UC Berkeley
UC Berkeley Previously Published Works

Title

Dynamics and Removal Pathway of Edge Dislocations in Imperfectly Attached PbTe
Nanocrystal Pairs: Toward Design Rules for Oriented Attachment

Permalink

https://escholarship.org/uc/item/6s10r807

Journal
ACS Nano, 12(4)

ISSN
1936-0851

Authors

Ondry, Justin C
Hauwiller, Matthew R
Alivisatos, A Paul

Publication Date
2018-04-24

DOI
10.1021/acsnano.8b00638

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/6s10r80z
https://escholarship.org
http://www.cdlib.org/

@& Cite This: ACS Nano XXXX, XXX, XXX=XXX

www.acsnano.org

Dynamics and Removal Pathway of Edge
Dislocations in Imperfectly Attached PbTe
Nanocrystal Pairs: Toward Design Rules for

Oriented Attachment

Justin C. Ondry,T"JF Matthew R. Hauwiller, *® and A. Paul Alivisatos® """+

"Department of Chemistry, University of California, Berkeley, California 94720, United States
*Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, United States

§Department of Materials Science and Engineering, University of California, Berkeley, California 94720, United States
IKavli Energy NanoScience Institute, Berkeley, California 94720, United States

© Supporting Information

ABSTRACT: Using in situ high-resolution TEM, we study
the structure and dynamics of well-defined edge disloca-
tions in imperfectly attached PbTe nanocrystals. We
identify that attachment of PbTe nanocrystals on both
{100} and {110} facets gives rise to b = a/2(110) edge
dislocations. Based on the Burgers vector of individual
dislocations, we can identify the glide plane of the
dislocations. We observe that defects in particles attached
on {100} facets have glide planes that quickly intersect the
surface, and HRTEM movies show that the defects follow
the glide plane to the surface. For {110} attached particles,
the glide plane is collinear with the attachment direction,
which does not provide an easy path for the dislocation to
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reach the surface. Indeed, HRTEM movies of dislocations for {110} attached particles show that defect removal is much
slower. Further, we observe conversion from pure edge dislocations in imperfectly attached particles to dislocations with
mixed edge and screw character, which has important implications for crystal growth. Finally, we observe that dislocations
initially closer to the surface have a higher speed of removal, consistent with the strong dislocation free surface attractive
force. Our results provide important design rules for defect-free attachment of preformed nanocrystals into epitaxial

assemblies

KEYWORDS: nanocrystals, oriented attachment, dislocations, PbTe, self-assembly, in situ TEM

anocrystals are sometimes considered perfect pieces

| \ | of a single crystal because they are often free of
nonequilibrium crystal defects such as dislocations

and impurities. It is often thought that short diffusion lengths to
surfaces where these defects can be removed facilitate the
preparation of defect-free nanocrystals;' > however, this is a
topic of considerable debate.”” There is little direct
experimental evidence showing the mechanisms for defect
removal in nanocrystals. Nonetheless, it would be desirable to
leverage this lack of defects in individual particles as building
blocks to make larger assemblies of epitaxially connected
nanocrystals while maintaining low defect densities. The
tunable atomic-like electronic states of individual semi-
conductor quantum dots behave like that of an artificial atom,
and if strongly coupled by placing the quantum dots in an
ordered array, the individual states could disperse into a band
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potentially leading to emergent properties that may not be
exhibited by a natural material. Unfortunately, as synthesized,
the nanocrystals have long organic ligands on the surface that
prevent the necessary coupling. However, there has been
progress getting around this by creating epitaxially connected
arrays of nanocrystals through oriented attachment with a
variety of structures.”'" These structures are theorized to have
exotic electronic properties, but they have not been realized
experimentally.'>™"® Defects that arise from the attachment
process may be preventing the realization of these exotic
electronic structures.'”'” Without a microscopic understanding
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of defect removal mechanisms and the size dependence of these
mechanisms in nanocrystals, it will be difficult to realize the
goal of creating perfect epitaxial connected assemblies of
nanocrystals.

Oriented attachment is the proposed mechanism though
which nanoparticles are epitaxially joined.'® ** In this process,
particles first spontaneously organize so that they share a
common crystallographic orientation; then the particles fuse to
create a crystallographically coherent interface. The shape of
the nanocrystals, faceting, and the ligand coverage all can
mediate the attachment process.”® It is believed that this
process ggays an important role in some mineralization
processes and the growth of certain types of anisotropic
nanostructures.””*»>” Oriented attachment of a pair of
nanocrystals provides a starting point for understanding the
basic unit of nonclassical aggregative crystal growth”®*” that is
active in oriented attachment growth of materials with zero-,
one-, two-, and three-dimensional structures ((iots,30’31
rods,”*>*" sheets,>™>* and bulk solids,* respectively). In
the ideal case, oriented attachment produces perfect interfaces.
However, it is well known that when nanocrystals undergo
oriented attachment, if a step edge exists on the surface of one
of the particles, it can create an edge dislocation in the attached
structure,'** and attachment of multiple particles can give rise
to screw dislocations.”® These dislocations have several
implications for classical crystal growth and semiconductor
properties. Screw dislocations, for example, provide self-
propagating step edges on the surface, allowing crystals to
grow by monomer attachments at much lower supersaturations
than expected for perfect surfaces.””~*° In addition, dislocations
in semiconductors are scattering centers for charge carriers, and
they can introduce midgap trap states, which can cause carriers
to localize and recombine.*"** By understanding the necessary
conditions (time, temperature, nanocrystal size, etc.) required
for removal of dislocations from a single imperfect oriented
attachment event, we can begin to design syntheses such that a
defect that arises from an imperfect oriented attachment event
is removed before subsequent attachment events occur, thus
preventing the accretion and trapping of defects deep in the
material. Further, there is likely a strong size dependence for
defect mobility, and by understanding this we can determine
upper limits for size of attaching particles, where defect removal
is still achieved in a reasonable amount of time.

