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Conspectus

Oriented atomic attachment of colloidal inorganic nanocrystals represents a pow-
erful synthetic method for preparing complex inorganic superstructures. Examples in-
clude fusion of nanocrystals into dimer and superlattice structures. If the attachment
were perfect throughout, then the resulting materials would have single crystal-like
alignment of the individual nanocrystals’ atomic lattices. Due to strong electronic cou-
pling of the nanocrystals, this has great promise for realizing materials with emergent
phenomena which cannot be achieved with atomic crystals. Unfortunately, experimen-

tal realization of these properties has lagged, due to defects that are created during



the attachment. While individual colloidal nanocrystals typically are free of many de-
fects, there are a multitude of pathways which can generate defects upon nanocrystal
attachment. These attachment generated defects are typically undesirable, and thus
developing strategies to favor defect-free attachment, or heal defective interfaces are
essential for the full promise of nanocrystal solids to be realized. There may also be
some cases where attachment-derived defects are desirable. In this Account we sum-
marize our current understanding of how these defects arise, in order to offer guidance
to those who are designing nanocrystal derived solids.

The small size of inorganic nanocrystals means short diffusion lengths to the sur-
face, which favors the formation of nanocrystal building blocks with pristine atomic
structures. Upon attachment, however, there are numerous pathways which can lead to
atomic scale defects, and bulk crystal dislocation theory provides an invaluable guide
to understanding these phenomena. As an example, an atomic step edge can be incor-
porated into the interface leading to an extra half-plane of atoms, a one dimensional
or line defect known as an edge dislocation. These dislocations can be well described
by the Burgers vector description of dislocations, which geometrically identifies planes
in which a dislocation can move. Our in situ measurements have verified that bulk
dislocation theory predictions for 1D defects hold true at few-nanometer length scales
in PbTe and CdSe nanocrystal interfaces. Importantly, details of the dislocation ge-
ometry greatly influence the kinetics of dislocation removal from the interfaces making
some defects easier to heal than others. Ultimately, the applicability of dislocation the-
ory to nanocrystal attachment enables the predictive design of attachment to prevent
or facilitate healing of defects upon nanocrystal attachment. We applied similar logic
to understand formation of planar (2D) defects such as stacking faults upon nanocrys-
tal attachment. Again concepts from bulk crystal defect crystallography can identify
attachment pathways which can prevent or deterministically form planar defects upon
nanocrystal attachment. The concepts we discuss work well for identifying favorable
attachment geometries for nanocrystal pairs, however it is currently unclear how to

translate these ideas to near-simultaneous multi-particle attachment, as often may oc-



cur in real assembly experiments. Geometric frustration, which prevents nanocrystal
rotation, and yet-to-be considered defect generation pathways unique to multi-particle
attachment complicate defect free superlattice attachment. New imaging methods now
allow for the direct observation of local attachment trajectories, and may enable im-
proved understanding of such multi-particle phenomena. With further refinement, a
unified framework for understanding and ultimately eliminating structural defects in

fused nanocrystal superstructures may well be achievable in coming years.

Key references

e Ondry, J. C.; Hauwiller, M. R.; Alivisatos, A. P. Dynamics and Removal Pathway of
Edge Dislocations in Imperfectly Attached PbTe Nanocrystal Pairs; Towards Design
Rules for Oriented Attachment. ACS Nano 2018, 12, 3178-3189.1 In situ TEM studies
reveal the importance of dislocation glide plane orientation for facilitating dislocation

removal from imperfect interfaces in attached PbTe nanocrystals.

e Ondry, J. C.; Philbin, J. P.; Lostica, M.; Rabani, E.; Alivisatos, A. P. Resilient Path-
ways to Atomic Attachment of Quantum Dot Dimers and Artificial Solids from Faceted
CdSe Quantum Dot Building Blocks. ACS Nano 2019,13, 12322-12344.2 Comprehen-
sive in situ TEM studies of dislocation removal pathways in CdSe nanocrystals attached

on their prismatic facets.

