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Abstract

The goal of this work is to identify favored pathways for preparation of defect resilient attached
wurtzite CdX (X =S, Se, Te) nanocrystals. We seek guidelines for oriented attachment of faceted
nanocrystals that are most likely to yield pairs of nanocrystals with either few or no electronic
defects, or electronic defects that are in and of themselves desirable and stable. Using a
combination of in-situ high resolution transmission electron microscopy (HRTEM) and electronic
structure calculations, we evaluate the relative merits of atomic attachment of wurtzite CdSe
nanocrystals on the {1100} or {1120} family of facets. Pairwise attachment on either facet can
lead to perfect interfaces, provided the nanocrystal facets are perfectly flat and the angles between
the nanocrystals can adjust during the assembly. Considering defective attachment, we observe for
{1100} facet attachment that only one type of edge dislocation forms, creating deep hole traps.
For {1120} facet attachment, we observe that four distinct types of dislocations form, some of
which lead to deep hole traps while others only to shallow hole traps. HRTEM movies of the
dislocation dynamics show that dislocations at {1100} interfaces can be removed, albeit slowly.
Whereas only some extended dislocations at {1120} interfaces could be removed, others were
trapped at the interface. Based on these insights, we identify the most resilient pathways to atomic
attachment of pairs of wurtzite CdX nanocrystals and consider how these insights can translate to
creation of electronically useful materials from quantum dots with other crystal structures.

Keywords: nanocrystals, oriented attachment, dislocations, CdSe, electronic structure, in situ
TEM

Self-assembly of colloidal nanocrystals (NCs) into superlattices is a tunable strategy with great
potential to prepare materials with rationally designed properties.! Much of the tunability comes
from the separation of the synthesis of individual NC building blocks from the assembly process.
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The ability to systematically control factors such as NC size,> surface ligands,>® assembly

solvent,” NC faceting,” assembly method,®!! and other factors have allowed the preparation of
superlattices with impressive 2D'? and 3D'? ordering, multicomponent diversity,'* substitutional
doping,'> quasicrystalline order,'¢!® and long-range crystallographic orientation,'® among others.

One significant limitation of this strategy for the preparation of optoelectronic materials is the
insulating nature of the organic surface ligands used to synthetically control the size and shape of
the NCs. The organic surface ligands also appear necessary to achieve highly ordered NC
assemblies.?’ This requirement is limiting, however, because the ligands present a significant
barrier to coupling of electronic states between individual NCs, hampering collective phenomena
such as carrier transport, miniband formation, or superradiance. Their insulating nature can be
partially mitigated by replacing them with short chain bidentate ligands?'>* or amorphous
inorganic material;**2® however, these still prevent the strong coupling necessary for some of the
most interesting emergent optoelectronic phenomena.

One way to circumvent the coupling barriers introduced by surface ligands is to eliminate them
entirely and chemically fuse the NCs,?” which if the NCs share the same crystal orientation, can
lead to crystallographically coherent NC arrays.?®° Fusing the NCs can dramatically increase the
conductivity of the arrays indicating strong NC coupling.***! One complication of this strategy is
the irreversible nature of the chemical attachment of NCs which can trap structural defects such as
dislocations at the interface of imperfectly attached NCs.*** Much like their bulk counterparts,
dislocations in imperfectly attached NCs likely introduce undesirable mid-gap trap states.>>-°
Furthermore, disorder in the attached NC superlattice structure, which can prevent carrier
delocalization,’” may also be introduced by dislocations. Thus, the realization of many of the
theorized collective properties of attached NC arrays®®*° will remain elusive until strategies to
sufficiently reduce the density of electronically deleterious defects are developed.

Throughout the maturation of the traditional semiconductor industry, deleterious defects have
been eliminated to an acceptable level for specific applications.***! Defect elimination was
achieved through an unrelenting cycle where “harmful” defects were identified, their formation
mechanism understood, and, finally, appropriate changes to the process were developed which
lead to their elimination.*** A similar virtuous cycle over the last 25 years has led to the
development of semiconductor CdSe/CdS NCs with exceptionally high photoluminescence
quantum yields.*> Without an understanding of the defects present, their electronic and structural
consequences, and their formation pathways, it is difficult to devise procedures that prevent defect
formation or remove defects from chemically fused NC arrays.

In addition, there are many examples where crystal imperfections have desirable properties and
are purposely engineered into materials. One example in semiconductors is the intentional doping
of grain boundaries of polycrystalline CdX solar cells or photodetectors with chlorine to engineer
p-n junctions at the grain boundaries.**° Another example is the preparation of stacking fault and
twin boundary superlattices for quantum well structures.’'>* Preceding structural defect
engineered materials is an understanding of the defect formation mechanisms, their properties and
their stability, however in this case the motivation is to identify defects with desirable properties,
the process to form them, and the conditions under which they are stable.
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To begin to address dislocation formation and stability in imperfect oriented attachment, Ondry
et. al. used transmission electron microscopy (TEM) to study the removal pathways of well-
defined edge dislocations at the interface of two rock salt PbTe NCs attached on {100} and {110}
facets.>> They found that attachment on {100} facets lead to dislocations with an easy pathway for
dislocation removal. On the other hand, attachment on {110} facets resulted in a dislocation that
had no easy path to the surface. Two important takeaways, in the context of preparing defect-free
materials, from this work are as follows: the primary NCs should be prepared to avoid stepped
surfaces as they lead to dislocation formation, and through careful analysis of in-situ TEM
observing dislocation trajectories, optimal attachment geometries which facilitate dislocation
removal can be identified. In a different context, the considerably retarded removal kinetics for
imperfect {110} attachment compared to {100} attachment provides an opportunity to engineer
stable dislocations in materials which may have desirable properties. While this work provided a
framework for how to approach the preparation of dislocation free pairs of NCs, it did not consider
the electronic consequences of the attachment or whether and resulting defects will be deleterious
to materials performance.

Waurtzite CdSe and CdSe/CdS core/shell NCs are by far the most well-developed semiconductor
NC building blocks in terms of material quality,* shape control,>® optical properties,’’ and
theoretical understanding.’® With these considerations in mind, it is desirable to build more
complex assemblies out of these prototypical materials. Thus, there is good reason to develop
defect resilient oriented attachment strategies for CdX materials. However, the wurtzite lattice is
considerably more complex than the rock salt PbX lattice. In terms of dislocations (1D defects),
there are 13 distinct perfect dislocations®® and 18 distinct partial dislocations possible.®’ In
addition, there are two distinct classes of stacking faults (2D defects) possible: basal plane stacking
faults (which alter the AaBbAaBb stacking sequence)®! and prismatic stacking faults (PSFs)
(which result in a 4/8 member ring structure),’” both of which can modify electronic structures in
these materials.*%* Stacking faults present good candidates for preparing metastable defect
engineered materials due to their small formation energy, especially for II-VI materials.®®> Further
complications arise due to the non-centrosymmetry of the wurtzite lattice which can lead to other
planar defects such as inversion domain boundaries.®® The plethora of possible defects in wurtzite
compared to rock salt is a result of the lower symmetry of the lattice and the tetrahedral bonding
geometry and thus considerably complicates the considerations for engineering oriented
attachment. To begin to consider the attachment of wurtzite NCs, we focus on the nonpolar
prismatic facets: the {1100} facet and the {1120} facet. These arise through cutting the wurtzite
lattice with hexagons rotated 30° relative to each other. Synthetically, the {1100} facet is typically
seen for colloidal CdX NCs,>*"67-70 and investigation of the {1120} facet and its attachment
possibilities has been considerably hampered by the difficulty in preparing {1120} facet
terminated CdX NCs.

In this paper, we work to develop a detailed understanding of the defects that are formed when
colloidal CdSe NCs are chemically attached into crystallographically coherent arrays. Specifically,
we characterized the defects that form, their electronic consequences and how easily they can be
removed once formed. We successfully prepared well-faceted CdSe NCs terminated with either
the {1100} or {1120} (throughout this work, we use the 4 index Miller-Bravais notation’! for

3



hexagonal crystals) prismatic facets, and we demonstrated that a methanolic Na,Se solution can
be used to remove the ligands and chemically fuse the NCs. Using HRTEM, we identified b =

%(ZHO) edge dislocations in the case of attachment on {1100} facets. In the case of attachment
on {1120} facets, we observed prismatic stacking faults (PSFs), b = %(1011) partial dislocations
bound by a PSF, and b = g(ZﬁO) edge dislocations at the interface. Next, we evaluated the

electronic consequences of the identified defects by performing electronic structure calculations
within the semiempirical pseudopotential model. These calculations show the formation of deep

hole trap states for b = %(ZHO) edge dislocations and shallow hole trap states in the case of PSFs.

Using in-situ HRTEM imaging, we identified the pathways these different defects follow as they
are annealed out of the NC arrays, and we observed that the dislocations with glide planes leading
directly to the surface are much easier to remove. Additionally, we found that interfaces with
multiple dislocations are considerably more difficult to remove compared to single dislocations.
From this, we propose guidelines for the preparation of attached CdX NCs such as optimal
attachment facets, NC assembly tolerances, and superlattice geometry. Altogether, this work
constitutes a step towards understanding the defect formation mechanisms, the electronic
consequences of defects and the defect healing pathways in attached NCs that is needed to engineer
defect resilient materials.