The close proximity of any given point in a nanocrystal to the
surface further complicates understanding the size scaling of
defect motion since it is known there is a strong dislocation
surface interaction.”> From a continuum elasticity standpoint,
this can be understood through the image force construction of
dislocation—free-surface interactions in semi-infinite crystals.
Forces on a dislocation at a free surface is modeled as that
between the dislocation in the material and a mirror dislocation
of opposite sign placed in the vacuum opposite the interface.*’
In this model, the force pulling a dislocation to the surface
depends strongly on the distance that dislocation is from the
surface and is given, for an edge dislocation, by eq 1.

F ub*

L 4n(l — o)l 1)

where % is the force per unit length on the dislocation, y is the

shear modulus, v is the Poisson ratio, b is the magnitude of the
burgers vector, and [ is the distance between the dislocation and
free surface. Based on eq 1, dislocation surface interactions

should play a large role in driving dislocations out of
nanocrystals faster than expected from a purely diffusion-
based argument. In nanocrystals, this is somewhat more
complicated because there are several surfaces near the
dislocation, and thus several superimposed forces act on a
dislocation. Finite element methods have been used to more
accurately account for this and other complications such as
surface and shape relaxations expected in nanocrystals.”* Even
with these considerations, the highly nonlinear distance-
dependent force on dislocations only cancels out for the
exact center of a symmetrically shaped nanocrystal (e.g., cube,
sphere) and is an unstable mechanical equilibrium.” The
barrier to removal of a dislocation in this case is now limited by
the Peierls barrier, which is the activation barrier the dislocation
must surmount in order to glide.* If the image forces
experienced by a dislocation are larger than the Peierls stress of
the dislocation, which is the shear stress necessary to overcome
the Peierls barrier, it will be driven to the surface, resulting in a
dislocation-free nanocrystal.””*® While the importance of
dislocation surface interactions in nanocrystals and nanograins
has been explored theoretically, only ex post facto transmission
electron microscopy (TEM) images of structurally perfect
nanocrystals and nanograins below a critical size provide
indirect experimental evidence in support of these ideas.*’

Understanding size-dependent defect stability is important
for the preparation of epitaxially connected superlattices of
nanocrystals through oriented attachment since it puts an upper
limit on the size of particles that can likely be attached while
maintaining perfect fidelity. There are many pathways to
defects in these materials; for example, it has been shown that
the inherent size distribution of the nanocrystals used for
attachment leads to places where nanocrystals in the epitaxial
superlattices are not connected'® and that improving the
connectivity is necessary for realizing delocalized carriers.*’
Another potential defect that may be limiting the performance
of these materials are dislocations introduced during the
stochastic attachment process (see for example the SI of ref
53). Understanding how these defects can be removed from
attached nanocrystals will likely be necessary to create high-
quality materials. There are examples of in situ TEM
observations where defects from imperfect oriented attachment
are removed from the attached particles either thermally’' or
with electron beam stimulation.>* However, in these examples,
the experiments were not performed with the particles perfectly
aligned on a zone axis, which prevented identification of
important parameters describing the dislocations such as the
Burgers vector. Without the knowledge of the Burgers vector,
the behavior of a dislocation in a nanocrystal cannot be
compared to dislocation theory™ to determine if these well-
established ideas apply to nanomaterials.

Dislocation theory provides geometric rules that govern how
a defect can move in a material and may give insight for
designing defect-free attachment of nanocrystals. Most
examples of epitaxial superlattices use materials that have the
rock salt crystal structure (PbS, PbSe, and PbTe). In the
following, we introduce dislocation theory considerations for
attaching rock salt nanocrystals. It is commonly understood
that oriented attachment typically occurs on nonpolar facets of
crystals; thus for the rock salt crystal structure both the {100}
and {110} facets can be used for attachment. Indeed, epitaxial
superlattices have been made by attaching PbX (X = S, Se)
particles on either the {100} and {110} facets, suggesting that
both routes are viable for preparing these epitaxial super-

DOI: 10.1021/acsnano.8b00638
ACS Nano XXXX, XXX, XXX—-XXX


http://dx.doi.org/10.1021/acsnano.8b00638

ACS Nano

Attachment Progress v

a.w

| @—p| \}

Attachment Progress )01 [??h RN
WS B

» »* d <
Attachment Progress v [001] 73-" -?;n

Figure 1. (A) Schematic representation of the process leading to perfect attachment of PbTe nanocrystals on {100} facets and (B)
experimental HRTEM image and corresponding FFT of three PbTe nanocrystals that have attached perfectly on the {100} facets. (C)
Schematic representation of the process leading to perfect attachment of PbTe nanocrystals on {110} facets and (D) experimental HRTEM
image and corresponding FFT of two PbTe nanocrystals that have attached perfectly on the {110} facets. (E) Schematic representation of a
step edge leading to a b = a/2[110] edge dislocation during the attachment of PbTe nanocrystals on {100} facets. Red dotted arrows outline
the Burgers circuit with the Burgers vector shown with a white outlined black arrow. (F) Experimental HRTEM image and corresponding
FFT of PbTe nanocrystals attached imperfectly on {100} facets with a b = a/2[110] Burgers vector. (G) Schematic representation of a step
edge leading to a b = a/2[110] edge dislocation during the attachment of PbTe nanocrystals on {110} facets. (H) Experimental HRTEM
image and corresponding FFT of PbTe nanocrystals attached imperfectly on {110} facets with a b = a/2[110] Burgers vector.