1 Introduction

In the macro-world, properties of matter — density, melting point, refractive index — are
intensive quantities which are independent of system size. At the nanoscale, this relationship
breaks down and many materials’ properties become strongly system-size dependent. Inor-
ganic colloidal nanocrystals simultaneously display strongly size dependent thermodynamic

(e.g. melting point® and phase transitions?) and electronic properties.® As such, under-



standing the size dependent thermodynamic and kinetic properties related to growth are
crucial to engineering size dependent electronic structures. Electronic structure engineer-
ing using handles such as size, shape, doping, and composition variation, can be used to
tailor make structures for various applications (e.g. efficient light emission, charge separa-
tion, etc). As isolated nanocrystals, high-quality samples are routinely achieved. However
for many practical applications nanocrystals must be brought close enough for electronic
communication. Atomic attachment of individual nanocrystals enables strong electronic
communication between nanocrystals, however challenges need to be overcome to realize
high-quality nanocrystal attachment.

In this Account we will discuss thermodynamic and kinetic factors which dominate at the
nanoscale and favor the formation of defect-free inorganic nanocrystals. Next we will discuss
atomically attaching individual nanocrystals into crystallographically fused superstructures.
We will focus on attachment mediated defect formation and removal pathways. Our recent
in situ TEM experiments document defect removal pathways in imperfectly attached PbTe!
and CdSe? pairs and point towards the possibility of a unifying framework to understand
and control defects in attached inorganic nanocrystals. Finally we will discuss progress and
challenges of translating nanocrystal pair attachment principles to attachment of nanocrystal

arrays.

1.1 Imperfections in (nano)crystalline solids

The small size of colloidal nanocrystals changes kinetic considerations taken for granted in
bulk materials. In a bulk crystal (Figure 1A) there are typically imperfections with high
energy configurations throughout the volume. Long diffusion distances to surfaces, where
these defects can be expelled, make their removal slow and difficult. In contrast, in colloidal
nanocrystals (Figure 1B) a free surface is at most a few nanometers away and high energy
imperfections can easily be expelled to the surface. In Figure 1C we consider the size scaling

of the time required for a vacancy to diffuse to the surface of CdS crystallites, highlighting



the benefit of small crystallites. As a result only defects whose energy are sufficiently low to

be present at thermodynamic equilibrium are present (Figure 1B).
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Figure 1: Crystals and imperfections. (A) A bulk crystal schematic with different structural
defect classes, and (B) nano-sized crystals which are typically devoid of non-equilibrium
structural defects. (C) Plot of the average time it takes to expel a vacancy in CdS crystallite
as a function of crystallite size at 300°C. The the vacancy diffusion coefficient was calculated
from Woodbury.® (D-G) Classification of structural defects with increasing dimensionality.

To better understand imperfections in crystalline solids, we consider the different classes
explicitly. We begin with 0D point defects (Figure 1D), such as vacancies. Vacancies are
often considered equilibrium defects, since their formation energies are small enough that
that they exist at equilibrium at finite temperatures. The addition of an extra half-plane
of atoms leads to an edge dislocation which represents a class of 1D defects (Figure 1E).
For a 1D defect spanning a crystal, the energy scales with the length and can approach
59V automatically making them non-equilibrium defects.” Termination of a lattice plane
within a crystal leads to atoms which have dangling bonds, and thus typically represent
trap states in semiconductors.® For 2D planar defects such as grain boundaries (Figure 1F)
the energy scales with area, again resulting in large formation energies. Special cases of 2D

defects, such as twin boundaries and stacking faults, can have quite low formation energies.”



Similar, unfavorably high formation energies are present for 3D volume defects (Figure 1G).
Typically, 0D defects (Figure 1E) have appreciable thermodynamic concentrations at finite
temperatures (k,1") and all other classes are considered non-equilibrium defects since they are
(typically) kinetically trapped. On these grounds alone, one could anticipate that, based on
the facile kinetics of 0D defect removal, it ought to be possible to prepare exceptionally high-
quality initial nanocrystal building blocks. On thermodynamic grounds the high energies of
1D and 2D defects suggest that with the right pathway, it might be possible to attach these
building blocks into pristine nanocrystal solids. How to think about such pathways is the
subject of this Account.