Results

One goal in this work was to determine the ideal facets for attachment of wurtzite CdX (X =S,
Se, Te) NCs. In the wurtzite crystal structure, the two most prevalent non-polar low index (energy)
prismatic facets which can terminate the crystal are the {1100} or the {1120} family of facets. To
experimentally consider the attachment on these facets, we needed to prepare samples of NCs
terminated with the different facets, but still having comparable sizes, crystalline quality, and
surface chemistry. Most strategies for preparing wurtzite CdX NCs result in predominately
{1100} facet termination.’®>7$7-7" To prepare {1120} terminated CdSe NCs, we built off the
results of Teranishi and co-workers,’”> which showed one of the few examples of {1120}
terminated colloidal CdX NCs.”® Using modifications of their chemistry, we were able to
synthesize both {1100} and {1120} terminated CdSe NCs of similar size, crystalline quality, and
surface chemistry (see methods section for details). Figure 1A, E show low magnification TEM
images of {1100} and {1120} terminated CdSe NCs, respectively, which show well-defined
hexagonal shapes. Both samples had similar size and relatively narrow size distributions, 15.5+2
nm pseudo-diameter for {1100} termination and 16+2 nm for the {1120} termination, allowing
them to readily assemble into hexagonal close packed monolayers with long range orientational
order (Figure S4). Figure 1B shows a HRTEM image of a particle viewed down the [0001] zone
axis clearly showing the 6 {1100} planes terminating the particle — resulting in a well-defined
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taken down the <0001> zone axis and (C) a model of {1100} terminated wz-CdSe shown down the <0001> zone
axis. (D) Wide angle XRD from a carefully prepared powder of {1100} terminated CdSe NCs with a wurtzite
stick pattern (ICSD collection code 415786). (E)TEM image of {1120} terminated CdSe NCs. (F) HRTEM image
of a {1120} terminated CdSe NC taken down the <0001> zone axis and (G) a model of {1120} terminated wz-
CdSe shown down the <0001> zone axis. (H) Wide angle XRD from a carefully prepared powder of {1120}
terminated CdSe NCs with a wurtzite stick pattern. HRTEM image (I) and model (J) of 2 wurtzite CdSe particles
attached on {1100} facets. HRTEM image (K) and model (L) of 2 wurtzite CdSe particles attached on {1120}
facets.

hexagonal shape. Figure 1C shows a ball and stick model of a wurtzite CdSe NC with {1100}
termination viewed down the [0001] zone axis. The inset Fourier transform (FT) shows 6 spots
corresponding to the {1100} planes of the wurtzite lattice. These images were taken under dark-
atom contrast conditions, thus the bright dots observed in the HRTEM images correspond to the
open channels in the wurtzite lattice. In Figure 1F, we show a HRTEM image of the {1120}
terminated sample viewed down the [0001] zone axis where the underlying wurtzite crystal has
the same orientation relative to Figure 1B. The inset FT of both figures are aligned confirming the
same wurtzite lattice orientation for both images. In the {1120} case, the sample still adopts a
hexagonal shape however it is rotated 30° relative to the hexagonal shape of the {1100} terminated
sample indicating it is terminated with {1120} facets. We note that the {1120} terminated samples
are truncated by {1100} facets to a small extent resulting in a truncated hexagonal shape. Figure
1G shows a ball and stick model of a {1120} terminated wurtzite CdSe NC viewed down the
[0001] zone axis. Another way to consider the different termination of the two samples is that the
{1100} facet has a “zig-zag” like termination and the {1120} has an “armchair” like termination.

In order to demonstrate the high crystalline quality of the NCs, Figure 1D, H show wide-angle
X-ray diffraction patterns for the {1100} and {1120} terminated samples, respectively, which were
carefully prepared as powders to ensure random orientation distribution. Both diffraction patterns
contain all the peaks characteristic of wurtzite CdSe (stick pattern) — indicating their similar



crystalline quality. We note that the intensity distributions of the {1010}, {0002}, and {1011}
peaks are different from what is expected for phase pure wurtzite, which can be indicative of
stacking disorder, but also from shape effects.”*” To confirm the presence of stacking faults, we
collected HRTEM images of both the {1100} and {1120} terminated samples down the [1120]
zone axis (Figures S1 A, C). These images confirmed that both samples have basal plane stacking
disorder in the form of stacking faults and zinc blende inclusions; however, the samples are still
primarily wurtzite with the shape expected for that structure. This is supported by the fact that
viewing the samples down the [1120] zone axis reveals that the samples are clearly elongated
along the [0001] direction, consistent with the anisotropic reactivity known for wurtzite CdSe.>¢7°
Importantly, the samples have similar length distributions, 20+3 nm for the {1100} terminated
sample and 2443 nm for the {1120} terminated sample. We also collected wide angle powder
electron diffraction patterns for samples deposited on carbon TEM grids (Figure S2) to understand
the ensemble level crystallographic orientation effects. For the {1100} terminated sample, we
observed preferential alignment with the [0001] parallel to the substrate, but with a significant
portion with the [0001] perpendicular to the substrate. For the {1120} terminated sample we see
significant alignment with the [0001] perpendicular to the substrate. This alignment is consistent
with the orientation preference observed in TEM images of the diffraction area (Figure S3). Based
on the detailed structural characterization of these two materials, we have successfully prepared
wurtzite CdSe NCs with nearly identical parameters except for the prismatic facets terminating the
sample.
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Figure 2. (A, E) HRTEM images and (B, F) models of two wurtzite CdSe NCs attached on {1100} and {1120}
facets, respectively. (C, G) Electron (red) and hole (blue) probability densities including e and h* interactions for
two wurtzite CdSe NCs attached on {1100} and {1120} facets, respectively. (D, H) Energy level diagrams for the
single-particle states attached NCs in C and G, respectively.
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Having successfully prepared comparable {1100} and {1120} terminated CdSe samples, we
developed a strategy to induce epitaxial attachment between CdSe NCs. There are many
documented approaches for doing this with IV-VI NCs, particularly the PbX (X=S,Se,Te) systems.
In these materials, attachment can be induced by heating NC superlattices on a liquid subphase,**
heating in high vacuum,’’ chemical treatments to remove the organic ligands,?*?%8 or diluting the
particles to desorb surface bound ligands.>® Ondry et. al. used ligand dilution as an effective means
to induce atomically coherent attachment in PbTe NCs for in-situ TEM studies.>® Because the
organic ligands are typically more difficult to remove from the surface of CdX and other II-VI
materials compared to IV-VI materials,” it is harder to induce atomically coherent attachment of
CdX NCs. One strategy that has been effective for attaching II-IV materials has been treatment of
NC films with dilute methanolic solutions of ammonium sulfide.®’ In this strategy, it is proposed
that the S* ion cleaves the M(oleate), bond that tethers the ligands to the surface. This bond
cleavage allows the oleate (or other carboxylate ligands) to leave as soluble NHs-Oleate species.
The excess sulfur is incorporated into the inorganic bridge between two adjacent NCs. To
circumvent the additional complexity of having multiple chalcogens present, we treated our
samples of shape controlled CdSe NCs deposited on carbon or graphene coated gold TEM grids
with methanolic solutions of Na>Se in a glovebox. This treatment successfully led to the atomically
coherent attachment of both {1100} and {1120} terminated CdSe NCs (Figures 2A, E
respectively). In both cases, the inset FTs in Figures 2A and 2E show distinct spots indicating
atomic coherence across the field of view in the images. Figures 2B and 2F show ball and stick
models of the interface that would result between two merged {1100} and {1120} terminated NCs,
respectively. This strategy successfully yielded large arrays of connected NCs with atomic
coherence resulting in large (200 x 200 nm) crystals of CdSe (Figure S4).

With a strategy in place to attach wurtzite CdSe on both prismatic facets, we wanted to
understand how attachment on the different facets would affect the strength of electronic coupling
between quantum confined CdSe NCs. Thus far, the experimental NCs we have shown are too
large to exhibit strong quantum confinement effects. Large NCs were used because clear faceting
only develops at larger edge lengths, further it facilitates HRTEM investigations and finally, we
have been unable thus far to develop a synthetic method to prepare small (<5 nm) {1120}
terminated CdSe NCs. Nonetheless, it is interesting to consider how the attachment facet may
affect the coupling strength between wurtzite CdSe quantum dots. To do this, we performed
atomistic electronic structure calculations using the semi-empirical pseudopotential model®! on
two merged NCs attached on either the {1100} or {1120} facet. Structures were created with a
comparable number of planes at their interface and relaxed using molecular dynamics using the
Stillinger-Weber interaction potentials for CdSe.*> We employed the filter-diagonalization
technique®*®* to obtain the noninteracting charge carrier (i.e. electron and hole) eigenstates near
the band edge. These noninteracting eigenstates allowed us to compute carrier densities as well as
the excitonic (i.e. correlated electron-hole) states by using them as input to the Bethe-Salpeter
equation.®>% See the Methods section for more details on the molecular dynamics and electronic
structure calculations. Figures 2B, F show the interface of the two attached NCs which are attached
on the {1100} and {1120} facets, respectively. Their respective charge carrier probability densities
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Figure 3. (A) Model of a single step edge on the (1100)facet of wz-CdSe and (B) after attaching to a second NC
givingrisetoa b = % [2110] edge dislocation. (C, D) HRTEM image with inset FT of imperfectly attached {1100}

terminated wz-CdSe particles displaying a b = %[ZHO] edge dislocation. (E) Model of 2 pristine {1120}

terminated wz-CdSe particles with a %[1101] shift between the particles and (F) after attaching to create a

prismatic stacking fault (PSF) with the % (1011){1210} configuration. (G,H) HRTEM with inset FT of imperfectly
attached {1120} terminated wz-CdSe particles displaying a PSF (I) Model of a single step edge on a (1120)facet
which after attachment can give rise to either J)a b = % [1011] partial dislocation bound by a prismatic stacking
fault or M) a b = %[ZHO] edge dislocation which has a “good” glide plane for removal. (K, L) b = %[1011]
partial dislocation bound by a prismatic stacking fault and (N, O) HRTEM image with inset FT of imperfectly
attached {1120} terminated wz-CdSe showing a b = g [2110] edge dislocation. (P) Model of a double step edge
on a (1120)facet which after attachment can give rise to (Q) a b = g [1120] edge dislocation which has a “bad”

glide plane for removal. (R, S) HRTEM image with inset FT of imperfectly attached {1120} terminated wz-CdSe
showing a b = %[1120].

are shown in Figures 2C, G, and their correspon%ing single-particle energy diagrams are shown in



Figures 2D, H. Both perfectly attached NCs have fundamental gaps of ~2.1 ¢V, and no mid-gap
trapped states are seen in the energy level diagrams. The charge carrier densities, Figures 2C, G,
are Boltzmann weighted averages over the lowest energy electron and hole states and show that
both carriers are delocalized in both NCs. The electron energy levels and densities can be
understood by noting that the two lowest lying electron states exhibit the expected bonding and
antibonding level splitting that result from the linear combination of the 1S, electron states of the
individual NCs.?” The hole energy levels and densities are more complicated because of the large
hole effective mass in CdSe and large number of hole states that are thermally accessible at room
temperature. One consequence of the large hole effective mass relative to the electron mass is that
the hole densities (Figures 2C, G) show that the hole has much greater probability of being in the
center of the fused NCs compared to the electron. A more detailed analysis of the energy levels
and carrier densities will be given later in comparison to the imperfectly attached NCs.