lattices.” However, this does not consider the potential for
crystalline defect formation and removal. In the rock salt crystal
system, the lowest energy edge dislocation that can be formed
has a Burgers vector b = a/2(110). The glide plane, which is the
plane that it is easiest for a dislocation to move in, is defined by
the plane normal given by b X & where £ is the sense vector
collinear with the dislocation line.* For a dislocation to be
glissile (able to move), the glide plane of the dislocation must
coincide with one of the slip planes of the crystal system
hosting the dislocation.*® In the case of PbS, PbSe, and PbTe,
in bulk the observed slip planes are {100}; however this is likely
from two sets of (110) dislocations whose shear sums to
(002),** and TEM studies on PbS indicate both {100} and
{110} slip planes are active for b = a/2(110) dislocations.”*
Thus, {110} planes are possible slip panes in these crystals and
b = a/2(110) dislocations are glissile. If a b = a/2(110) edge
dislocation was formed at the interface between two PbX
particles attaching on {100} facets, no matter the exact
relationship between the attachment direction and Burgers
vector, the glide plane will always intersect the surface of the
particles even in the case of attaching multiple particles into a
lattice (see SI Figure S1 for visualization of all possible Burgers
vector and glide plane permutations for {100} and {110}
attachment). Instead, if they are attached on {110} facets, for
certain configurations of the Burgers vector and attachment
direction, the glide plane is collinear with attachment direction,
meaning the dislocation has a large distance to travel before
reaching the surface. In this case, attaching multiple particles
into a lattice would require the dislocation traverse a quasi-
infinite distance in the glide plane before it is annihilated at the
surface. These simple geometric arguments suggest that, for the
rock salt crystal system, it should be far easier to remove edge
dislocations when the particles are attached on {100} facets
compared to those attached on the {110} facets.

In this work, we show using high-resolution transmission
electron microscopy (HRTEM) that PbTe nanocrystals
attached on either {100} or {110} facets produce b = a/
2(110) edge dislocations. Further, we show using in situ
HRTEM that with electron beam stimulation the b = a/2(110)
edge dislocation in {100} attached particles quickly glides to
the surface easily, producing a defect-free interface between the
particles, whereas, the b = a/2(110) edge dislocation in a {110}
attached particle undergoes a complex trajectory involving
dislocation glide, climb, and conversion to a screw dislocation
all while not reaching the surface even after an order of
magnitude longer time exposed to the same electron dose rate.
Further we analyze the misorientation angle between the two
imperfectly attached crystallites and find it is consistent with
the continuum elastic solution to an edge dislocation in a thin
plate. In addition, we provide evidence that the speed of
dislocation removal depends on the initial distance of that
dislocation from the surface, which is qualitatively consistent
with the image force description of dislocations at free surfaces.
Finally, we discuss how our results indicate two points that
should be considered when epitaxially attaching nanocrystals:
(1) Once anisotropy has been introduced into a nanostructure,
the relationship of the glide plane of possible dislocations and
the attachment direction becomes an important consideration
for removing dislocations from nanomaterials. (2) Smaller
attachment interfaces are more easily made defect free because
of strong image forces pulling potential defects out of the
material.

RESULTS

Epitaxial attachment between individual PbX nanocrystals can
be induced through several methods such as heating nano-
crystal superlattices on a liquid subphase,” chemically treating
them to remove surface ligands,”*’ or simply diluting the
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Figure 2. (A) Evolution of the b = 1/2[110] edge dislocation position during ~4000 e”/A*s electron beam irradiation of the two PbTe
nanocrystals attached imperfectly on {100} facets. Selected HRTEM images with dark atom contrast from the time series showing the
dislocation removal process. Blue and yellow lines are overlaid on the (100) and (010) planes, respectively, as guides to the eye. The color of
each time stamp corresponds to the colorbar in (B). (B) The dislocation position was determined from geometric phase analysis of a time
series of HRTEM images. The color of each dot corresponds to the time. Overlaid is the glide plane of the dislocation determined from the
Burgers vector. (C) Misorientation angle of the two crystallites as a function of time. The color of each point corresponds to the colorbar in
(B). Error bars represent the standard deviation of the rotation value difference across the two crystallites determined by geometric phase

analysis.

particles sufficiently to desorb bound surface ligands. We found
that dilution of the nanocrystal surface ligands during solvent
processing with toluene or ortho-dichlorobenzene to sandwich
~4.0 nm oleate capped PbTe nanocrystals (synthesis, TEM,
and size distribution shown in Figure S2) between sheets of
graphene was sufficient to induce significant attachment of
particles on both {100} and {110} facets (Figure 1A—D and
Figure S3). We found that it was important to maintain
rigorous oxygen- and moisture-free conditions during purifica-
tion and handling of the PbTe nanocrystals to observe epitaxial
nanocrystal attachment. Synthesis was performed on a Schlenk
line with ultrapure argon (<S ppm of O,), which was further
purified to <1 ppb O, by a Nupure III prepurifier. Nanocrystals
were cleaned in an argon glovebox (<1 ppm of O, and H,0)
using anhydrous acetone and dissolved in anhydrous toluene.
TEM samples were prepared in a N,-filled glovebox (<1 ppm
of O, and H,0) and quickly (~3 min air exposure) transferred
to the TEM column. Lead chalcogenide nanocrystal surfaces
are easily oxidized likely to PbX/PbO or PbX/PbXO; (X = Se,
Te) surfaces,”™° which even a small amount would be
sufficient to prevent epitaxial attachment. Due to the low
temperature and somewhat uncontrolled nature of the oriented
attachment with this sample preparation strategy, we could
observe nanocrystals that had undergone both perfect and
imperfect oriented attachment. In addition, the nearly cubic
shapes of the starting nanocrystals lead to preferential
orientation of the particles on (100) zone axes, which is ideal
for HRTEM observation due to the large lattice spacing in that

direction and the ability to observe b = a/2(110) edge
dislocations.

Figure 1 overviews different attachment processes that can
give rise to perfect and imperfect attachment on either {100} or
{110} facets. A schematic representation of the attachment
process of PbTe nanocrystals that do not contain step edges on
{100} facets is shown in Figure 1A. We experimentally
observed the perfect attachment of PbTe nanocrystals on
{100} facets (Figure 1B) by HRTEM imaging with dark atom
contrast. The inset fast Fourier transform (FFT) shows sharp
spots consistent with a single-crystalline domain and no crystal
misorientation. Figure 1C shows a process that can lead to
perfect attachment of PbTe nanocrystals on {110} facets. We
note in the model when viewed as a projection down the (001)
zone axis, it appears that a Te-rich facet is reacting with a Pb-
rich facet, but {110} facets are indeed nonpolar and consist of
alternating layers of the two elements. We experimentally
observed the perfect attachment of PbTe nanocrystals on {110}
facets (Figure 1D), and the inset FFT shows a single-crystal
pattern consistent with no misorientation. In these experiments,
attachment of particles on {100} facets was observed much
more frequently than {110} facets (Figure S3). We suspect that
the higher ratio of {100} faceting of our nanocrystals, observed
by HRTEM of the particles before attachment (Figure S2C),
could lead to a greater probability of this attachment pathway;
however other effects such as ligand binding strength to the
different facets may have an effect.