The short diffusion lengths in nanocrystals facilitate removal of non-equilibrium defects.
As a result, structurally pristine colloidal nanocrystals can be synthesized at low tempera-
tures compared to bulk melting temperatures. An example of a single crystal wurtzite CdSe
nanocrystal is shown in Figure 2A which appears free of structural imperfections (except at
stacking fault at the bottom). Through appropriate heterostructure fabrication and surface
passivation, CdSe/CdS core shell semiconductor nanocrystals with luminescence efficiency
(quantum yield 99.6+0.2%), which is a proxy for crystal quality, have recently been achieved
(Figure 2B).° This quantum yield is comparable to MBE and MOCVD grown semiconduc-
tor heterostructures. As such, individual colloidal semiconductor nanocrystals are tantalizing

building blocks for complex, semiconductor assemblies and superlattices.

1.2 Opportunities and challenges in nanocrystal attachment

Atomically fused nanocrystals present exciting opportunities because the all-inorganic in-
terface allows for strong electronic coupling (Figure 2C).1! Subsequently, this can lead to

t.12 However,

electronic mini-bands which can be engineered in ways atomic bands canno
synthetic pathways for translating individual nanocrystals to pristine attached particles re-
mains unclear. An example of an atomically fused nanocrystal dimer of CdSe/CdS is shown

in Figure 2D.® Expanding attachment to multiple particles results in, for example, honey-



comb lattices of atomically fused PbSe nanocrystals (Figure 2E).'* Unfortunately many of
the predicted properties (such as Dirac mini-bands'? and non-trivial flat bands'?) of these

materials remain elusive, likely due to imperfections in the materials.
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Figure 2: From high-quality individual nanocrystals to attached superstructures. (A) Ex-
ample of a single crystal wurtzite CdSe nanocrystal. Reproduced with permission from ref
16. Copyright 1995 American Chemical Society. (B) Near-unity quantum yield CdSe/CdS
quantum dots. Reproduced with permission from ref 10. Copyright 2019 AAAS. (C) Scheme
outlining the challenges converting individual nanocrystals into atomically fused superstruc-
tures. (D) Example of an atomically fused CdSe/CdS quantum dot dimer. Reproduced with
permission from ref 13. Copyright 2019 Nature Publishing Group. (E) Example honeycomb
lattice derived from individual PbSe nanocrystals. Reproduced with permission from ref 14.
Copyright 2014 AAAS.

In this Account, we will consider defect generation upon atomic attachment of individual
nanocrystals. We will highlight how our recent in situ TEM studies of imperfect nanocrys-
tal attachment which point to design principles for enhancing defect removal prospects or
preventing their formation.!? In Section 2, we will discuss sources of imperfections resulting
from nanocrystal attachment. In Section 3, we will present a dislocation theory framework
for rationally describing 1D dislocations in imperfect interfaces. Next in Section 4, we will
consider 2D planar defects such as stacking faults and present design principles to con-
trol or prevent their formation. Finally in Section 5 we will consider multiple-nanocrystal

attachment and the additional complications which result. We will highlight progress in



improving attachment quality and opportunities for additional study regarding atomically
fused nanocrystal superlattices. Together we hope this Account provides a road map for mit-
igating structural imperfections in attached colloidal nanocrystals much like well-established

strategies in traditional crystal growth.

2 Defect generation from nanocrystal attachment

We begin by considering possible configurations for nanocrystal attachment in otherwise
pristine nanocrystals. Broadly, to achieve atomic attachment of colloidal nanocrystals, the
particles must be oriented with a common crystal alignment. This is typically achieved by

7 or via shape engineering.'® First, in Figure 3A, two

rotation of nanocrystals in solution,®
crystals with atomically flat surfaces can seamlessly join. Experimental examples such as
Figure 3E reveal pristine attachment is indeed possible.

Next in Figure 3B we consider the attachment of two nanocrystals, one which contains
an atomic step on the faceted surface. In this case, the atomic step is incorporated into the
interface, leading to the formation of an edge dislocation (1D defect) trapped at the interface.
Figure 3F-H all show examples of edge dislocations in TiO,, PbSe, and iron oxyhydroxide
respectively. Alternatively edge dislocations could result from nanocrystals held at a mist-
tilted angle (Figure 3, and upon attachment, diffusion into the interface incorporates an
extra half-plane of atoms.