While perfect attachment of NCs is the ideal scenario, it is well known that step edges on the
surface of NCs can lead to the formation of dislocations when otherwise perfect NCs undergo
oriented attachment.>>*>38 Recently we showed that the dislocations in imperfectly attached rock
salt PbTe NC pairs can be rationally described using dislocation theory.>> Furthermore, we found
that the dislocation dynamics in PbTe NCs were consistent with how dislocations are known to
glide in the rock salt lattice. We wanted to test the translatability of dislocation theory to NCs with
different lattices. To do this, first we identified the types of dislocations present in the samples of
attached wurtzite CdSe NCs. Figure 3A-B shows how a step edge on a {1100} facet can give rise

toab = %[ZHO] NCs dislocation. This dislocation has a glide plane that requires the dislocation

to glide through the entire NC to be removed from the interface. Figure 3C shows an overview
HRTEM image viewed down the [0001] zone axis of an imperfect interface between two {1100}
terminated CdSe NCs displayinga b = % [2110] edge dislocation with an overlaid Burgers circuit

and glide plane. A zoomed in HRTEM image of the dislocation core is shown in Figure 3D with
an overlaid Burgers circuit. The extra (1100) and (1010) planes indicative of a b = %[ZHO]

edge dislocation are highlighted in blue and yellow, respectively. In Figure 3B, we show the so-
called “full core” structure of the dislocation core which is consistent with what is unambiguously
observed in GaN® and supported by HRTEM image simulations for CdSe here (Figure S5). For
the rest of this paper, we will refer to this dislocation scenario as the “{1100} Edge” since the
attachment is on the {1100} family of facets and it results in an edge dislocation. For {1100}
terminated CdSe, this was the only type of edge dislocation observed in the case of single
dislocations at the interface of the NCs.

In the case of attachment on the {1120} facets, four distinct extended defect scenarios were
observed. In Figure 3E, we consider the attachment of two pristine {1120} terminated NCs, but
with a % [1101] shift between the two particles. This shift gives rise to a prismatic stacking fault

90-93

(PSF) between the two NCs. PSFs are well-documented in many wurtzite materials and have

been reported to adopt two configurations, the Amelinkx model with a %(20?3) displacement”

and the Drum model with a % (1101) displacement.”® The latter configuration is more common in



wurtzite semiconductors.”? Drum model PSFs are characterized by the alternating 8- and 4-
member rings in the lattice (Figure 3F) which is qualitatively consistent with the HRTEM images
shown in Figures 3G, H. In Figure 3G, we show an overview HRTEM image viewed down the
[0001] zone axis showing a PSF that extends across the entire interface between two {1120}
terminated NCs. The inset FT shows significant streaking of the (1010) and (0110) spots.
Streaking in electron diffraction patterns and FT’s of HRTEM images are indicative of a stacking
error present in a sample.”> We note that FTs were carefully processed with a Hanning window to
avoid streaking artefacts from image edge effects (see methods section). Figure 3H shows a
zoomed in HRTEM image of the PSF; the large white dots correspond to the 8-member rings, and
the 4-member rings are unresolved in the dark voids. Multislice HRTEM image simulations of the
Drum model (Figure S6) compared with the experimental images confirm the Drum structure is
observed in our samples. For the remainder of this paper, we will refer to this as the “{1120} PSF”
extended defect. When considering all the fault errors for {1120} attachment, we observe the
“{1120} PSF” case less than 2% of the time.

Next, we consider structures that can arise from a single step edge on one of the {1120} facets
(Figure 31), for which two different extended defect scenarios were observed. First, we discuss the
scenario where the stepped surface forms a proper interface, and the recessed surface attaches with
a PSF (Figure 3J). This will lead to the formation of a b = %[1011] partial dislocation which

separates the perfect stacking and the PSF. Partial dislocations are characterized by Burgers
vectors that do not correspond to a translation vector of the lattice. This can be seen by the [0001]
projection of the Burgers circuit where the Burgers vector does not connect two atomic positions
(see Figure 3] inset). An example of two joined {1120} terminated particles with a PSF across part
of the interface is shown in Figure 3K. The streaking of the (1010) and (0110) spots in the FT is
also observed indicating the presence of a PSF in the image. Figure 3L shows a zoomed in HRTEM
image of the dislocation core showing how the (0110) and (1010) planes (blue and yellow,
respectively) merge perfectly at the bottom of the image and have a stacking error at the top of the
image. In Figure 3J, we show the “full core” structure of the partial dislocation, however an open
core structure is also possible (Figure S7). We attempted to identify the structure by comparing
with multislice HRTEM image simulations (Figure S7) and the full core structure seems more
plausible; however, we were unable to unambiguously determine the structure due to the limited
resolution of our TEM. Unfortunately, we could not find literature reports of the core structure of
this partial dislocation determined by more reliable techniques such as aberration corrected

HAADF-STEM imaging. Despite this, our results clearly indicate that b = %[1011] partial
dislocations can exist at the interface between CdSe NCs attached on the {1120} facet.

Furthermore, we observe this dislocation scenario, which we will call the “{1120} Partial PSF”,
in 56% of the defective interfaces for attachment on the {1120} facet.

In the second case of {1120} attachment with a single step edge, a full edge dislocation is
formed at the interface again witha b = % [2110] Burgers vector. This is shown in Figure 3M with

overlaid Burgers circuit and glide plane. Figure 3N shows an overview HRTEM image of two
a

joined {1120} terminated CdSe particles with a b = 3 [2110] edge dislocation at the interface.
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This dislocation has the same Burgers vector and dislocation structure as described previously for
the "{1100} Edge” scenario, however its relationship relative to the attachment direction is rotated
by 30°. In this case, the glide plane of the dislocation quickly intersects the surface which should
allow for easier dislocation removal. In Figure 30 we show a zoomed in image of the dislocation
core and highlight the extra (1010) and (1100) planes in blue and yellow, respectively. We will
refer to this dislocation, which we observe 9% of the time, as the “{1120} L Edge” because it
results from attachment on {1120} facets and has a glide plane nearly perpendicular to the
attachment direction.

Finally, we consider the case of a double step edge on the {1120} facet shown in Figure 3P.
This case also leads to ab = %(ZHO) type edge dislocation that is related by symmetry to the
other edge dislocations. Specifically, in this case, using the same indexing conventions as the other
dislocation cases, it has a b = %[11?0] Burgers vector (Figure 3Q) and associated glide plane
which is co-linear with the attachment direction. Figure 3R shows an overview HRTEM image of
an interface between two particles attached on the {1120} facet displaying a b = %[1120] edge

dislocation with overlaid Burgers circuit and glide plane. Figure 3S shows a zoomed in HRTEM
image of the dislocation core with the overlaid extra (0110) and (1010) planes (blue and yellow,
respectively) planes characteristic of the edge dislocation. This dislocation scenario, which we will
call the “{1120} || Edge” since the glide plane is co-linear with the attachment direction, was
observed 33% of the time for imperfect attachment events on the {1120} facet. One interesting
observation is how the step vector describing the surface step that would lead to each of the
different edge dislocation scenarios (orange arrow in Figures 3A, I, and P) corresponds exactly
with the Burgers vector of the various dislocations observed. The five extended defect cases for
the two attachment facets presented here represent all those that we observed; however, it is
important to remember that in this orientation, screw dislocations are not easily observed by
HRTEM and may be present in our samples.

Having identified the dislocation structures present after oriented attachment, we wanted to
elucidate which dislocations would have deleterious electronic consequences. To this end, we
performed electronic structure calculations using the semi-empirical pseudopotential method as
described above (and in detail in the Methods section) on the imperfectly attached NCs (i.e. fused
NCs with the observed dislocations at the interface of the two NCs). The calculation results for the
“{1120} PSF” and the “{1120} || Edge” are shown in Figure 4. Localized mid-gap trap states were
identified for both defective structures, with the energy level diagrams of the single-particle states
shown in Figures 4B, F. We assign a deep or shallow label to such trap states (red and orange
respectively), with the former only present in the {1120} || Edge scenario. The Fermi level (Es) for
Figures 4B, F were taken from the perfect attachment calculation shown in Figure 2D, which is
the calculated midpoint of the band gap (Eg) for two NCs that had undergone perfect oriented
attachment at the {1120} facet.

For both the “{1120} PSF” (Figures 4C, D) and “{1120} || Edge” (Figures 4G, H), a Boltzmann
weighted average of the charge densities of the lowest energy states show localization of the hole
at the crystalline interface. This is independent of whether the hole is the only charge carrier in the
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Figure 4. Electronic structure calculations of attached quantum dots with a (A-D) {1120} PSF interfacial defect
and (E-H) “{1120} || Edge” interfacial defect. (A, E) Interface of the attached particles used in electronic structure
calculations, with a Burgers circuit included in (E). (B, F) Energy level diagrams (in eV) for the single-particle
states. Defect related shallow and deep hole trap states are shown in orange and red, respectively. The Fermi
energy, Er, was chosen to be the midpoint of the calculated fundamental gap, E,, for the attached quantum dots
that underwent perfect oriented attachment on the {1120} facet. (C, D, G, H) Electron (red) and hole (blue)
probability densities for (C, G) the single-particle (i.e. noninteracting electron and hole) states and (D, H) the
excitonic (i.e. correlated electron-hole) states. All probability densities are shown at the same isosurface value and
are Boltzmann weighted averages over the low energy (C, G) single-particle and (D, H) excitonic states.

fused NC or if the hole is interacting with an electron, as would be the case if the hole was
generated via photon absorption. For the PSF, localization occurs at the 4- and 8- membered ring
motif at the interface and, for the “{1120} || Edge”, the deep hole trap states are restricted to the
dislocation core of the “{1120} || Edge”. Interestingly, the charge probability densities for the
electron states display clear differences between the charge excitation (noninteracting) picture
(Figures 4C, G) and neutral excitation (interacting) picture (Figures 4D, H) charge densities. In
the charged excitations, the electron probability densities are segregated: an interfacial node
separates the electron density of each particle (Figures 4C, G). When allowed to interact with hole
states in the neutral excitation case, the electron densities for both structures are brought closer to
the hole (Figures D, H). However, Figure 4D shows that for the “{1120} PSF”, the electron density
still avoids the interface. This is contrasted by the “{1120} || Edge” in Figure 4H, where the
electron and hole probability densities of the lowest energy excitonic states are localized at the
dislocation core. Similar hole localization and subsequent electron localization in the interacting
case were observed for the “{1100} Edge” and “{1120} L Edge” cases (Figure S8). Compared to
perfect attachment in Figure 2, structural defects at the interface lead to mid-gap trap states which
could negatively impact the performance of devices based on chemically fused NCs.

