubes capped with PVP are
quantified from the HAADF-STEM images using a model-based image quantification approach
implemented in the StatSTEM software.>’ After dropcasting Pd nanocubes on the substrate, we
observed that they move up to hundreds of nanometers during the PVP removal with sodium
borohydride (NaBH,), enabling spontaneous self-assembly. We confirm that this surface mobility
allows for the formation of single crystalline interfaces with strain values below 5% and no signs
of dislocations. In cases where particles have larger angular misalignment, we observed a higher

dislocation density and strain.
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Figure 1: Investigation of chemical epitaxy. (a) The schematic of the randomly distributed dropcast cubes
on the substrate and the corresponding HAADF-STEM image before epitaxy. The surface of the cube is
populated with Br- (green) and PVP which binds either via nitrogen atom (blue) or carbonyl oxygen atom
(red). In the schematic, only a few molecules of capping ligands (PVP monomer and Br) are shown on the
surface of cubes for the simplicity of illustration. (b) The schematic and the corresponding HAADF-STEM
image of cubes after epitaxy (after treatment with 0.1M NaBH, for 15 min). (¢) XPS spectra showing the
surface chemical composition of the cubes without (red) and after (green) NaBH, treatment. The spectrum
on the right is the high-resolution scan in the range 65 to 75 eV of the main spectrum and the inset shows
the schematic of the binding ligands.
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Nanoparticle assembly and epitaxy has been utilized in the past to make 1D and 2D structures by
stitching together small nanocrystals as the building blocks. In this work, when monocrystalline 7
nm Pd cubes (Figure S1 and S2) are treated with NaBH,, the cubes migrate over substantial
distances on the substrate, transforming from isolated particles to assembled clusters. The cubes
self-assemble into a variety of geometries like lines, L shapes, and triangles etc. as shown in Figure
I-a,b. During the epitaxy step, NaBH, acts as the hydride donor which displaces the shape
controlling ligands Br- and PVP from the surface of the Pd nanocubes.’® ! The surface sensitive
X-ray photoelectron spectroscopy (XPS) characterization data in Figure 1-c clearly reveal that
after the NaBH, treatment, the N (orange) and Br (purple) peaks are missing. The O peak overlaps
with Pd 3p and hence cannot be quantified. The major peaks in the XPS scan after epitaxy (green)
are from Pd metal, with a minor peak from residual C, indicating most of the surface ligands used
during synthesis are eliminated.®' This surface ligand removal enables the high particle surface
mobility and translation along the substrate, but at the same time may contribute to some particles

partially losing their cubic shape (Figure 2 and Figure S3-a,b).

One striking feature of the ligand-removal process is that in the same step the connection between
adjacent cubes results in atomic alignment and epitaxy leading to the formation of a single crystal
(Figure 2 and Figure S3). Predominantly, nanocubes join along the {100} facets with differing
degrees of orientational alignment. Thanks to their cubic shape and the presence of flat {100}
facets, imaging of assembled cubes is mainly performed along a <100> zone axis without tilting
our sample significantly. In Figure S3-a, an image of an assembled couple along a <110> zone
axis is also provided. From Figure 2-b,c, it is prevalent that even a 3.5° misalignment of adjacent

cubes resulted in an epitaxial connection.
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Figure 2: HAADF-STEM images of epitaxial assemblies (a) with perfect angular alignment and (b,c) with
3.5° angular misalignment. The micrograph in (c) was obtained by rotating the assembly in (b) 3.5° along
the direction indicated by the red arrow, indicating an epitaxial connection between the cubes. The Fourier
transforms of the epitaxially connected cubes are shown as insets in all the micrographs.
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Epitaxy between nanocrystals with small angular misorientations has been observed previously to
lead to dislocations as would be expected*®, but dislocations and strain in epitaxially connected
nanocubes without angular misorientation has not been studied. Even for two nanocubes with
perfect angular alignment and the same lattice constant, lateral displacements could lead to
dislocations or strain. It is also possible that during epitaxy, the particles move into perfect atomic
alignment in order to avoid such dislocation or strain formation, leading to the preferential
formation of perfect interfaces. In order to differentiate between these two possibilities, we use
nanocubes, which are characterized by six chemically equivalent and atomically flat faces, making
them an ideal system for our study where the lower energy of face-to-face alignment increases the
chance of perfect angular alignment. The surface atom mobility and cubic shape distortion enabled
by ligand removal could reduce the efficacy of the assembly. However, since we see still a high
fraction of aligned clusters, this shape distortion likely occurs primarily after particle attachment

and during epitaxy.