Another possibility is shown in Figure 3D where two atomically smooth nanocrystals can
attach with a fractional unit cell translation, leading to a metastable stacking fault at the
interface. Figure 31 shows an example of a stacking fault in attached CsPbBr; nanocrystals.
Analogously, nanocrystals can attach resulting in a twin boundary (Figure 3J). Taken to-

gether, Figure 4A-D represent several major pathways which can lead to imperfections upon

pristine particle attachment.
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Figure 3: Defect generation pathways during nanocrystal attachment. (A) Perfect at-
tachment, (B) Attachment of particles with a step edge , (C) Attachment with a mistilt,
and atomic diffusion into the interface, and (D) attachment with a translation leading to
a stacking fault. (E) Example of perfect attachment of PbSe nanocrystals. Reproduced
with permission from ref 19. Copyright 2013 American Chemical Society. (F-H) Examples
of edge dislocations resulting from nanocrystal attachment in TiO,, PbSe, and iron oxyhy-
droxide nanocrystals respectively. (F) Reproduced with permission from ref 20. Copyright
1998 AAAS. (G) Reproduced with permission from the supporting information of ref 19.
Copyright 2013 American Chemical Society. (H) Reproduced with permission from ref 17.
Copyright 2012 AAAS. Example of stacking fault (I) and twin (J) planar defects resulting
from nanocrystal attachment in CsPbBrs and Pt respectively. (I) Reproduced with per-
mission from ref 21. Copyright 2018 American Chemical Society. (J) Reproduced with
permission from ref 22. Copyright 2012 AAAS.



3 Edge dislocations

Edge dislocations often result from particle attachment and warrant careful study.? We first
consider formal definitions of dislocation geometry which can dictate the directions a defect
can move within a crystal. In the case of a perfect crystal, any closed circuit of translations
spanning the same number of atoms returns to the original starting point (Figure 4A). This
is known as a Burgers circuit (red dashed line).?? In the case of an inserted half-plane (light
blue), a similar circuit does not return to the starting position (Figure 4B). Instead, the
vector needed to close the circuit (dark blue arrow) is defined as the Burgers vector. The
line running along the dislocation core is defined as the sense vector, &, (orange vector
perpendicular to the page). Edge dislocations result when b and £ are orthogonal and screw
dislocations are the case where b and & are co-linear.” The plane defined by the cross product
of the Burgers vector and sense vector, b x £, (brown arrow) is the glide plane (orange dashed
line), and is where a dislocation can move the easiest.”

To understand why a dislocation can move easily in it’s glide plane we consider Figure 4C
where the extra half plane of atoms can move in the lattice via simple atomic rearrangements
at the terminus of the half-plane. Gliding of a dislocation is conservative (i.e. doesn’t require
addition or removal of atoms) and is only possible within the glide plane.” For movements
in directions out of the glide plane, a net flux of atoms is needed. For example in Figure
4D, coalescence of a vacancy with the half-plane leads to movement perpendicular to the
glide plane (“climb”). Typically dislocation climb is slower than glide since vacancies have
a limited concentration.?

An example of Burgers vector and glide plane determination in a model and experimental
HRTEM image of PbTe nanocrystals imperfectly attached on {100} facets are shown in
Figure 4E. Section S1 gives a review of miller index system. In this case we observe a
b = §(110) edge dislocation indicating the magnitude “§” and direction “(110)” of the

Burgers vector. In this case, the glide plane for the dislocation intersects the surface of

the attached particles, providing a pathway to the surface. We used in situ high resolution

10



A Perfect B  Edge C Dislocation Glide
Crystal Dislocation |i) 1T i) T i) 111 @
—+ ] I 11
NN I T 111 €
I | FEEHE - e T 8
/l T | .
17 D Dislocation Climb ¢
! ins "EHHE P HHHH &
@ : : ]

Time (s)
Initial Distance From Surface (nm) b

Removal speed (nm/s)

&

M
< a2 A ac® AN Sy
X O
S S
2101 2 TR
UM N W
Nanometers o Attachment Case
J rr.. . 1 1T T T11]

3

N
S

151

Tpoit

NI N
X oo &F A4S
SN
ST RPN W

Attachment Case

o

Misorientation Angle (deg)

2

N

K

-

Time (s)