Most of the time, perfect attachment between particles was
observed. In surveying our samples across 33 um® and 258
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Figure 3. (A) Evolution of the b = a/2[110] edge dislocation position during ~4000 e”/A>s electron beam irradiation of the two PbTe
nanocrystals attached imperfectly on {110} facets. Selected HRTEM images with dark atom contrast from the time series showing the
dislocation removal process. Blue and yellow lines are overlaid on the (100) and (010) planes, respectively, as guides to the eye. The color of
each time stamp corresponds to the colorbar in (B). (B) The dislocation position was determined from geometric phase analysis of a time
series of HRTEM images. The color of each dot corresponds to the time. Overlaid is the glide plane of the dislocation determined from the
Burgers vector. (C) Misorientation angle of the two crystallites as a function of time. The color of each point corresponds to the colorbar in
(A). Error bars represent the standard deviation of the rotation value difference across the two crystallites determined by geometric phase
analysis. Particularly large standard deviations for certain points come from suboptimal images where the GPA indicated a greater variation
the rotation maps. (C) Plan view (left) and tilted (right) models of dislocations in PbTe with pure edge b = a/2[110] character (D) and mixed

edge and screw b = a/2[101] character (E).

attachment events, ~80% of the particles had perfect interfaces.
The rest were attached with a mixture of high angle tilt
boundaries and imperfect oriented attachment. Imperfect
oriented attachment that generated edge dislocations was
observed for particles attached on both {100} and {110} facets.
Figure 1E shows schematically how a step edge on a {100}
facet can yield a b = a/2(110) edge dislocation. Red dotted
arrows outline a Burgers circuit around a dislocation with a
white outlined black arrow for the Burgers vector following the
right-hand start finish convention with a dislocation sense going
into the page. We experimentally observed similar edge
dislocations with Burgers vectors of b = a/2(110) at the
interface between two PbTe nanocrystals (Figure 1F). The
formation of this dislocation is unsurprising since this is the
lowest energy dislocation for the rock salt crystal structure.” In
addition, the step edge necessary for the particles to imperfectly
attach and yield a b = a/2(110) edge dislocation is relatively
common in the particles used for attachment (Figure S2C).
The inset FFT shows two distinct spots for the {100} spacing

coming from the two distinct nanocrystal domains that are
misoriented by the dislocation.

We also observed that dislocations form at the interface
where particles attach on {110} facets. Figure 1G shows a
schematic process for the generation of a b = a/2(110) edge
dislocation due to a step edge on a {110} facet of one of the
particles. We experimentally observed a b = a/2(110) edge
dislocation at the interface of two particles that attached on
{110} facets. The inset FFT shows two distinct spots that
correspond to the two misoriented nanoparticle domains. It is
interesting that dislocations with the same Burgers vector are
formed from attachment of different facets, although this is
unsurprising since the b = a/2(110) edge dislocation is the
lowest energy, and there are reasonable surface faceting that can
give rise to the same dislocation for both facets. The data
suggest that the energetics of the dislocation formation dictates
the type of dislocation formed, rather than the facet that is
attaching for this material. We observed the formation of b = a/
2(110) edge dislocations on both {100} and {110} attached
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particles on multiple occasions (Figure S4), indicating this type
of defect formation is common. Another common defect in the
rock salt crystal structure is a dislocation with a Burgers vector
b = a(100). We did not observe any instance of this dislocation.
This dislocation has a higher elastic energy, which goes as b,
and thus we suspect this makes it less favorable to form. Further
the formation of a b = a(100) edge dislocation would require a
two atomic layer {100} step edge, which we observe few of in
the original PbTe nanoparticle sample (Figure S2C).

Next, we wanted to understand if b = a/2(110) edge
dislocations are more easily removed from particles attached on
{100} facets compared to {110} facets, which is what would be
predicted based on the simple geometric arguments in the
introduction. To this end, we collected HRTEM movies of the
imperfectly attached particles under ~4000 e”/A%s electron
beam irradiation. Recent experimental and theoretical studies
have indicated that electron beam irradiation can induce sample
excitations similar to thermal excitation;>” > thus performing
our experiments at the same dose rate should allow us to
compare dislocation dynamics in different samples. Under these
conditions we could collect movies with sufficient resolution to
track the dislocation as it evolved (Movie S1). Figure 2A shows
selected frames from the TEM movie of {100} imperfectly
attached particles showing the dislocation moves in its glide
plane to the surface of the particle, where it is annihilated
within 24 s. The overlaid blue and yellow lines correspond to
the (100) and (010) planes, which show the extra (100) and
(010) plane that is expected for a b = a/2(110) edge
dislocation. At t = 122 s and t = 17.1 s, we could not
distinguish the (010) planes definitively; we suspect the bottom
crystal is rotating so quickly during the collection of these
frames (1 s) that the atom columns are getting blurred. To
objectively track the dislocation position as a function of time,
we performed geometric phase analysis (GPA) on each frame
of the movie to measure the experimental strain field in the
attached particles. Then, the position of the discontinuity in the
strain fleld was taken to be the position of the dislocation for
that fame (details in Figure S5). The position of the dislocation
is plotted in Figure 2B, where the color of each dot corresponds
to the time. The edge of the nanocrystal is outlined in black.
Overlaid on the plot is the glide plane for the dislocation
determined from the Burgers vector, clearly showing the
dislocation following the {110} glide plane directly to the
surface of the particle. In addition, we determined the average
misorientation angle between the two particles by taking the
difference of the average value of the rotation image from
geometric phase analysis for each of the two particles (Figure
S6). The error bars were determined by measuring the standard
deviation of the rotation value, determined by GPA, for each
crystallite and adding the standard deviations in quadrature.
These error bars are a metric both for the intrinsic error in the
measurement and for variations in the orientation across
individual crystallites due to strains imposed by the dislocation
or quick rotation of the lattice during image acquisition. The
misorientation angle as a function of time is plotted in Figure
2C, where the color of each point corresponds to the colorbar
in Figure 2B to facilitate comparison. We observe that the
misorientation angle between the particles decreases as the
dislocation approaches the surface. Further, in frames where
one of the crystallites is rapidly changing and shows spatial
variation of orientation, such as the bottom crystallite at the t =
12.2 s time point, a larger standard deviation in the
misorientation angle is measured.