In the context of realizing delocalized electronic states, the extended defects have many
negative consequences, and thus we consider the prospects for removal of these defects. In rock
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Figure 5. (A) Timeseries of images as a b = g[ZHO] edge dislocation anneals out of the interface between two
{1100} terminated particles. (B) Position of the dislocation in each frame determined by the discontinuity in the
strain field measured by geometric phase analysis. (C) Timeseries of images with inset FTs as a perfect PSF
between two {1120} terminated particles is electron beam annealed with a dose rate of ~5000e/A%s. (D) Plot of
the streak intensity in the FT of each frame, which is a characteristic of stacking errors, as a function of time while
the PSF is electron beam annealed. The background intensity (black) is from a nearby part of the image without

a PSF present. (E) Timeseries of imagesasa b = % [1011] dislocation bound by a prismatic stacking fault anneals
out of the interface between two {1120} terminated particles. (F) The intensity of the streak in the FT which
signifies the presence of a PSF as a function of time. (G) Timeseries of images asa b = g [2110] edge dislocation
anneals out of the interface between two {1120} terminated particles with the position of dislocation in each frame
shown in (H). (I) Timeseries of images as a b = %[1120] edge dislocation anneals out of the interface between
two {1120} terminated particles with the position of dislocation in each frame shown in (J). For all plots, the time

is shown by the colorbar, but each trajectory has a different timescale. Gray shading in the plots indicates the
NC outline.

salt PbTe, we previously observed that a disloc%ion with a glide plane which quickly intersected



the surface is much easier to remove compared to ones that do not.>® In this work, we again
performed electron dose rate controlled in-situ TEM experiments,”® which can qualitatively
simulate thermal annealing,””® to observe the dislocation dynamics in imperfectly attached NCs.
Figure 5 overviews the dislocation removal pathways for the five dislocation scenarios observed.
Figure 5A shows snapshots from a timeseries of HRTEM images (Video S1) showing the pathway
a “{1100} Edge” dislocation follows as it is expelled from the interface at the surface. Figure 5B
shows the position of the dislocation, determined by image analysis techniques (see methods), in
each frame as a function of time. The dislocation moves out of its glide plane generally in the
[1120] direction which has both glide (movement || to glide plane) and climb (movement L to
glide plane) character. The dislocation takes nearly 200 seconds to reach the surface, and the
relatively slow kinetics is consistent with a process needing dislocation climb, which requires
vacancies to coalescence with the dislocation for it to move out to its glide plane.

Next, we consider the “{1120} PSF” scenario. Snapshots from a timeseries of TEM images are
shown in Figure 5C and the full movie is shown in Video S2. In this case, even after over 245
seconds of electron beam stimulation, signatures of the PSF are still present both in the image and
manifested as streaks in the FTs for each frame. Analysis of the streak intensity (see methods
section for details) in the FT for each fame (Figure 5D), which indicates the presence of a PSF
shows that the defect is not removed during the observation period. Thus, it seems that the PSF
interface is very stable and difficult to remove. On the other hand, when the PSF is terminated with
a partial dislocation, the “{1120} Partial PSF” case (Figure SE and Video S3), we observe that the
PSF spontaneously and quickly heals compared to the “{1120} PSF” scenario. This can be further
illuminated by plotting the FT streak intensity of each frame as a function of time (Figure X2)
which shows higher intensity than the background initially, then abruptly (<2 s) returns to the
background levels when the defect is removed. These observations suggest that the presence of a
partial dislocation facilitates the removal of PSFs from the interfaces between {1120} terminated
nanoparticles.

Finally, we consider the two distinct edge dislocations that form during the attachment of
{1120} terminated nanoparticles. In the case of the “{1120} L Edge”, we observe that the
dislocation is removed from the material faster than all the other defects (Figure 5G and Video
S4). Tracking the dislocation position in each frame (Figure SH) shows that, as expected, the
dislocation follows its glide plane to the surface where it is annihilated. In the “{1120} || Edge”
scenario (Figure 51 and Video S5), the dislocation does not have a glide plane that leads directly
to the surface or, in this specific case, the void that exists in at the node of 3 nanoparticles. Figure
5J shows that the dislocation undergoes climb to move out of its glide plane and, importantly, takes
approximately 3 times longer to travel an almost identical distance as the “{1120} L Edge” case.
These findings clearly highlight the importance of the orientation of the glide plane relative to the
surface for edge dislocation removal and are consistent with our previous observations in PbTe.>

We also observed situations where multiple dislocations formed at the interface of {1100} and
{1120} terminated particles shown in Figures 6A, B and C, D, respectively. In one observed case
of multiple edge dislocations resulting from {1100} attachment, we see two edge dislocations with
b = [2110] (top) and b = [1210] (bottom) Burgers vectors and associated glide planes (Figure
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Figure 6. (A) Overview HRTEM image of the imperfect interface between two {1100} terminated CdSe particles
which has two dislocations overlaid with the Burgers circuits and glide planes. (B) Zoomed in view of the
dislocation cores with the 2 extra (1010) planes in yellow and extra (1100) and (0110) planes highlighted in
blue. (C) Overview HRTEM image of the imperfect interface between two {1120} terminated CdSe particles
which has two dislocations overlaid with the Burgers circuits and glide planes. (D) Zoomed in view of the
dislocation cores with the 2 extra (1010) planes in yellow and extra (1100) and (0110) planes shown in blue
(E) initial structure of {1120} attachment with 2 edge dislocations and the same NCs (F) after considerable
electron beam annealing. (G) The position of the two dislocations with time, (H) the center of mass of the two
dislocations and (I) the separation between the two dislocations as a function of time. (J) Average removal speeds
for the different dislocation classes of attachment. The color of each dot represents how far the dislocation was
from the surface initially. Filled dots represent dislocations which annealed out in the observation time, and open
circles did not, thus the removal speed is only an upper bound. (K) Number of interface types observed in a sample
of {1120} attached CdSe before and after annealing the sample at 440°C in vacuum for 15 min. the plot was
normalized to the sum of perfect, PSF, and edge interfaces. Node refers to a defect at the node where 3 particles
touch. (L) Misorientation angle between the two NCs for each attachment case in the different dislocation classes

6A) which show a complicated geometry. Figure 6B shows the detailed structure near the
dislocation cores. The dislocation cores are separated by ~2.5 nm. In the case of multiple
dislocations at interfaces, the exact geometries of the Burgers vectors and the glide planes were
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unique in each case, even for the same attachment facet. The presence of multiple dislocations
resulted in larger mistilt between the two attaching quantum dots; the evidence of the mistilts is
the two distinct {1100} peaks in the FT which are further highlighted by the FT inset.

The case of multiple dislocations at the attachment interface of two {1120} terminated particles
is shown in Figure 6C. In this specific case, we observe edge dislocations with b = % [1120] (top)

and b = g [2110] (bottom) Burgers vectors with their associated glide planes overlaid on Figure

6C. Figure 6C shows the detailed structure at the dislocation cores which are separated by ~3 nm

in this {1120} case. We also observed a variety of specific geometries for multiple dislocations at
{1120} interfaces.

To understand the effects on removal kinetics that multiple dislocations have, we observed the
dislocation trajectories of the “Multiple Edge {1120} scenario during electron beam annealing
and found that even after 250 s of annealing time, the defects made little progress to the surface
(Figure 6E-F and Video S6). The position of the two dislocations was determined for each frame
and their positions are plotted in Figure 6G with color corresponding to the time. We observe the
dislocations make little progress to the surface. The center of mass of the two dislocations (Figure
6H) also shows little movement to the surface. Furthermore, the distance between the two
dislocations remains relatively constant over the first 120 seconds of the trajectory until it abruptly
increases. This change happens concurrently with an abrupt decrease in the image quality; thus, it
is difficult to discern if the abrupt change is real. We also saw significantly slower defect removal
in the case of multiple dislocations at the interface of {1100} terminated particles (Video S7).
Based on these trajectories, it is clear that the addition of a second dislocation at an interface greatly
hampers the system’s ability to heal those dislocations.

While the individual trajectories are illuminating about the mechanisms of dislocation removal,
it is important to verify that the trends observed hold across multiple attachment events. In Figure
6J, the dislocation removal speed, which we defined as the distance the dislocation had to move to
be removed divided by the time it takes for removal, is shown for many different trajectories in
each defect category. Because dislocation surface attractive forces can have an effect on the
kinetics,>® we differentiate the initial distance the dislocation was from the surface by the color of
the point on the graph. In this plot, the full circles indicate that the dislocations were removed
during the observation time and the open circles indicate that the dislocations were not successfully
removed from the interface, thus, giving an upper bound for the dislocation removal speed. It is
important to note that all the data was collected at the same dose rate which was carefully calibrated
in a self-consistent manner for each experiment (see methods). In Figure 6J, we arrange the
dislocation categories by increasing removal difficulty (slower removal speed) from left to right.
Based on removal speed, the “{1120} Partial PSF” and “{1120} L Edge” provide the best
prospects of removal. The “{1120} | Edge” and “{1100} Edge” provide similar prospects for
dislocation removal, especially when considering that the specific dislocation trajectories were a
bit larger in the “{1100} Edge” case than in the “{1120} || Edge” case. Finally, we observe that
in either attachment facet, when more than one dislocation is at the interface, the dislocation
removal was significantly slowed. In seven cases with two or more defects at the interface, all of
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Figure 7. (A) A low angle tilt boundary between
two crystals where for low tilt angles, the
dislocation is given by the equation. The colored
boxes represent different sized NCs attaching
with a given mistilt, which can be thought of
different sized snapshots of the low angle tilt
boundary. (B) Plot showing the number of
dislocations expected at a NC interface as a
function of mistilt angle and particle size
normalized by the Burgers vector of dislocations
at that interface. Different colors represent how
many edge dislocations would be expected for a
given particle size and mistilt.

them were stable during the observation time (>200
s), which was as long, if not longer than all the cases
where successful removal was observed.

Thus far in this work, the dislocation dynamics
were stimulated with the electron beam, yet thermal
annealing would likely be used to drive dislocations
out of these materials in a synthetic procedure. To
determine if dislocation removal kinetics for thermal
annealing are qualitatively consistent with our
observations, we compared the interface dislocation
densities before and after annealing a sample of NCs
attached on {1120} facets at 440° C for 15 min in a
TEM column vacuum using a heating holder. We
simplified our comparative analysis to include
perfect interfaces, defects with edge character, and
defects with PSF character (either partial or full).
Figure 6K shows the prevalence of perfect, edge, and
PSF dislocations before (dark blue) and after (light
blue) annealing the sample. Initially, ~50% of the
interfaces are perfect with the rest having either a
PSF (20%) or an edge dislocation (30%). After
annealing, over 80% of the interfaces are perfect
with ~18% containing an edge dislocation, and ~2%
of the interfaces have a PSF defect. These results are
qualitatively consistent with the observations in
Figure 6J that the partial PSF are the easiest to
remove, and all the different cases of edge
dislocations are more difficult to remove.
Furthermore, the only remaining PSFs after the
annealing were the case of the PSF across the entire
interface  (Figure S9), consistent with our
observation that full PSF are stable. Finally, we
observed defects that at the confluence of three
particles (labeled “Node” in Figure 6K). There were
a significant number of defects at the 3-particle
intersection, but their concentration did not

significantly change after annealing. Altogether, the dislocation and stacking fault concentration
changes upon thermal annealing are consistent with our single particle kinetic observations.