Nanometers

FHHHHHE

s

Small
H Interface

Figure 4: Rational description of edge dislocations in attached nanocrystals. Burgers circuit

for a (A) perfect crystal and an (B) edge dislocation. The plane defined by “bx&” is the glide
plane (orange dashed line). (C) Mechanism for dislocation glide and (D) climb. (E) Example
Burgers circuit for a model (left) and experimental HRTEM image (right) for an imperfect
interface in rock salt PbTe with a b = £(110) edge dislocation. (F) Example in situ HRTEM
trajectory of imperfectly {100} attached PbTe nanocrystals with a b = §(110) dislocation.
(G) Example trajectory of imperfectly {110} attached PbTe nanocrystals with a b = §(110)
dislocation. (E-G) Reproduced from ref 1. Copyright 2018 American Chemical Society.
(H) Example trajectory of imperfectly {1100} attached of wurtzite CdSe nanocrystals with
a b = %(1120) edge dislocation. (I) Classification of dislocation removal speeds and (J)
atomic lattice misalignment in imperfectly attached CdSe. (K) Analytic model to predict
the number of dislocations for misoriented nanocrystals of a given size. (H-K) Reproduced
with permission from ref 2. Copyright 2019 American Chemical Society.
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TEM at controlled electron beam dose rates to simulate thermal annealing and to track the
dislocation position (Figure 4F) throughout the trajectory. Indeed the dislocation follows
the glide plane to the surface, resulting in a defect free interface after ~24s.

We next considered attachment on {110} facets (Figure 4G). We observe the identical
dislocation type (b = §(110)), but it’s glide plane is co-linear with the attachment direction,
resulting in a geometry with no direct glide pathways to the surface. During a total obser-
vation time of ~250s, the defect does not leave the interface. Based on our results, glide
plane orientation relative to the surface dictate dislocation removal kinetics in attached PbTe
nanocrystals. This concept may be a powerful tool for identifying attachment facets which
may facilitate defect removal, should one form.

Subsequently we studied wurtzite CdSe nanocrystal attachment on prismatic facets. For
wurtzite we use the Miller-Bravais indexing system (Section S1). We observed different
classes of defects including edge dislocations, stacking faults, and partial dislocations, due to

the complex dislocation landscape in wurtzite.?4? Imperfect attachment on {1100} facets

a

(Figure 4H) results in an edge dislocation with b = 2(1120) Burgers vector. The dislocation
glide plane does not provide a pathway to the surface. Interestingly, the interface is suc-
cessfully healed under simulated annealing in a TEM wvia dislocation climb. Currently it is
unclear why dislocations climb in attached CdSe, but not in the PbTe. These results demon-
strate activating dislocation climb enables additional dislocation geometries be expelled from
an imperfect interface.

Several dislocation types were identified in attached CdSe nanocrystals. Through exten-
sive in situ TEM experimentation, we identified the relative ease of removal for each defect
type (Figure 41). While the details of these trends is nuanced, overall a larger mistilt of
the atomic lattice (Figure 4J) leads to slower defect removal. This suggests minimizing the
angle between particles results in defect which can be more easily removed. This can be

understood by considering imperfect nano-interfaces as snapshots of a low angle tilt bound-

ary (Figure 4K) where the dislocation spacing, D is approximated by D ~ g. For larger

12



interfaces or larger tilt angles, two dislocations are more likely to be incorporated. Multiple
dislocations can (attractively) interact via their strain field,” hampering removal. In prac-
tice, parameters to control relative particle orientation before attachment are unclear. In
cases where step edges lead to defects (Figure 3B), developing synthetic methods for step-
edge free nanocrystals are needed. Atomic step energies on crystals can vary from 0.0l% to
1% indicating surface steps on nanocrystals may have a thermodynamic concentration.?® In
cases where forced mistilt from geometric frustration lead to dislocation formation (Figure

3C), self assembly strategies leading to uniform atomic alignment are needed.

3.1 Dislocation nano-mechanics

Many phenomena of dislocations in bulk materials can be understood using continuum elas-
ticity methods.” A defective nanocrystal interface represents a test case for ultra small scale
defect behaviors. First, we consider the forces acting on a dislocation at a free surface us-
ing the image dislocation model (Figure 5A).7 Continuum elasticity predicts an attractive

force the closer the dislocation is to the surface. This would result in defects initially closer

distance

~ance) for removal. Indeed Figure 5B

to a free surface displaying higher average speed (
qualitatively shows this trend for dislocations in PbTe nanocrystals. Finally, strong surface-
attractive forces, which drive dislocations out of small crystallites, are a manifestation of

72729 in colloidal nanocrystals.