To test our hypothesis that b = a/2(110) edge dislocations
would be more difficult to remove from {110} attached
particles, we performed the same experiment as above (with the
same electron dose rate) on {110} imperfectly attached
particles (Movie S2). Snapshots from this movie are shown
in Figure 3A. Initially, the dislocation moves in the glide plane
(t = 0—87 s), but this movement does not bring it any closer to
the surface of the particle. This is further highlighted in the
dislocation position map determined by geometric phase
analysis (Figure 3B). In addition to glide, we briefly observe
the dislocation move closer to the particle surface (¢ & 122 s)
seen both in the dislocation position map and in the HRTEM
image (Figure 3A, t = 122.0 s). While this appears to be
progressing toward removing the dislocation from the material,
it is happening on a much slower time scale than we observed
for {100} attachment. The slower rate is consistent with
dislocation climb,™ where a dislocation moves out of its glide
plane to an adjacent one. However, in dislocation climb,
vacancies must coalesce with the dislocation to move it out of
the current glide plane, meaning the speed of this process
depends on the vacancy concentration in the material and is
typically much slower than dislocation glide. Further we
observe a small, ~3° decrease in the misorientation angle
(Figure 3C) after the dislocation undergoes dislocation climb,
moving it closer to the surface (t = 122 s), and the source of the
angle change will be discussed later. After the dislocation climb
event, the dislocation undergoes a complex trajectory, which
will be discussed later, but importantly even after 217 s of 4000
e”/A%s the particle still contains a defective interface (Figure
3A). This is consistent with our hypothesis that the collinear
glide plane and attachment direction would lead to more
difficult dislocation removal.

In addition to dislocation climb, we observe other types of
dislocation dynamics later in this defect’s trajectory. In two
subsequent frames (Figure 3A, t = 144.0 to 146.4 s), we first
observe the defect with orthogonal (100) and (010) extra half-
planes, consistent with a b = a/2(110) edge dislocation. In the
subsequent frame, only the extra (100) plane is present. Based
on this projection it would appear that the system now has a b
= a/2(100) edge dislocation, yet that Burgers vector is not
allowed in the rock salt crystal system and does not make
physical sense because it would result in Pb—Pb and Te—Te
bonds (Figure S7). However, if we consider out-of-plane, a/
2[001], character to the Burgers vector of the new dislocation, a
sensible structure can be deduced. In this case, the dislocation
now has partial screw character. Figure 3D and E show a crystal
model of a dislocation with pure edge (b = a/2[110]) character
and with partial screw character (b = a/2[101]), respectively. It
is clear based on the structural model in Figure 3E that when
viewed along the [001] zone axis, only the (100) extra half-
plane would be observed. We performed multislice HRTEM
image simulations of a b = a/2[101] mixed dislocation, and the
simulated image is consistent with the experimental image
(Figure S8). We note that we cannot determine the handedness
of the screw dislocation based on TEM, and the equivalent b =
a/2[101] is also possible. The tilted models and overlaid
Burgers circuit on the right of each panel highlight the out-of-
plane character of the proposed screw dislocation. In addition,
we observe a ~5° decrease in in-plane misorientation angle
when the dislocation converts to partial screw character,
consistent with a decrease in edge character of the dislocation,
which is what gives rise to the in-plane misorientation.
Furthermore, we would expect a tilt around the attachment
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Figure 4. (A) Schematic representation of a dislocation in a thin plate described in eq 1. (B) Misorientation angle as a function of dislocation
distance from the surface for the b = a/2[110] edge dislocation in the {100} attached particles shown in Figure 2. (C) Misorientation angle as
a function of dislocation distance from the surface for the b = a/2[110] edge dislocation in the {110} attached particles shown in Figure 3. In
both cases, the line is a plot of eq 1 using the measured thickness of the crystal at the defect and a b = a/2[110] Burgers vector. (D)
Misorientation angle as a function of dislocation distance from the surface for the mixed dislocation from Figure 3 observed after conversion
to partial screw character. The line is a plot of eq 1 for the b = a/2[100] edge component of the dislocation. We note that upon conversion to
screw character, the dislocation moved toward the opposite surface of the particle, and eq 1 is defined across the whole thickness of the particle

and is simply a maximum at the exact middle.

[110] axis of the crystallites if a screw dislocation was present.
This can be thought of as a small slice of a twist boundary
between two grains, which has a characteristic twist angle given
by 6 = b,,.,/D where D is the spacing between screw
dislocations.”” In this case, the spacing of screw dislocations can
be approximated at the neck thickness, and thus we would
expect a twist of approximately 5° between the two crystallites.
This twist could be manifested as a decrease in contrast due to
one of the particles rotating off the (001) zone axis. Indeed, we
observed several cases of screw dislocations (Figure S10) where
one of the particles appears to be rotated off zone axis while the
other remains on the (001) zone axis. To corroborate this, we
performed multislice TEM image simulations of tilted 3.8 nm
PbTe cuboctahedra-shaped nanocrystals (Figure S11), which
showed that a 5° rotation off the (001) zone axis was sufficient
to result in reduced contrast in the planes whose surface normal
is perpendicular to the rotation axis. This evidence further
supports the conversion from edge to mixed dislocations in
imperfectly attached nanocrystals. Finally, we observe edge to
mixed conversion multiple times (Figure S9), indicating that
this process is common in imperfectly attached PbTe
nanocrystals where the defect takes a significant amount of
time to anneal out.