Local strain and dislocations at the epitaxial nanocube interface were studied using the StatSTEM
software. When two cubes come together with perfect angular alignment during epitaxy, they can
merge such that there are no dislocations at the interface (Figure 3 and Figure S4, S5). A small
angular misalignment of two-degrees can lead to an epitaxial connection with the presence of one
dislocation, with locally higher strain values (Figure 4). We also verified that a larger angular
misalignment of four-degrees leads to a higher dislocation density (Figure S6). Thus, in patterns
assembled from perfect monocrystalline building blocks, dislocation formation is controlled by
the angular misalignment. Besides enabling high surface mobility that is beneficial in reaching the

ideal angular alignment, our NaBH, ligand removal process is also much faster than previous
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approaches. For example, relying on ligand solubility to trigger the fusing requires up to 16

hours32! while NaBH, can eliminate the surface capping ligands within one minute.
pping lig
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Figure 3: Dislocation and strain analysis of 2 epitaxial cubes with no dislocation. (a) HAADF-STEM image
of the epitaxial cubes (b) Inverse Fourier transform images showing the individual planes along the x and
y directions respectively, illustrating the absence of any dislocation. (c) Strain maps computed for x (&)
and y (&,y) directions, indicating the absence of strain at the interface of the two cubes.

+5%

Nanocube epitaxy requires two separate steps and both depend on ligand removal. First, the cubes
must overcome the van der Waals attraction with the substrate, allowing for sufficient surface
mobility to enable rapid surface diffusion even at room temperature. This allows for the isolated
nanocubes formed after dropcasting to come together to form the observed clusters. Such large-
scale movement (~100 nm) can be explained by partial removal of the surface ligands that bind to

the substrate, along with the local evolution of the hydrogen generated when NaBH, is dissolved
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in water.®? During clustering, nanocubes will attempt to maximize the area of overlap between
{100} faces in order to reduce the surface energy of the system, providing a driving force for
angular alignment such that cubes are oriented along the same crystallographic axis. This explains
the predominance of short lines and L-shapes observed after NaBH, treatment. As the nanocube
cluster grows, its surface diffusion will also slow down dramatically, which can explain the small

number of cubes observed in most clusters.

\

Figure 4: Dislocation and strain analysis of 2 epitaxial cubes with a 2° angular misalignment and one
dislocation (a) HAADF-STEM image of the epitaxial cubes (b) Inverse Fourier transform images showing
the individual planes along the x and y directions respectively, illustrating the presence of one dislocation,
indicated by the red arrow. (c) Strain maps computed for x (&) and y (&) directions.

I

(b) Planes in x-direction

[

+20%

Once the nanocubes have formed clusters, the atoms at the surface must also rearrange to allow

for the epitaxial connection observed. Here again surface ligands play a key role, with as little as
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15% removal dramatically decreasing the interparticle spacing, with the potential minimum
occurring at interparticle contact.®® At such small distances, epitaxial connections occur to
minimize the free energy of the system.*34836.63.64 The potential for eliminating dangling bonds
leads to a strong enthalpic driving force; in the case of 7 nm Pd cubes, more than one thousand

atomic bridges per {100} face will be formed.

Stress and dislocation formation in perfect monocrystalline Pd particles depend on the alignment
between adjacent cubes after self-assembly. With perfect angular and lateral alignment between
cubes, it is verified experimentally that perfect strain- and dislocation-free connections can form.
The formation of such strain- and dislocation-free interfaces is not expected only with perfect
angular alignment. This is because after assembly the atoms at opposite sides of the interface
should have random lateral displacements, leading to a mismatch of up to half a lattice period,
which must be accompanied by strain, dislocations or both. Therefore, our observation of strain-
and dislocation-free epitaxial interfaces requires that nanocubes move laterally, at least over small

(sub-nm) distances during the epitaxial connection process itself.

Interestingly, it is observed that the ligand removal can also form a single crystal even if the cubes
are not perfectly aligned. A local movement of atoms within misaligned cubes can still lead to an
epitaxial connection (Figure 2-b,c; Figure S7). The driving force for this local rearrangement of
atoms, which also contributes to the change in shape of the cubes, is to avoid the strain caused by
the formation of unaligned connections. This atomic surface diffusion process allows for at least a
few degrees (4°) angular misalignment (Figure 2-b,c, Figure S6) between cubes without leading
to a grain boundary formation. However, in the cases where local movement is still not enough to
form fully strain free connections as a result of lateral or angular misalignments, the system