A simple metric for quantifying the degree of error in the attachment process is the
misorientation angle between the two crystallites. We plot the misorientation angle for all the
dislocation classes considered in the previous panel in Figure 6H. Unsurprisingly, the multiple
dislocation cases have the largest average misorientation angle of ~11°. The single edge
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dislocation cases have on average a ~3° misorientation angle and the “{1120} Partial PSF” had a
~1° misorientation angle. The defective boundary between two NCs can be thought of as a small
snapshot of a low angle tilt boundary. In this context, the number of dislocations per unit length is
directly related to the mistilt angle.”® Figure 7A shows a low angle tilt boundary for an idealized
cubic lattice where the dislocation spacing, D, depends on the Burgers vector, b, and mistilt, 8,
according to equation 1.
_b
D= ] eq.1

The different shades of orange outline what can be thought of as NCs of different sizes having
imperfect interfaces for a fixed mistilt angle. In the case of the smallest interface, zero dislocations
at the interface are expected. As the size of the NC increases, an increasing number of dislocations
are expected along the interface. We make this more quantitative by calculating the number of
dislocations at an interface for a given NC size normalized by the Burgers vector magnitude and
mistilt angle. Figure 7B shows the results of this analysis; we immediately see that smaller NCs
can tolerate larger mistilts before increasing the number of dislocations. We emphasize the cutoff
between one and two dislocations at the interface with a blue line, because staying to the left of
this line will avoid the formation of multiple dislocations which we observed to greatly hamper
dislocation removal (Figure 6J). This simple analytic model provides general guidelines for the
angular alignment required to achieve attached NCs for which the defects can be more easily
removed.

Discussion

We consider the implications of this work for those interested in attached assemblies of
nanocrystals and their electronic properties. In the first section, we discuss the removal dynamics
of the dislocations themselves in CdSe. In the second section, we consider the electronic
consequences of dislocations in CdSe and discuss ways to mitigate them. Next, we compare the
relative merits of attaching wurtzite CdSe on the {1100} and {1120} facets by considering the
synthesis of starting materials, dislocation formation, electronic consequences, and dislocation
removal. Then, using the insights gleaned from individual NC attachment, we suggest ideal
attachment geometries and assembly tolerances necessary to achieve high quality arrays of
attached NCs. Finally, we generalize our results to NC attachment of arbitrary materials and
connect them to other material growth mechanisms.

Understanding dislocation removal mechanisms in imperfectly attached CdSe.

An improved understanding of the removal mechanisms of edge dislocations and prismatic
stacking faults is important for this area to advance from strictly empirical to a more predictive
approach. The mechanisms themselves vary considerably, depending on the precise local structure
of any defects, the orientation of the glide lane relative to the surface, the number of dislocations
at the interface, and the possible presence of chemical species at the surface that may be
incorporated into the interface upon attachment. In what follows, we discuss the various cases that
arise starting first with single edge dislocations, then multiple edge dislocations, followed by PSFs
and finally the presence of impurities.
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Starting with the simplest case of the perfect edge dislocation scenarios, even here we see that
there are various outcomes, depending on the orientation of the glide plane with respect to the
surface where the defect can be removed. This changes the relative amounts of climb and glide
character needed to remove the dislocations. The “{1120} 1L Edge” dislocation has a removal path
with pure glide character while such a pathway does not exist for the “{1120} || Edge” dislocation.
The “{1100} Edge” dislocation is in the intermediate regime with both climb and glide character.
Based on our kinetic observations, dislocations that require climb for removal are slower and, thus,
should be avoided if the goal is to prepare defect free materials. This observation in wurtzite CdSe
supports the generality of our previous observations in PbTe.>> Later we will discuss the feasibility
of avoiding dislocations which need climb for removal in the specific case of wurtzite CdSe.

One interesting observation is that the presence of two or more dislocations at the interface
greatly hinders dislocation removal. We now consider why it might be that two nearby dislocations
can be expected in principle to be much more difficult to remove than a single isolated one. The
approach of a single dislocation to the surface can be described as arising by a force between the
dislocation and an opposite sense image dislocation present in the vacuum.”® Because of the highly
non-linear nature of the surface image force on a single dislocation at an interface, the forces only
cancel out if the dislocation is in the exact center, which is mechanically unstable.!?’ In the case
of two real dislocations at the interface, there are now elastic interactions between both the real
and image dislocations. Depending on the exact geometry of the real dislocations, they can be
attracted to each other, repelled, or held at an equilibrium distance from each other.”® These
interaction forces can cancel out the image forces which attract the dislocation to the surface
leading to hindered removal. A detailed examination of the elastic interactions and the precise
dislocation geometries that can retard removal is beyond the scope of this work (and would likely
require detailed finite element modeling). Nonetheless, the basic idea that the strain fields of
multiple dislocations at an interface interact and can suppress removal provides a qualitative
understanding for the considerably slowed defect removal of multiple interfacial dislocations.

The simple glide versus climb picture does not apply for prismatic stacking faults. We observed

that when a PSF is terminated by a b = %[1011] partial dislocation (“{1120} Partial PSF”), the

PSF and corresponding partial dislocation are easily removed, whereas a “{1120} PSF” is
remarkably stable. At first glance, this is consistent with the role partial dislocations play in
facilitating basal plane stacking sequence changes during wurtzite/ zinc blende phase transitions
where nucleated partial dislocations easily move across the basal planes while changing the
stacking sequence.!?! If this mechanism were in play here, we would expect to see the partial
dislocation move towards the surface and the length of the PSF would become gradually shorter.
However, we observe a nearly constant length of the PSF (Figure S10) throughout the annealing
and, thus, no movement of the partial dislocation up until removal. Furthermore, we observe a
constant streak intensity until the streak returns to the background level within a single frame
(Figure 5F), indicating an unusually rapid (sub 2 s) defect removal. Therefore, simple partial
dislocation migration to the surface is inconsistent with our observations, and we suspect the

mechanism of b = % [1011] partial dislocation/ PSF removal is more complicated. One possibility

is that the PSF first folds over to become a basal plane stacking fault separated by a b = % [1010]

stair-rod dislocation. The movement of this stair rod dislocation along the [0001] direction could
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lead to rapid removal of the PSF as it exits the top or bottom surface of the NC film, consistent
with the sudden removal of the “{1120} Partial PSF” we observed. Unfortunately, direct
observation of this would be difficult since it requires viewing down the [1120] zone axis, which
requires a 90° rotation of our sample in its current geometry, something infeasible at present in a
TEM. Nonetheless, we speculate the presence ofa b = % [1011] partial dislocation may facilitate

the movement of the stair-rod dislocation which allows the removal of “{1120} Partial PSF”
dislocations and not “{1120} PSF” dislocations.

Finally, it is interesting to consider the role that surface impurities may have on dislocation
motion in CdSe. It has been well established that chlorine, either from Cl terminated NCs or CdCl,
treatments of films, is a grain growth and wurtzite/zinc blende phase transition promoter in CdX
thin film processing.***%192 This indicates that Cl facilitates atom rearrangement in CdX materials,
and we suspect that Cl may also influence dislocation removal kinetics. In particular, Cl may
facilitate dislocation motion since the wurtzite/zinc blende phase transition proceeds via partial
dislocation motion to alter the stacking sequence.'®! In our work, the NCs likely have some amount
of CI on the surface from the Cetyltrimethylammonium chloride (CTAC) used to prepare the
{1120} terminated samples. We were careful to ensure that NCs with both {1100} and {1120}
facets were prepared using similar chemistry, particularly the presence of CTAC, to ensure
impurities had similar effects on the dislocation dynamics for the different facets. It would be
interesting to understand the role of impurities on extended defect removal in Cl terminated CdSe
and non-Cl terminated CdSe. Considering the vast chemistry available for surface modification in
colloidal NCs, surface impurity introduction may be an additional tool to facilitate defect removal
after imperfect oriented attachment. The understanding of dislocation motion in CdSe determined
by in-situ TEM will be used in the subsequent sections to identify ideal attachment facets for
wurtzite NCs.

Understanding and mitigating electronic consequences of dislocations and PSF’s in CdSe.
Given the small size and large surface to volume ratio of nanocrystals, materials produced
through attachment processes are likely to produce a very high density of electronic defects, at
least initially. Thus, the question of identification and if possible mitigation of attachment induced
electronic defects is central to the viability of these materials for optoelectronics uses. In many
crystalline inorganic semiconductors, some dislocations have negative consequences while others
are electronically inactive or can be rendered inactive through appropriate doping. In the case of
perfect edge dislocations (Figure 4 and Figure S8), we observe the formation of deep hole trap

states. The observation of deep trap states for b = %(ZHO) edge dislocations is qualitatively

consistent with what has been calculated for GaN,'? and the observation of shallow hole traps for
PSFs is also consistent with GaN.** Phenomenologically this is consistent with the ease of hole
trapping in CdSe on un-passivated chalcogen atoms.'® While not explicitly considered here, the
stoichiometry of the dislocation core (determined by the chemical potential of the components
during growth) can have a considerable impact on the electronic properties and may represent a
pathway to render dislocations electronically harmless.!®® Further small impurities such as
hydrogen have been speculated to passivate dislocations cores in GaN. Finally, modulation of the
Fermi level through impurity doping can fill dislocation states rendering them inactive. All these
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factors could be optimized in the future to render harmful defects inactive or at least minimize
their influence in attached NC-based materials.

One interesting observation in the case of the “{1120} PSF” is that the electron states avoid the
4- and 8- member ring motif of the PSF in both the noninteracting case, and the interacting case,
even though the localized holes at the interface provide a strong Coulomb driving force for electron
localization (see for example the edge cases Figure 4D). To understand the reason for this, we
recall that the electron wavefunction of a state in an individual NC can be modeled as the product
of the S-like envelope function and the Bloch wavefunction at the bulk semiconductor band
edge.!® For a carrier to delocalize across an interface, the phase relationship between the Bloch
functions of the two NCs must match. Because the PSF introduces a shift of the atomic lattice that
is not a lattice translation vector, the Bloch wavefunctions of the two NCs do not share the same
phase and, thus, are not able to couple. This observation is similar to the “bond-sign disorder”
proposed by Delerue and co-workers.'% This inhibited coupling appears to be an interesting
consequence of PSF formation and is further supported by our electronic structure calculation of
the “{1120} Partial PSF” where we observe electron density across the perfect part of the interface
and a lack of electron density along the part with the PSF (Figure S11). The ability of PSFs to still
create confined states even in attached materials presents interesting possibilities for strongly
coupled yet confined systems.