contentious “self-purification

Next we consider the mistilt between two particles with a single dislocation at the inter-
face (Figure 5C). The angle () between the particles is determined by the interface thickness
(t), Burgers vector (b), and dislocation position(y) and has been explored for large crystals.3°
At the nanoscale, it predicts that a dislocation leads large mistilt and successfully predicts
the mistilt between PbTe nanocrystals (Figure 5D). Imperfect attachment provides a useful
test-bed for single nanometer nano-mechanics. At these length scales well known phenom-

ena are much more dramatic than in larger systems. Future experiments will further our

understanding of the mechanical properties of inorganic nanocrystals.
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Figure 5: Nanocrystal attachment as a test-bed for nanoscale mechanics. (A) Forces on
F

a dislocation at a free surface where 7 is the force per unit length on the dislocation, u
is the shear modulus, b is the Burgers vector, v is Poisson’s ratio, and [ is the distance
from the surface. (B) Increased removal speed for dislocations which are initially closer
to the surface. (C) Continuum mechanics prediction for dislocation induced mistilt, 5,
as a function of interface thickness, ¢, dislocation position, y, and Burgers vector, b. (D)
Experimental mistilt between two PbTe nanocrystals as a function of dislocation position
with the analytical result of the equation in (C) plotted in blue. Reproduced with permission

from ref 1. Copyright 2018 American Chemical Society.
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4 Planar defects

Unlike dislocations, which have a disrupted local bonding environment at the core of the dis-
location, certain planar defects have minimal disruption to the local bonding environment.
Thus certain planar defects are only slightly higher in energy compared to a pristine struc-
ture and can be stable minima in the potential energy landscape. We aim to develop design
principles to controllably form (or avoid) planar defects resulting from nanocrystal attach-
ment. To illustrate a conceptual framework for identifying attachment geometries which can
control planar defect formation, we consider translating part of a honeycomb lattice (Fig-
ure 6A) along “zig-zag” and “armchair” planes (blue and green respectively). In “zig-zag”
translations, alternative bonding geometries are not possible, and no meta-stable energetic
minima result. Alternatively “armchair” translations of % unit cell, result in a 4-8 membered
ring geometry which is a metastable bonding configuration. This example illustrates the
importance of facet geometry in designing defect free interfaces.

Now we consider the case of wurtzite CdSe nanocrystals on their prismatic ({1100} and
{1120}) facets. In wurtzite, a {1120} prismatic stacking fault is possible and results in
a metastable 4-8 membered ring.*¢ In the case of attachment on {1100} (“zig-zag”) facets
(Figure 6B), the planes which can have a prismatic stacking fault (green) do not coincide with
an attachment facet, and as such only the attachment geometry in Figure 6C is observed.
In the case of {1120} (“armchair”) attachment, the attachment plane coincides with a plane
which can have a prismatic stacking fault . Thus two possibilities exist: perfect attachment
(Figure 6D) or a half unit cell translation leading to a prismatic stacking fault (Figure 6F).
Experimentally both perfect (Figure 6E) and prismatic stacking fault (Figure 6G) interfaces
are observed for {1120} facets. This comparative example illustrates how attachment facet
can dictate which planar defects form.

Some planar defects represent metastable structures, and thus resist returning to the
perfect lattice structure. We observed that a prismatic stacking fault persisted over 300s of

simulated annealing (Figure 6H).2 This demonstrates the importance planar defects resulting
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Figure 6: A framework for determining planar defect formation. (A) Relative energy for
translating a honeycomb crystal along “zig-zag” (blue) and “armchair” planes (green). (B,C)
Attachment of wurtzite CdSe on {1100} (zig-zag) facets allows only perfect attachment.
Planes where prismatic stacking faults can form are highlighted in green. (D-G) Attachment
of wurtzite CdSe on {1120} (armchair) facets has two possibles. (D,E) Perfect attachment,
(F,G) and formation of a prismatic stacking fault. (H) in situ HRTEM showing the stability
of a prismatic stacking fault during simulated annealing. (C,E,G,H) Reproduced with per-
mission from ref 2. Copyright 2019 American Chemical Society. (I) Example of Ruddlesden
Popper defect in perovskite CsPbBrs nanocrystals attached on {100} facets. Reproduced
with permission from ref 31. Copyright 2018 American Chemical Society. (J) Basal plane
stacking faults and twins in wurtzite/zinc blende ZnS nanocrystals attached on {0001} facets.
Reproduced with permission from ref 32. Copyright 2013 American Chemical Society. (K)
Multiple planar defects in attached ZnS. Reproduced with permission from ref 33. Copy-
right 2003 American Chemical Society. (L) Twin boundary resulting from attachment of
TiO, nanocrystals on {011} facets. Reproduced with permission from ref 34. Copyright
2004 American Chemical Society. (M) 2 x 3 tunnel defects in a-MnO,. Reproduced with
permission from ref 35. Copyright 2016 American Chemical Society.
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from attachment since they are difficult to remove. Alternatively this presents an exciting
opportunity for planar defect engineering. Some planar defects may harbor useful electronic
structures,®” and imperfect (but intentional) attachment may provide a route to high density
and possibly even periodic arrangements of such useful imperfections.