Based on our data, there is a strong interplay between the
misorientation of the two crystallites, the dislocation distance
from the surface, and the dislocation character. The
misorientation angle between the crystallites on both {100}
and {110} attachment is much larger than expected for an
isolated dislocation in an infinite crystal. However, we realized
the geometry of these attached particles is the same as an edge

dislocation in a thin plate.él’G2 The isotropic continuum

elasticity solution for this dislocation geometry has been
solved, and it predicts that the misorientation angle of the
crystal on either side of the crystal depends on the magnitude
of the Burgers vector, dislocation distance from surface, and
crystal thickness according to eq 2 (adopted and rearranged
from refs 61 and 62).

6by(t — y)
£ ()

where f is the misorientation angle in radians, b is the
magnitude of the Burgers vector in A, y is the dislocation
distance from the surface in A, and ¢ is the crystal thickness in
A. Figure 4A shows the geometry and variables described in this
equation. This equation provided reasonable predictions for
160 nm thick SnS, foils with edge dislocations by careful angle
measurements using convergent beam electron diﬂ‘raction,61
and recently modern synchrotron based u-Laue diffraction
experiments of misorientation in GaAs thin foil with a single
dislocation showed that a continuum model accurately
predicted misorientation angles.”> Using the dislocation
position and misorientation angle that we have determined
from the geometric phase analysis, we plotted the misor-
ientation angle as a function of dislocation distance from the
surface for the {100} attached particles in Figure 4B. We
observe that the misorientation angle decreases as the
dislocation approaches the surface. Further, we measured the
crystal thickness at the dislocation position and plotted eq 2 for
that thickness. We can see particularly when the dislocation is
far from the surface, eq 2 provides a good prediction for the

p=
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misorientation angle. We performed the same analysis for the
{110} attached particles. In this case, we separated the analysis
into the regime before conversion to a mixed dislocation
(Figure 4C) and after conversion to a mixed dislocation (Figure
4D). In the mixed case, only the magnitude of the edge
component (begq = a/2[100]) is input in eq 2 for the Burgers
vector since the screw component does not contribute to the
in-plane misorientation. In both cases, the agreement between
eq 2 and the experimental data is quite good. Unfortunately for
the {110} trajectory, the dislocations did not approach the
surface; thus the validity of the equation could not be evaluated
as the dislocation approached the surface. Furthermore, the
{100} attached particles (Figures 2 and 4B) had a larger contact
area between the two crystals and thus a smaller misorientation
angle than the {110} attached crystals (Figures 3 and 4C),
which is consistent with the inverse relationship between
misorientation angle and thickness in eq 2. Taken together,
misorientation angles observed in imperfectly attached particles
are consistent with the predictions from a simple continuum
elasticity model.

Thus far, we have carefully analyzed the trajectories of two
dislocations; however we wanted to determine if our hypothesis
that dislocation removal is easier for {100} attached particles
was significant across multiple particles. To do this, we
evaluated the dynamics for several particles attached on both
facets to determine the average removal speed for those
dislocations and understand the generality of our observation.
We defined the average removal speed by first measuring the
shortest distance between the initial position of the dislocation
and the surface; then we determined how long it took the
particle to achieve a perfect interface. The dislocation removal
speeds at the same electron dose rate for five different particles
(Movies S1—SS) are shown in Figure S. We observe that for
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Figure 5. Average dislocation removal speed for particles attached
on the {100} (squares) and {110} (diamonds) facets. The speed
was determined by measuring the shortest distance between
dislocation and the surface and dividing it by the total time
needed to achieve a perfect particle. The color of each point shows
the initial distance of the dislocation from the surface. All data
points were taken at an electron dose rate of ~4000 e /A*s. Solid
points correspond to particles that achieved perfect interfaces
within the observation time; open points did not.

particles attached on {100} facets the dislocation is removed
more quickly than for those attached on {110} facets. In
addition, we observe that the initial distance the dislocation is
from the surface has a strong effect on the average removal
speed. This indicates that the closer a dislocation is to the
surface, the faster it moves toward the surface. This is
qualitatively consistent with the attractive force expected

between a dislocation and a surface based on the image force
representation of dislocation surface interactions.*> Indeed,
across several attachment events, {100} attachment provides
much easier dislocation removal compared to {110} attachment
in the rock salt crystal system.

DISCUSSION

On the Importance of Attachment Direction and Size
for Dislocation Removal from Nanocrystals. We observe
that b = a/2(110) edge dislocations that result from {100}
attachment are much easier to remove than {110} attachment
for the rock salt crystal structure. This is consistent with our
hypothesis that the collinear glide plane and attachment
direction would lead to more difficult dislocation removal.
Our results indicate that care must be taken when attaching
nanoparticles to ensure that the glide plane of the dislocation
formed intersects a surface. More generally, once anisotropy is
induced in a nanoparticle, defects cannot be ignored since it is
possible for a dislocation to have a glide plane that does not
intersect the surface of the particle. Further, since different
materials have different slip systems and low-energy dis-
locations, the attachment directions that are ideal will depend
on the crystal structure of the material. In addition, our results
imply that many of these undesirable dislocations can be
avoided if the starting nanocrystals were free of step edges on
the surface. Currently, there is a lack of methods to characterize
this parameter in ensembles of nanocrystals, and thus it is
unclear which synthetic parameters must be tuned to make
smooth nanocrystal surfaces. Careful consideration of these
dislocation removal design rules will be important for preparing
defect-free epitaxial nanoparticle assemblies.