Determining Ideal Attachment Facets for Wurtzite CdSe.

One overarching goal of this paper was to rationally determine the ideal attachment facet for
wurtzite CdSe NCs in the context of minimizing structural defects. As is evident, there is no
attachment facet in wurtzite CdSe that leads to an easy removal pathway for all dislocations. This
is in contrast to PbTe, and likely more generally, the rock salt lattice where {100} attachment
provided fast dislocation removal kinetics compared to {110} attachment.>> The CdSe case is more
nuanced, and we must consider many aspects, including the shape-controlled synthesis prospects,
coupling strength, potential dislocations formed, electronic consequences of those defects, and
dislocation removal prospects.

One aspect that must be considered is the prospect of controllably preparing prismatic facet
specific NCs. In this work, we were able to prepare comparable samples of CdSe terminated with
both the {1100} and {1120} facets. Unfortunately, we were only able to achieve this control with
large (~15 nm) NCs and we were unable to prepare sub-15 nm {1120} terminated CdSe. For CdSe
and most other interesting wurtzite semiconductor NCs, this is larger than the exciton Bohr radius
in those materials. One big motivator for developing atomically coherent attachment of
semiconductor NCs is the goal of producing “confined but connected” solids, where the quantum
confined electronic states of the individual NCs are strongly coupled. Thus, we would need to start
with small CdSe NCs to contribute to this endeavor and currently only {1100} terminated CdSe
NCs are available in small sizes. Furthermore, heterostructured NCs such as core shell CdSe/CdS
also routinely display {1100} surface faceting. We believe considerable synthetic breakthroughs
will be needed to prepare small, strongly quantum confined, {1120} terminated CdSe,
heterostructured CdSe/CdS, or other wurtzite semiconductors. There is a strong case for pursuing
connected wurtzite semiconductors on {1100} facets.

Attachment on different facets may modulate the strength of coupling between neighboring
NCs and is an important consideration if the goal is to prepare materials with delocalized electronic
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states. The carrier densities shown in Figure 2 show that there is little qualitative difference in the
carrier delocalization between the two attachment facets in the electron or hole states in both the
noninteracting or interacting picture, suggesting that the attachment facet is not the most important
factor in determining the electronic coupling. This finding can be understood by considering that
the attachment on the {1100} and {1120} facets represent extending the electronic structure along
different slices of the Brillouin zone in bulk CdSe.!”” Because carrier effective masses are
predicted to modulate the resulting miniband structure in patterned electron gasses,'®® the
differences in the electronic couplings should be dictated by the differences in the hole effective
mass in the light hole band along I' & K for the (1100) direction and I' = M for the (1120)
direction as the electron effective masses are the same in both directions (me = 0.12mo).'” In CdSe,
the light hole effective masses are almost identical for the two directions (mu = 0.18mj for (1100)
and mi, = 0.16my for (1120)).!% In more strongly confined systems, the heavy hole properties are
likely more important since heavier quasiparticles are less sensitive to confinement effects!!%!!!
and, thus, will become the valence band edge state. In this case, the effective masses differ by less
than a factor of two (mun =0.9mo for (1100) and mun =1.7mo for (1120)),'” potentially leading to
small differences. Thus, this simple analysis is in agreement with our findings of similar electronic
coupling for NC attachment on the {1100} and {1120} facets. A quantitative measure of the
electronic coupling between the two attached NCs is the energy difference between the bonding
and antibonding states of the lowest energy electron states. Our calculations found splittings of 4.5
meV for {1100} attachment and 3.8 meV for {1120} attachment. Due to these similar splittings
and the predictions of a highly non-linear dependence of the coupling strength on the epitaxial
connection area,'!'> we believe facet dependent coupling is of secondary importance in materials
with similar direction specific charge carrier effective masses.

As discussed in the first section, avoiding edge dislocations which require climb to be expelled
from the interface would greatly expedite defect removal. Here we consider the merits of attaching
wurtzite CdSe on the two prismatic facets in the context of extended defect formation and removal
prospects. Attachment on both the {1100} and {1120} facets leads to the formation of b =

%(1120) edge dislocations with different relative orientations of the glide planes to the surface

where they can be removed. {1100} attachment leads to an unfavorable glide plane which requires
climb of the dislocation for successful removal. {1120} attachment leads to two scenarios, one
with a favorable glide plane and one with an unfavorable glide plane. As expected, the “{1120} L
Edge” is able to quickly glide out of the material whereas the “{1120} || Edge” is forced to more
slowly climb out of the material. Considering the low incidence of the “{1120} L Edge”, there is
little difference in the edge dislocation removal, because unfavorable glide plane scenarios occur
for both {1100} and {1120} attachment.

In the first section we identified that PSFs bound by a partial dislocation are easily removed
while PSF’s across the whole interface are stable. Considering the non-negligible electronic
consequences of PSFs, they should be avoided if the desire is to prepare defect free materials. In
the case of {1120} attachment, there is a pathway to the formation of PSFs and partial PSFs at the
interface of the particles (Figure 3 E, I). Whereas for attachment on the {1100} we did not observe
PSFs. For this reason, we believe {1120} attachment is less favorable if the desire is to prepare
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defect free interfaces between attached NCs since {1100} attachment avoids the formation of
PSFs.
Defects are only undesirable if they result in deleterious properties and in this case, we consider
a

the electronic consequences of those defects. With regard to b = . (2110) edge dislocations,

which results in deep level hole traps (Figures 4E-H), attachment on either facet can lead to the
formation of this edge dislocation with unfavorable removal geometries. Thus, either facet leads
to undesirable electronic states coming from perfect edge dislocations. Defects such as PSFs and

b= % [1011] partial dislocations, which both lead to mid-gap, shallow hole trap states (Figure 4A-

D, and Figure S11) and deep hole traps in the latter case, make the {1120} facet less appealing.
This preference for attaching {1100} faceted NCs to avoid PSFs is exacerbated in the case of
perfect PSF’s because they can’t be removed and likely these defects will persist even after
considerable thermal treatment. Considering that PSFs (and associated electronic consequences)
and related defects only arise from {1120} attachment, the {1100} facet is more desirable for
attachment when considering the electronic consequences of the dislocations.

Taken together, we believe that, if the goal is to prepare defect free materials, there are fewer
negative consequences for attachment on the {1100} facet. The specific advantages of the {1100}
facet are as follows: {1100} terminated CdX materials are typically easier to synthesize and
{1100} attachment does not lead to PSF type defects. The other considerations such as coupling
strength, other defect types, and removal are all relatively equal for the different facets. Our
considerations are by no means comprehensive nor do the specifics necessarily hold for materials
other than CdSe. Nonetheless, we hope to have presented guidelines and the thought process for
designing defect free oriented attachment of NCs.

While there is considerable desire is to prepare defect free semiconductor solids from attaching
NCs, in practice it may prove too difficult to sufficiently decrease the extended defect
concentration. Instead we discuss devices which take advantage of the extended defect electronic
levels. In one mode of operation, semiconductor photodetectors operate by trapping the minority
carrier for a long time.''>!'* For example, in the past, our group has used spatially controlled
doping of CdTe grain boundaries with Cl to trap holes at the grain interior and transfer the electrons
to the highly conductive grain boundary.*® The percolative network of grain boundaries allowed
for detection of the photogenerated current. Impressively, these materials exhibited a specific
detectivity of 5x10'7 Jones, orders of magnitude higher than single crystal detectors. To see how
this strategy could be implemented with epitaxially attached NCs, consider the results of the
electronic structure calculations (Figure 4). In CdSe, edge dislocations lead to the trapping of holes
while only minimally effecting the unbound (noninteracting) electron states. This could allow for
similar minority carrier trap mediated photoconductivity, however now the un-trapped carrier
resides in a single crystal domain of covalently attached NCs, and potentially will be much more
mobile than percolative grain boundary conductivity.

Superlattice assembly tolerances and ideal geometries for atomic attachment.

While the attachment of individual NCs provides a step towards extended solids, attachment of
multiple NCs considerably complicates many of the considerations. One such complication is that
a single imperfect attachment leads to orientational misalignment that can propagate disorder and
lead to other imperfect attachment events. Herein, we discuss the origin of dislocations in attached
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NC arrays and angular alignment tolerances to avoid undesirable multiple dislocation events. The
superlattice geometry, in particular weather it tiles all space, is a final consideration for preparing
defect free quantum dot solids.

The traditional view of imperfect oriented attachment invokes a surface step getting trapped at
the interface between two particles.>> However in our samples, and in many other examples,?®!15
7 the particles are pre-assembled as crystallographically aligned NCs (albeit with some mistilt)
with organic ligands separating the inorganic cores, followed by ligand removal to induce
attachment. An alternative mechanism for edge dislocation formation, is that particles with pristine
facets can be locked with some mistilt between them enforced by the local arrangement of NCs or
size inhomogeneity. When they attach with a mistilt, initially an atomic bridge can form between
the particles,!!® and the energy of the interface between the tilted particles is minimized by forming
a dislocation through different amounts of atom migration to the opposite sides of the bridge
between the misoriented particles. In this picture, pre-assembly of NCs with the smallest amount
of mistilt possible will be necessary for defect free attachment. Alternatively, NCs with surface
steps would likely cause angular distributions among assembled particles. Observation of the
attachment process in-situ where the initial configuration of the NCs and their surface geometry is
known will likely be needed to answer this question. If the dislocations in these attached materials
result from the traditional imperfect oriented attachment view, development of step-edge free NC
synthesis methods will be needed, however if the angular misalignment of otherwise pristine
surfaces leads to dislocation formation, better controlled self-assembly will be needed to avoid
misoriented particles.

Regardless of the origin of the mistilt between the particles, Equation 1 and Figure 7B provide
a simple picture for the angular tolerance needed to avoid multiple dislocations at interfaces. An
important takeaway from this plot is that the larger the particles become, the more stringent the
mistilt tolerance becomes to avoid multiple dislocations which are considerably more difficult to
remove. On the other hand, when assembling NCs, smaller particles would be expected to have
more rotational disorder since they are less faceted and especially with the ligand shell would
interact more like isotropic spheres. Studies of the rotational disorder in NC assemblies have been
done using synchrotron x-ray scattering techniques and they have determined many factors that
dictate the quality of the NC assembly.’ These studies have mostly focused on determining the
fraction of NCs aligned, not on the disorder of those that are aligned. Further ensemble angular
alignment may not be the best measure for NC attachment, since only the misorientation between
neighboring particles is important in determining attachment success. Despite unresolved
questions regarding the origin or misorientation and the subsequent dislocations, we believe the
angular alignment of the NCs can provide an indicator for success of atomic attachment of NCs.