Examples of this are already present in the literature. For example in CsPbBrs, and
other perovskite crystal structures Ruddlesden-Popper defects which lie in {100} planes
are well known imperfections.®® Coincidentally, colloidal nanocrystals of CsPbBr; are usu-
ally terminated with {100} facets. Atomic attachment of CsPbBrs nanocrystals results in
Ruddlesden-Popper defects, one such example is shown in Figure 61. Similarly in the case
of attaching wurtzite/zinc blende materials on {0001}/{111} facets, twin boundaries, stack-
ing faults, and coherent phase boundaries can all lie in that plane. Such variety of defects
are readily observed in for example {0001} attached ZnS nanocrystals (Figure 6J) and in
hydrothermally coarsened ZnS (Figure 6K). Additional examples of controlled planar defect
formation in TiO5 and a-MnQO, are also shown in Figure 6. and M. Ultimately facet spe-
cific attachment of colloidal nanocrystals may enable deterministic fabrication of metastable

planar defects which are in and of themselves useful.

5 Considerations for multiple particle attachment

Thus far we have focused on cases of 2-particle attachment and shown principles from tra-
ditional dislocation theory which explain experimental results in PbTe and CdSe. One of
the goals alluded to in Figure 2E is to prepare semiconductor superlattices via attachment
of many nanocrystals. For multiple particle attachment there are additional complications.
For example it has been show that attachment of a 3rd particle across two already mistilted
particles results in the formation of a screw dislocation (Figure 7A).?° Another possible for-
mation mechanism, which does not need to invoke a step edge is shown in Figure 7Bi where

one nanocrystal differs in size by a single atomic layer (bottom right). Upon attachment, an

17



extra half-plane is incorporated in the upper interface. This would result in an aptly named
“hollow-core” edge dislocation.?” In Figure 7Bii, we show an atomic resolution STEM image
of attached PbSe nanocrystals collected by Savitzky et al..** We overlaid Burgers circuits of
a perfect 4 crystal junction (orange) and a hollow core dislocation (red). See Figure S3 and
Figure S4 for additional examples in PbSe and CdSe respectively. The additional compli-
cations related to multi-particle attachment create further hurdles in realizing high-quality
nanocrystal arrays.

In considering the expansion of few-particle attachment to array attachment, the com-
plexity increases rapidly, and explicitly considering individual attachment events is difficult.
In an ideal single crystal, the atomic lattice has one orientation present. Angular mistilts, as
we have seen, lead to dislocations and can provide a useful proxy for estimating dislocation
density.** Local atomic lattice orientation measurements by Dasilva et al. using 4D STEM
of attached PbSe nanocrystals have enabled identification of the 3D atomic lattice orienta-
tion (Figure 7C iii and iv). These measurements coupled with measurements of superlattice
order parameters (¢4) (Figure 7C i and ii) provide a detailed understanding of the coupled
atomic and mesoscale order. The ultimate goal is to identify the assembly/attachment con-
ditions and post-processing, leading to each nanocrystal achieving the same atomic lattice
orientation. Towards that goal, Smeaton et al. performed in situ annealing on a superlattice
of attached PbSe nanocrystals (Figure 7D).4? Measurement of the out of plane tilt of indi-
vidual nanocrystals shows that thermal annealing increases the uniformity in a small field
of view. To probe the improved atomic alignment on larger length scales Walravens et al.
used 26 — 2 XRD scans to highlight improved atomic alignment across large area films upon
thermal annealing. (Figure 7E)*