compensates by nucleating dislocations at the interface to accommodate the strain energy. Figure
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4 shows an example of a pair of nanocubes with a two-degree angular misalignment, which leads
to a single dislocation. Although the strain is generally close to zero throughout the epitaxial pair
(except at the surface), locally around the dislocation high strain values of 10-20% exist, as
expected. Although we do not have enough statistics to make a quantitative correlation between
misorientation angle and dislocation density, we do observe that an epitaxial pair with a higher
misorientation angle of four-degrees has substantially more (five) dislocations (Figure S6). This is
very different from the results seen when bending single crystalline, twinned Ni nanowires with
similar dimensions (1-6 nm), which were able to accommodate very large lattice rotation angles
of up to 38.5 degrees (shear strain up to 34.6%) without nucleating either grain boundaries or
dislocations.® We suspect that the drastic difference from our results, where dislocations formed
already at rotation angles as little as two-degrees, arises from the difference between bending a
preformed single crystal (twinned in the case of Ni nanowires) versus epitaxially connecting
separate nanocubes with a rotation angle between them. In our case, the two particles start with
relaxed lattices and stain or dislocations will nucleate from the interface during epitaxy, while in
the preformed nanowires strain builds up continuously over a much larger area and dislocations
must nucleate at the nanowire surface. In our system, the nucleation energy for dislocations appears
to be lower, which seems to lead to a higher dislocation density but lower strain compared to the
preformed nanowires, although further work is needed to quantify these differences. In the case
of already perfectly aligned cubes, no rearrangement of atoms is needed to form strain- and
dislocation-free epitaxial connections and as a result, they also retain their near cubic shape (Figure

2a).
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Conclusions

We have studied the strain and dislocations generated at the interface of assembled and epitaxially
connected 7 nm Pd cubes. Aqueous NaBH, solution plays a key role in both the spontaneous
nanoparticle assembly and epitaxy steps, by promoting the removal of the surface capping ligands
at room temperature within a minute. The mobility of both the nanocubes on the substrate surface
and Pd atoms on the nanocube surface enables the formation of dislocation-free single crystals
when cubes show perfect angular alignment. The lack of strain and dislocations at this interface
indicates that cubes must also be able to move along the substrate during the epitaxial attachment.
For angular misalignment up to 4 degrees, epitaxial connections between adjacent cubes still form,
but with higher strain and dislocation density. Given that the crystal quality of assembled and
epitaxially connected nanocubes (or particles in oriented attachment) can be comparable to bulk

single crystals, such an approach is very promising for applications.
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Experimental

Preparation of the precursor: Na,PdCl, (57 mg) was dissolved in mili-Q water (3 mL). The

dissolution takes a long time so mild heating with periodic ultrasonication followed by vortexing

1s recommended.

Synthesis: PVP (105 mg), L-Ascorbic acid (60 mg), KBr (5 mg), KCI1 (185 mg), and mili-Q water

(8 mL) were placed in a vial (20 mL) and preheated at 80 °C for 10 mins in a silicone oil bath with

magnetic stirring at 300 RPM. The vial was loosely caped from the top. Previously prepared

Na,PdCl, (3 mL) was injected in the reaction vessel and left for 3 hours; vial capped from the top

with paraffin. After 3 hours, the reaction vessel was removed from the oil bath and left for air

convection cooling. Post-synthesis, the solution was centrifuged at 5000 RPM for 10 mins to settle

the coarse particles. The supernatant was centrifuged at 50000 RPM for 30 min in order to isolate

nicely faceted ~7 nm cubic Pd particles and dispersed in ethanol.
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Chemical epitaxy: The sample was prepared by dropcasting the colloidal solution (10 pL) on a
Si3N4 grid. The ligand removal and epitaxy were performed by immersing the grid in NaBH,
(0.0189 g in 5 mL water, 0.1m) solution without any stirring. After 15 min, the grid was cleaned
in a solution of 1:1 ratio by volume of water and ethanol for ~2 hours with stirring at 150 RPM. It

should be noted that each time a fresh solution of NaBH, was used for ligand removal and epitaxy.

Dislocation visualization: Potential dislocations are visualized by showing the individual lattice
planes in the x- and y-direction. In order to visualize these, first a Fourier transform is obtained
from the HAADF STEM image. Next, two symmetric lattice points in the x- or y-direction are
masked from this Fourier transform. The inverse Fourier transform of these masked reflections

results in a visualization of the potential dislocations which might appear at the interface.

Strain maps: The strain maps are obtained using the StatSTEM software. By modeling images as
a superposition of Gaussian functions located at the atomic columns, the atomic column positions
can be measured with high accuracy and precision. A direct comparison of the measured column
positions with the expected column positions of an ideal crystal lattice gives the displacement of
the atomic columns. By using the first derivative, these measured displacement vectors can be used

to compute atomically resolved strain maps.
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