Finally, we will consider the superlattice geometry and its importance in designing quantum dot
solids. In this work, we explored the attachment of a close packed system of NCs that tiled all
space. One observation was that interface defects between two particles migrated to the node where
three particle edges met. Once there, the “node” defect density was not lowered even with thermal
annealing at 440° C (Figure 6K). For an edge dislocation to be successfully removed, it must move
to a free surface where it can be annihilated, or react with a dislocation with the opposite sense,
the latter of which is unlikely. Thus, developing a geometry of attached NCs such that each NC
interface is nearby a free surface will facilitate complete defect removal. One dimensional
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chains!'!*~!?! represent a scenario where the attachment interface always has a free surface for

dislocations to anneal to. An example of an open 2D array of atomically attached NCs are the
honeycomb lattices prepared by Vanmaekelbergh and co-workers.!!>?? In these honeycomb
lattices, the necks between particles are surrounded on all sides by free surface where defects can
anneal to. In the case of attachment of wurtzite CdSe, the hexagonal close packed layers do not
afford this openness. Perhaps the co-assembly of CdSe NCs with a filler, such as a polymer
micelle, would allow for the formation of honeycomb or other open lattice tilings that provide free
surfaces throughout the entire assembly to serve as extended defects annihilation sites.

General insights related to atomically coherent attachment of inorganic materials.

We now discuss a few general implications for oriented attachment of inorganic materials based
on our careful studies on the attachment of wurtzite CdSe on the prismatic facets. First, we discuss
how our work relates to GaN epitaxial growth and single crystal h-BN growth. Next, we consider
the possibility of predicting dislocation character resulting from atomic attachment for arbitrary
materials. Finally, we propose similar projections for planar defect engineering from NC
attachment. Altogether, we hope to inspire many routes to engineering defect (free) materials.

There are many similarities between oriented attachment of wurtzite CdSe and epitaxial growth
of GaN and other hexagonal materials. Due to the lattice mismatch between GaN and the typical
substrates used for growth, initial films often form Stranski—Krastanov islands of GaN which
subsequently grow together and merge.'?*"'?> Small mistilts between the islands lead to low angle

tilt boundaries when the islands fuse and, subsequently, many b = é(ll?O) edge dislocations are

formed.!?>!26 This has many similarities to the preparation of CdSe NC solids where the pre-
assembled NCs are misoriented by a small amount (Figure S4B shows an electron diffraction
pattern of attached CdSe with peak shapes characteristic of mosaicity). In this respect, it is
unsurprising that we observe many of the same dislocations when attaching wurtzite CdSe NCs as
are seen when growing GaN along the [0001]. In another GaN example, steps on the SiC substrate
surface can cause unit displacements along the [0001] direction between neighboring islands,
leading to the formation of PSFs in GaN epitaxial layers.”? In the case of NC attachment, random
displacements along the [0001] direction are likely due to differences in NC ligand thickness, steps
on the graphene support, or different thickness NCs.

Recently, there have been several reports of wafer scale growth of single crystal graphene and
hexagonal boron nitride where island fusion is the observed growth mechanism.!?”-!?® In the case
of hexagonal boron nitride, researchers used a liquid gold subphase where small single layer
hexagonal boron nitride grains initially formed, and subsequently self-oriented and fused into
wafer scale single crystals.'”® While the attachment facet was not explicitly determined, it will
likely have a large impact on defect formation in these materials. Taken together, there are
considerable similarities in growth and defect formation between the above discussed materials
systems and the fields likely can learn from each other as they pursue their mutual goal of
producing high quality materials by attaching nanoscale building blocks to each other.

Next, we consider if it is possible to predict the dislocation character based on the known surface
steps that are present for a given facet. In Figure 3, we notice the step vector describing the type
of surface step edge (yellow arrows Figures 3A,I,P) corresponds exactly with Burgers vector of
the perfect edge dislocation (Figures 3B,M,Q). Upon reflection, this is the reverse process of an
edge dislocation being expelled from a material, which leads to a step edge with the same
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magnitude as the Burgers vector. With this insight, it should be possible to predict the glide plane
of a dislocation that may result if the common surface steps are known for a given crystal structure
and attachment facet. This surface step and Burgers vector relationship is further supported by our

previous work on PbTe, where a % [110] surface step on a (100) facet lead to a b = % [110] edge

dislocation with a favorable glide plane.’®> Whereas a % [110] surface stepona (110)leadstoab =
% [110] edge dislocation with an unfavorable glide plane. Details of this are shown in Figure S12.
The consistency of this observation in both the rock salt and wurtzite structure suggests it may be
useful in predicting ideal attachment facets for many materials. Furthermore, predictions of the
most probable surface step edges are possible using a variety of methods (HRTEM, geometric
considerations, or theory) and can aid in attachment facet decision making.

Finally, we consider the possibility of engineering planar defects during NC attachment. We
noticed that attachment on {1120} facets lead to PSFs which reside in the {1120} planes whereas
no PSFs formed during attachment on {1100} facets. In considering the generality of this
observation, we can learn from the oriented attachment of CsPbBr; NCs on {100} facets into
extended solids.'?*"13? In this case, researchers have observed the formation of {100} antiphase
boundaries, also known as Ruddlesden—Popper planar faults, from the attachment of CsPbBr; NCs
on {100} facets. Based on these considerations, avoiding attachment on facets for which a planar
defect in the material can reside may avoid the formation of those defects in attached NC solids.
Conversely, if the planar defects have desirable properties, attachment facet choice could be used
to prepare materials with engineered defects. PSFs in wurtzite CdSe attached on {1120} facets and
antiphase boundaries in halide perovskites attached on {100} facets provide two supporting
examples.

Conclusions

In this work, we explored many considerations for atomically attaching wurtzite CdSe NCs on
{1100} and {1120} facets within the context of preparing defect free solids. We found that
attachment on both {1100} and {1120} facets can lead to crystallographically coherent attachment
and delocalized electron and hole states with similar electronic coupling strengths. In cases of

imperfect attachment on {1100} facets, we observed the formation of b = %[ZHO] edge
dislocations which lead to localized mid-gap hole traps. These dislocations can be annealed out of
the interface albeit requiring dislocation climb. In the case of {1120} facet attachment, we

observed four distinct dislocation types resulting from imperfect attachment. Specifically, we
found PSF’s across the entire interface that are very difficult to remove and are predicted to lead

to shallow hole trap states. We also observed b = %[1011] partial dislocations terminated by a
PSF that likely lead to deep hole traps but were easy to remove. Finally, for {1120} facet
attachment, we observed two different b = %(ZHO) edge dislocation scenarios, one which had a

favorable glide plane for removal and the other which had an unfavorable glide plane for removal.
Regarding some aspects, the two facets have comparable (dis)advantages: in the case of CdSe,
there is no obvious difference in the electronic coupling strength of the two facets, and they both

lead to the formation of b = %(ZHO) edge dislocations and their associated deep hole traps. That
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being said, after careful consideration, we believe attaching wurtzite CdSe NCs on the {1100}
facet is better for several reasons including: greater synthetic maturity for preparation of {1100}
terminated CdSe NCs, {1100} attachment avoids PSF formation, and while not ideal, b =

%[ZHO] edge dislocations can be removed with annealing though a combination of dislocation

glide and climb.

While there appears to be a path forward dealing with imperfect attachment resulting in single
dislocations at interfaces, we elucidated that multiple dislocations, regardless of attachment facet,
were unable to be removed even with considerable annealing. Thus, an imperative design principle
is to avoid the formation of multiple dislocations. Considering defective interfaces between NCs
as snapshots of low angle tilt boundaries, a simple analytical model provides guidelines for angular
tolerances needed to avoid multiple dislocations. Based on observations of dislocations formed in
PbTe’® and CdSe, we suggest that careful considerations of the step edges on surfaces can be used
to predict the character of the dislocations arising from imperfect oriented attachment. A similar
consideration of planar defects in CdSe and CsPbBr3 suggests a rational design principle to control
planar defects from particle attachment. Taken together, we hope this work provides guidelines
for engineering (or eliminating) defects in atomically coherent arrays of attached NCs.

Despite the immense desire to realize the intriguing theorized electronic properties predicted for
arrays of atomically attached semiconductor NCs,**3%!33 experimental realization of these
materials lags considerably, having achieved delocalization lengths only on the order of tens of
nanometers.”® Thus, the pathways which lead to deleterious defects, identification of deleterious
defects through both experimental and theoretical endeavors, and new strategies for defect free
synthesis will need to be understood and developed to realize attached NC arrays of sufficient
quality to realize these delocalized electronic properties. While noble, the tolerances for realizing
delocalized carriers may be too tight, and rather NC attachment can be harnessed to engineer defect
states which in and of themselves provide desirable properties. In this work, many similarities were
observed between defective NC attachment and dislocations in bulk materials. Considering the
similarities, the NC attachment community can be inspired by strategies in traditional
semiconductor processing, such as dislocation free silicon growth and high quality GaN epitaxial
growth, where defects have been engineered or eliminated to provide the desired functionality.

Materials and Methods

Materials. cadmium Oxide (CdO) 99.99% Aldrich; oleic acid 90% (OA) technical grade
Aldrich; oleylamine (OAm) technical grade 70% Aldrich; octadecene 90% (ODE) technical grade
Aldrich; n-trioctylphosphine 97% (TOP) Strem; methanol 99.5% extra dry Acros;
cetyltrimethylammonium chloride (CTAC) >95% TCI; dioctyl ether (OE) 99% Aldrich; selenium
99.99% Strem; sodium selenide (NaxSe) 99.5% Alfa Aesar; CVD graphene on copper 3—5 layer
ACS materials; Quantifoil R1.2/1.3 300 mesh Au holey carbon SPI supplies; Ultrathin Carbon
Film on Lacey Carbon Support Film, 300 mesh, Gold (1824G Ted Pella Inc.).