The image force representation of the dislocation surface
interactions provides an additional consideration for attach-
ment. A dislocation near the surface is far easier to remove
because the distance the dislocation must diffuse to reach the
surface is less and because the force pulling the dislocation to
the surface increases as the dislocation approaches the surface.
The first takeaway is that oriented attachment of small particles
is much more likely to produce defect-free interfaces because
potential interfacial defects are much easier to heal. In support
of this, there are several examples in the literature of the
preparation of single-crystal extended nanostructures that
appear to be free of dislocations though the attachment of
small (<3 nm) particles.64_68 Further, these considerations
indicate that when attaching larger particles, controlling the
shapes such that smaller epitaxial necks form may be better
because the small necks will be much easier to heal if
imperfectly attached. In the context of epitaxial superlattice
assembly, this result indicates that the shape of the starting
particles should be controlled such that small necks form
initially, and then the necks can be thickened using
postsynthetic reactions.”” In the specific case for lead
chalcogenide nanocrystals, the ideal shape for epitaxial
attachment would be truncated cuboctahedra where the small
{100} terminating facets are induced to attach, and any defects
which may form are easily removed. However, as the desired
attachment facet is made smaller, it may increase the likelihood
of attachment happening on different facets. Thus, a balance
will need to be found between smaller attachment facets
needed to minimize defects and larger facets to ensure facet
selective epitaxial connections. The limited diffusion length and
surface image force, where the importance of the latter has not
been fully appreciated until now, combine to greatly facilitate
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defect removal from colloidal nanomaterials. This explains the
ease of preparation of defect-free colloidal nanocrystals of many
materials at modest temperatures compared to their bulk
melting temperatures. These ideas can be extended to provide
guidelines for attaching nanocrystals while maintaining their
perfect crystal lattices.

Conversion to Mixed Dislocations and Its Implications
for Classical Crystal Growth and Nanocrystal Synthesis.
Understanding how a pure edge dislocation converts to a screw
dislocation is important because the latter are difficult to
remove and serve as spots for monomer attachment. From a
continuum elasticity standpoint, a screw dislocation has a lower
strain energy than a pure edge dislocation with the same
magnitude of Burgers vector; thus it is not unexpected that the
dislocation converts to partial screw character.” The time scale
of the conversion is intriguing because it happens within 1
frame in our HRTEM movie (1.4 s readout time between
frames). In addition, there is essentially a discontinuity in the
misorientation angle between the two particles when the
conversion occurs, which further highlights the speed of the
conversion. One possible mechanism for this conversion is the
collective shearing in the (011) direction in the (010) slip
plane. Considering the finite number of atomic planes that this
occurs over, this mechanism is only reasonable and possible in
the smallest nanocrystals. On the other hand, a kink in the
dislocation with screw character could also nucleate and
propagate rapidly to convert the dislocation to partial screw
character. With this mechanism, screw conversion could occur
regardless of nanocrystal size since the kink nucleation
activation barrier is not as strongly size dependent. Future
studies on the size-dependent dislocation dynamics in nano-
crystals with better time resolution should be able to answer
this question.

It was previously hypothesized that imperfect orientated
attachment between two particles would likely only give rise to
edge dislocations because there is a significant driving force for
crystals to achieve full coherence around an axis normal to the
attachment direction. Thus, imperfect oriented attachment of
two particles would not give rise to screw dislocations.”® The
only confirmed mechanism for generating screw dislocations in
nanocrystals is imperfect oriented attachment of three or more
particles where one particle lays across a low-angle tilt boundary
between the two other particles.”® Our results show that it is
possible for a pure edge dislocation in two attached particles to
convert to a dislocation with partial screw character. This shows
there are alternative ways to form screw dislocations during
imperfect particle attachment. We observed conversion to
mixed dislocations in many instances of two attached particles
with either {100} or {110} attachment (Figure S9), and some
already had mixed character initially (Figure S10). It is unclear
if they contained mixed character initially, or if they converted
during the electron beam exposure while searching and
focusing. Importantly, once a screw dislocation is formed, it
provides a self-propa%ating step edge for monomer attachment
based crystal growth.””** Screw dislocations are often cited as
the source of step edges that allows for crystal growth to occur
at far lower supersaturations than expected if the surface of
crystals were perfect. Our results show an additional pathway
for the formation of those defects, which could have important
implications for further understanding of crystal growth and
mineralization processes.

Further, from the standpoint of removing dislocations from
imperfectly attached nanocrystals, the character of the

dislocation has important consequences. Typically screw
dislocations are less mobile than edge dislocations because of
larger Peierls barriers,**”® and this is the case for rock salt
c1'ystals.71’72 Thus, once the screw dislocation forms, it will be
even harder to remove. In addition, the image force
experienced by a screw dislocation at a free surface is smaller
than an edge dislocation with the same magnitude of Burgers
vector,” meaning the critical size for defect free nanocrystals is
smaller for screw dislocation free materials.”” The combination
of larger Peierls barriers and smaller image forces make screw
dislocations the most difficult to remove from a nanocrystal.
This is observed experimentally in Figure 3A, where over the
course of almost 100 s the mixed dislocation remains in
essentially the same location in the crystal. This further
highlights the importance of removing the dislocations from
nanocrystals quickly to minimize the likelihood of making
dislocations with screw character, which are harder to remove.

Understanding the Misorientation between Imper-
fectly Attached Nanocrystals. It is interesting to consider
the mechanisms giving rise to the misorientation angle between
the two crystallites. The ability of individual nanocrystal
domains to freely misorient without needing to strain the
surrounding crystal causes them to misorient more than
expected compared to a dislocation cut from a bulk crystal.
Further, we observe that the misorientation angle between the
crystallites decreases as the dislocation approaches the surface.
We can understand this by considering the same dislocation
geometry as Figure 4A. If the dislocation moves upward, the
interface below the dislocation increases in length, and it
becomes less favorable for a large misorientation angle to be
present because a larger number of bonds are highly strained if
the angle remains large. Likewise, as the misorientation angle
decreases, fewer atomic bonds are highly strained above of the
dislocation and thus are not as great of an energy penalty for
the misorientation angle to decrease. This behavior is
quantitively captured in a continuum elasticity model by eq
2. It is surprising that an isotropic continuum model can predict
the misorientation angles measured in the nanocrystals
considering the size and discreteness of the bonding at these
length scales. We can understand this by considering how the
discrete lattice will affect the energy of the system. The
continuum model neglects the dislocation core energy, which
corresponds to the nonelastic energy at the center where the
atom displacements are large. Typically, the dislocation core
energy is much smaller than the elastic contributions. Further,
changes in misorientation angle may only have a small effect on
the magnitude of the core energy. Thus, we suspect the core
energy change with misorientation angle will have a small effect
on the overall energy of the system compared to the elastic
energy reduction that results from misorienting the crystals.
Further understanding of the details of the misorientation angle
in imperfectly attached nanocrystals will require more detailed
size-dependent studies and comparison with results from
continuum elastic theories, molecular dynamics simulations,
and ab initio calculations.