Careful atomic lattice orientation mapping presented in Figure 7C highlights the con-
siderable variability in attached semiconductor superlattices, and the implicit lower crystal
quality due to tilt induced dislocations and strain. As such, developing strategies for im-

proving alignment of particles during assembly, attachment, or post-synthetically represent
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Figure 7: Considerations for multiple particle attachment. (A) Formation of a screw dis-
location via 3 particle attachment. Reproduced with permission from ref 20. Copyright
1998 AAAS. (B i) Attachment of 4 particles with atomically flat facets, but with different
sizes leading to a “hollow core” edge dislocation. (B ii) Experimental example of a hollow
core edge dislocation resulting from 4 attached PbSe nanocrystals. (B ii) Image reproduced
with permission from ref 40. Copyright 2016 American Chemical Society. Burgers circuit
annotation added by the current authors. (C) 4D STEM characterization of various order pa-
rameters in a PbSe superlattice i) Virtual dark field image, ii) local superlattice structure, iii)
in plane tilt of the atomic lattice, and iv) out of plane tilt of the atomic lattice. Reproduced
with permission from ref 41. Copyright 2020 American Chemical Society. (D) Improvement
of PbSe nanocrystal alignment upon in situ thermal annealing. Reproduced with permis-
sion from 42. Copyright 2019 Microscopy Society of America. (E) High resolution XRD
characterization of PbSe nanocrystal superlattice atomic alignment upon thermal annealing
via 20 — Q) scans. i) experimental setup, ii) effect of orientational alignment diffraction, iii)
experimental 260, and iv) ) scans. Reproduced with permission from ref 43. Copyright 2019
American Chemical Society.
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open research directions, and the work of Dasilva et al. present a powerful characterization
framework. Further, the work of Smeaton et al. and Walravens et al. illustrate that thermal
annealing does improve atomic alignment, however even in their samples, annealing does
not yet result in uniform atomic alignment within the samples. Refinement of nanocrystal

synthesis, or improvement of initial assembly/attachment uniformity may be needed.

6 Conclusion and Perspectives

In this Account we have outlined the framework for considering defects in colloidal inorganic
semiconductor nanocrystals. Kinetic factors which are only apparent in nanoscale crystals
greatly facilitate defect-free synthesis of nanocrystals. Atomic attachment of nanocrystals
leads to many exciting possibilities, however it is also a potent generator of 1D and 2D
crystal defects. We demonstrated how dislocation theory and the Burgers vector notation
are powerful tools for predicting 1D defect behavior, and provide a predictive guide to identify
optimal facets for defect free attachment. We further demonstrated how attachment facet
choice can control planar (2D) defect formation, a useful approach to avoiding defects or
controllably introducing them into crystals. Finally we highlighted recent progress and
challenges understanding attachment and defect generation in multi-particle nanocrystal
attachment and atomically fused nanocrystal superlattices.

We take a moment to consider the merits and challenges for attaching nanocrystals into
dimer structures and superlattice structures. For a dimer, the nanocrystals can rotate freely,
allowing perfect atomic alignment. Superlattices are geometrically frustrated and nanocrys-
tal rotation can be impinged by neighboring nanocrystals, preventing collective alignment.
The degree of crystal misalignment (3°— 15°) in attached quantum dot superlattices is much
larger than epitaxial growth mechanisms (<< 1°). Ultimately the mistilt between nanocrys-
tals is a source of crystal defects and strain. These challenges indicate it may be possible to

achieve pristine materials in dimer structures, however the path is less certain for arrays.
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The atomic lattice is the strongest perturbation an electron (or hole) feels, and thus de-
fects in the atomic lattice will strongly affect carriers. Smaller perturbations from mesoscale
superlattices may be drown out by atomic scale defects. Future endeavours to understand
improvements to nanocrystal assembly and attachment should consider fundamental limits
for perfection and importantly whether those limits will be sufficient for engineered mini-
band structures or other emergent phenomena. We hope the dislocation theory framework
for understanding the behavior of defective nanocrystal attachment interfaces outlined here
will help identify routes to improve crystal quality in attached nanocrystals. Finally we sug-
gest that nanocrystal attachment may provide a useful synthetic route to desirable planar

defects, and thus high defect densities from attachment is a benefit.
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