Nanocrystal Synthesis. Wurtzite CdSe NCs with {1100} and {1120} termination were
synthesized based on heavily modified literature procedures.’””
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Zinc blende CdSe Seeds were prepared as follows: 8mmol CdO (1028 mg), 20mmol OA (6.4
ml), and 40 ml of ODE were loaded into a 100ml round bottom flask and degassed on a Schlenk
line at 110 °C for 1 hour. The flask was filled with argon and heated to 210 °C to form a Cd-oleate
complex. Meanwhile, in a glovebox, 4 mmol Se (316 mg), 3.32 g TOP, and 5.49 g ODE were
stirred until all the Se dissolved, and then loaded into a syringe. The contents of the syringe were
rapidly injected into the Cd-oleate solution at 210 °C and allowed to react for 20 min. The samples
were cooled to room temperature and cleaned 2X in air by precipitating the NCs with ethanol and
centrifuged at 8000rpm. The resulting pellet was dissolved in hexanes. Samples were transferred
to a glovebox and stored in hexanes. The concentration of the NC solution was determined
photometrically using known size dependent extinction coefficients.!**

{1100} Terminated Wurtzite CdSe: 400 pul of OA, 412 pl of OAm, 40 mg of CTAC, and 5 ml of
octyl ether were loaded into a 25ml round bottom flask and degassed at 50 °C for 20 min. While
still under vacuum, a hexanes solution of zb CdSe seeds were added to give a Cd:Cl ratio of 1:1
and the solution was degassed to remove the volatiles. The flask was refilled with argon and heated
to 260 °C. After 10 min at 260 °C, a ~1.5 ml aliquot was removed and quenched in room
temperature toluene. Samples were cleaned 2X in air by precipitating the NCs with acetone and
centrifuged at 8000rpm. The resulting pellet was dissolved in hexanes. A final centrifugation of
the sample in hexanes was performed to remove any insoluble material.

{1120} Terminated Wurtzite CdSe: 400 pul of OA, 412 pl of OAm, 40 mg of CTAC, and 5 ml of
octyl ether were loaded into a 25ml round bottom flask and degassed at 50 °C for 20 min. While
still under vacuum, a hexanes solution of zb CdSe seeds were added to give a Cd:Cl ratio of 1:1
and the solution was degassed to remove the volatiles. The flask was refilled with argon and heated
to 280 °C for 20 min. After 20 min, the reaction was quickly cooled to room temperature using a
stream of air. Samples were cleaned 2X in air by precipitating the NCs with acetone and
centrifuged at 8000rpm. The resulting pellet was dissolved in hexanes. A final centrifugation of
the sample in hexanes was performed to remove any insoluble material.

Nanocrystal Attachment and TEM sample Preparation. All samples of attached NCs were
prepared using gold TEM grids. In some cases, we used homemade Graphene-coated TEM grids
which were prepared by direct transfer of 3—5 layer graphene onto holey quatifoil TEM grids.!*
In other cases, samples were prepared on ultrathin carbon supports (1824G Ted Pella Inc.). Dilute
solutions of the desired NCs in toluene were drop cast on the TEM grid, and the large excess of
solvent was wicked away, leaving a small droplet covering the TEM grid. The grid was covered
with a watch glass and allowed to slowly dry. After several hours, the TEM grid was picked up
using anti-capillary self-closing tweezers and carefully pumped into a nitrogen filled glovebox.
The sample was then dipped in a solution of Na>Se in anhydrous methanol (1.66 mg/ml) for 45 s
followed by dipping in neat anhydrous methanol to remove excess Na,Se. The sample was then
placed in the glovebox antechamber and placed under vacuum to remove excess methanol. TEM
samples were stored in air with no obvious degradation occurring over several months.

X-Ray Diffraction. To avoid orientation effects, the NCs were made into fine powders.
Powders were prepared by depositing large amounts of the NCs from hexanes onto a glass slide,
and allowed to dry, the film was then scraped off the glass slide with a clean razor blade onto a
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(510) oriented Si low background diffraction substrate. Diffraction patterns were collected on a
Bruker Phaser D2 diffractometer with Cu ka source operated at 30 kV and 10 mA with a 160SSD
detector. Diffraction patterns were collected from 20° to 60° 20 with a step size of 0.02°, an
integration time of 7s per step.

TEM imaging. TEM imaging was performed on a FEI Tecnai T20 S-TWIN TEM operating at
200 kV with a LaB6 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 195kx, resulting in a pixel resolution of 0.27 A/pixel, an exposure time of .7s,
and a readout time of 1.4 s, yielding a frame rate of 0.48 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~5000 e /A%-s was used
for all data collected and a conversion value of 6.7 was used to convert CCD counts to electrons.
For thermal annealing experiments ~150 HRTEM images of attached particles were first collected,
then the sample was annealed in the TEM column (8.8x10 torr pressure) at 440°C for 15min in
a Gatan model 628 crucible heating holder with an inconel furnace. The sample was then cooled
back to room temperature and another ~150 HRTEM images were collected.

TEM image analysis. TEM image stacks were first drift corrected with subpixel accuracy using
the image alignment tools in Gatan Digital Micrograph 3.0 (GMS 3.0) and alignment success was
manually inspected. In some cases, the raw images were used for drift correction and in other
cases, a Sobel or Hanning filter produced better alignment. For all FTs displayed and analyzed
care was taken to avoid streaking artefacts that result from image edges. Briefly in GMS 3.0, a 2"
by 2" pixel area of interest was cropped from the image and was subsequently multiplied by a 2D
Hanning window followed by computing the FT. For visualization, the log of the modulus of the
FT was saved and visualized in ImagelJ using the “fire” lookup table to facilitate viewing. The
position of edge dislocations were determined using the same strategy we used previously.>
Prismatic stacking fault presence was determined by analyzing the streak intensity in the FT. First
a Hanning filtered FT of a sub-area of each frame was computed, then a mask was used to select
only the streak area, and a sum of the counts was computed. A Hanning filtered FT of the same
size of a nearby sub-area from the same image series where a perfect crystal was observed was
also computed. The same mask was used to determine the background intensity in the FT. To
account for fluctuations in image quality with time, the FT streak intensity was normalized by the
intensity of the {1100} spots in the FT from the perfect crystal sub-area.

For heating experiment analysis, a custom automated Matlab routine was written to identify
imperfections in the lattice which was used as an aide to manually identify dislocation density.
First a Fourier transform of the image was calculated and the 6 spots corresponding to the {1100}
planes were automatically found to determine the rotation of the lattice in the image. Next the
image was separately Fourier filtered by 3 different masks corresponding to the (1100) (1010)
(0110) planes. Each Fourier filtered image was then binarized and skeletonized then the endpoints
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and branchpoints of the skeleton image were determined (these correspond to potential edge
dislocations). Only branch and endpoints from image areas with inverse FT magnitude above a
certain threshold were kept by the routine. Finally, the raw image, Fourier filtered images, and
image overlaid with the potential dislocation positions were displayed side by side in a Matlab
figure. In each image, the number of interfaces as well as the number of dislocations and PSFs
were manually counted after careful inspection of each potential dislocation determined by the
image analysis routine. The routine was written and tuned to be oversensitive to avoid missing any
dislocations.

Computational Methods. Initial structures of the imperfectly attached NCs were generated by
cutting from large crystal slabs which contained the desired dislocation. Slabs of wurtzite with the
different dislocation structures were generated using the ATOMSK software.!*® Briefly, a wurtzite
CdSe unit cell was generated in ATOMSK using bulk lattice constants. Next, the primitive unit
cell was converted to an orthogonal unit cell with lattice vectors X, Y and Z along the [1120],
[1100] and [0001] directions in wurtzite, respectively, and a supercell of sufficient size was
generated. The edge dislocations were introduced into this slab using isotropic elasticity theory

using a Poisson ratio of 0.26. For the b = g [2110] edge dislocations, an edge dislocation in the

center of the supercell with a sense along the Z direction of the supercell and a displacement of
4.30 A along the X direction was introduced into the supercell. The exact center of the dislocation
was optimized to prevent it from occurring on an atomic position to avoid non-physical

displacements. For the b = % [1011] partial dislocations, first, an edge dislocation in the center of

the supercell with a sense along the Z direction of the supercell and a displacement of 2.15 A along
the X direction was introduced into the supercell. Next, a screw dislocation with a displacement
of 3.51 A along the Z direction was introduced. For the prismatic stacking faults, a displacement
of 3.73 A in the Y direction and 3.51 A in the Z direction was introduced into the supercell.

Imperfectly attached NCs were cut from these slabs according to the following procedure. Two
spherical masks were created with their centers equidistant from the dislocation core, and the atoms
outside of these masks were removed. The intersection of the two spheres determined the particle
interface and contained the relevant dislocation. The individual spheres were approximately 6.5
nm in diameter. The size and intersection of the NCs were tuned such that all the attached NC
structures had approximately the same number of atoms and atoms at their interface. We used the
same procedure to create the perfectly attached NCs.

We then performed molecular dynamics based geometry minimization of the NCs via the
conjugate gradient algorithm implemented in LAMMPS! using previously developed Stillinger-
Weber interaction potentials for CdSe.®? To obtain the final configuration for which we ran the
electronic structure calculations, the outermost layer of atoms was removed and the subsequent
monolayer was replaced by ligand potentials representing the passivation layer, where each Se
(Cd) atom was replaced by a ligand potential for Cd (Se).!*® For the imperfectly attached NCs,
care was taken to ensure that the defect site was not disrupted by this passivation procedure.
Specifically, we did not passivate the interior atoms of the defects, but we did passivate the atoms
on the top and bottom of the defect site. An atom was categorized as interior if all positions along
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the surface of a sphere centered at the atom with a radius of ~3.5 A were within ~3 A of at least
one atom or if the atom had four bonds.

Electronic structure calculations were performed using the semi-empirical pseudopotential
method.3! The filter-diagonalization technique®*** was used to find the quasiparticle states near
the band-edge. These quasiparticle states were then used to produce carrier density plots and,
separately, as input to the Bethe-Salpeter equation to obtain the correlated electron-hole (i.e.
excitonic) states.> The Bethe-Salpeter equation was solved within the static dielectric
approximation (g = 5).
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Video S1: HRTEM movie of imperfectly attached {1100} terminated CdSe NCs witha b = =[2110]

edge dislocation.
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Video S2: HRTEM movie of imperfectly attached {1120} terminated CdSe NCs with a PSF across the
entire interface.

Video S3: HRTEM movie of imperfectly attached {1120} terminated CdSe NCs with a PSF across
part of the interface which is terminated with a partial dislocation.

Video S4: HRTEM movie of imperfectly attached {1120} terminated CdSe NCs witha b = —[2110]

edge dislocation with a perpendicular glide plane for removal.
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Video S5: HRTEM movie of imperfectly attached {1120} terminated CdSe NCs witha b = g [1120]
edge dislocation with a parallel glide plane for removal.

Video S6: HRTEM movie of imperfectly attached {1120} terminated CdSe NCs with two edge
dislocations

Video S7: HRTEM movie of imperfectly attached {1100} terminated CdSe NCs with two edge
dislocations
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