CONCLUSION

We have studied the dynamics of b = a/2(110) edge
dislocations in PbTe nanocrystals that have imperfectly
attached on {100} and {110} facets. For particles attached on
the {100} facets, the dislocation follows its glide plane, which
lies 45° to the surface, and quickly yields a perfect interface. For
particles attached on the {110} facets, the glide plane is
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collinear with the attachment direction. In this case, the
dislocation moves in its glide plane initially, but this does not
bring the particle any closer to the surface. Instead, the
dislocation undergoes a complex trajectory including disloca-
tion climb and conversion to a screw dislocation. These trends
were realized across multiple particles by measuring the
dislocation removal speed, which showed that particles attached
on {100} facets became perfect an order of magnitude more
quickly than for those attached on {110} facets. We believe that
our results reveal several important considerations regarding
crystalline defects in nanocrystals. First, once anisotropy is
introduced in a structure, the relationship between the glide
plane of the dislocation and the anisotropy direction becomes
important. In addition, the observation of pure edge
dislocations converting to screw dislocations provides a source
of self-propagating step edges, which are important growth sites
for monomer attachment driven crystal growth. Relating to
epitaxially connected superlattices of nanocrystals, our results
suggest that attachment of PbX particles on the {100} facets
will make it easier to remove defects than those attached on
{110} facets. Further we provide direct experimental evidence
for dislocation surface attractive interactions in nanocrystals,
which highlights the highly nonlinear scaling of defect removal
kinetics in nanocrystals. To put this in context, II-VI and IV—
VI nanocrystals have been successfully prepared with high
material quality. However, the development of colloidal
nanocrystals of more covalent materials (III-V and IV
materials), which have higher Peierls barriers and thus smaller
defect-free critical sizes, with high material quality lags. Higher
temperatures, which are limited in colloidal synthesis, are thus
needed to anneal out defects in a reasonable amount of time.
With a fundamental understanding of size-dependent defect
stability and dynamics in nanocrystals, it may be possible to
design colloidal syntheses that may prevent defect formation or
facilitate removal, thus realizing high-quality III-V and IV
materials colloidally. The behavior of defects in nanocrystals
and how well-developed dislocation theory can describe
extended defects in small (<5 nm) volumes is a relatively
underexplored field, and further understanding will be needed
to continue the drive to synthesize nanomaterials with ever-
increasing material quality.

MATERIALS AND METHODS

Materials. PbO lead(II) oxide 99.9% Sigma; oleic acid 90% (OA)
technical grade Aldrich; octadecene 90% (ODE) technical grade
Aldrich; n-trioctylphosphine 97% (TOP) Strem; tellurium shot
99.9999% Alfa Aesar; CVD graphene on copper 3—5 layer ACS
materials; Quantifoil R1.2/1.3 300 mesh Au holey carbon SPI supplies.
All solvents used were purchased as anhydrous with Sure Seal lids and
sparged with argon prior to bringing into an argon-filled glovebox.

Nanocrystal Synthesis. PbTe nanocrystals were synthesized
based on modified methods from Zhu et al.”> A 1.0 M TOP—Te
solution was prepared by dissolving tellurium shot in TOP in an argon
glovebox (<1 ppm of O, and H,0) at room temperature for ~36 h.
Next, 900 mg of PbO, 7.56 g of OA, and 16 g of ODE were loaded in a
three-neck round-bottom flask and heated under vacuum on a Schlenk
line at 100 °C for 1 h to complex lead oleate and dry the solution. The
flask was refilled with argon (ultrapure <1 ppm of O,) 3X and heated
to 120 °C. A 2 mL amount of the 1.0 M TOP—Te solution was
injected, and the nanocrystals were allowed to grow for 10 min at 120
°C. The reaction was quenched by quickly cooling to room
temperature using a water bath. The nanocrystals were cannula
transferred to a Schlenk flask and transferred to an argon glovebox.
The nanocrystals were washed 3X by precipitating them with excess
acetone, centrifuging, and dissolving the resulting pellet in toluene.

The sample were stored in an argon glovebox. It was found that
pristine unoxidized surfaces were necessary for ligand displacement
mediated attachment.

TEM Sample Preparation. Graphene-coated TEM grids were
prepared by direct transfer of 3—S5 layer graphene onto holey quatifoil
TEM grids.”* PbTe particles sandwiched between graphene sheets
where prepared based on modified methods for making graphene veils
and sandwiches.”® Briefly, in a glovebox a small droplet of dilute PbTe
nanocrystals in toluene was dropped on a graphene-coated TEM grid,
and the droplet was allowed to dry. A second graphene-coated TEM
grid was placed on top, and a droplet of toluene or orthodi-
chlobenzene was placed on the sandwich. This assembly was covered
with a glass dish, and the solvent was allowed to slowly evaporate for
several hours to seal the sample between the graphene. The sample
was taken out of the glovebox and quickly (~3 min) transferred to the
TEM column.

TEM Imaging. TEM imaging was performed on a FEI Tecnai T20
S-TWIN TEM operating at 200 kV with a LaBy filament. Images were
taken near Scherzer focus, which resulted in dark atom contrast for this
crystal thickness. Time series of TEM images were collected with a
Gatan Orius SC200 using a custom digital micrograph script with full
2048 X 2048 pixel readout, at a nominal magnification of 400kX,
resulting in a pixel resolution of 0.13 A/pixel, an exposure time of 1s,
and a readout time of 1.4 s, yielding a frame rate of 0.4 fps. Since the
defect dynamics were beam initiated, care was taken to minimize
electron dose prior to imaging. Searching was performed with a spread
beam; then once a suitable defective nanoparticle was found, a custom
Digital Micrograph script was used to condense the beam to
reproducibly return to the same dose rate within a session for each
movie acquisition. We estimate a dose rate of ~4000 e /A% s was used
for all data collected.
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