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ABSTRACT

Through the mechanism of “oriented attachment”, small nanocrystals can fuse into a wide variety of one- and two-dimensional nanostructures.
This fusion phenomenon is investigated in detail by low-temperature annealing of a two-dimensional array of 10 nm-sized PbSe nanocrystals,
in situ in the transmission electron microscope. We have revealed a complex chain of processes; after coalescence, the connected nanocrystals
undergo consecutive rotations in three-dimensional space, followed by drastic interfacial relaxations whereby full fusion is obtained.

The low-temperature fusion mechanism of nanoclusters,
which is driven mainly by reduction of surface energy, is
inherently very complex since it requires three-dimensional
(3D) reorientations of the nanocrystals and removal of
interfaces. This so-called “oriented attachment” enables the
formation of larger crystals with a wide variety of morphol-
ogies.1-5 These processes typically take place far below the
melting temperature of the bulk material. Understanding the
fusion mechanism is of importance both to prevent degrada-
tion of nanocrystal superlattices and to control the formation
of one- (1D) and two- (2D) dimensional nanostructures by
fusion of smaller nanocrystal units. More generally, the
mechanism provides a new perspective on the complex
process of sintering of nanocrystalline materials, a method
extensively used in materials science and industry.6

Due to systematic progress in wet chemical synthesis,
many types of colloidal nanocrystals of metal and semicon-
ductor compounds can be currently obtained with increasing
control over the surface chemistry, size, and shape.3,7

Colloidal crystallization from nanocrystal suspensions has
led to nanocrystal superlattices with an astounding long-range
order and a remarkable variation in the structure and
stoichiometry.8-10 Such superlattices may form the basis for
new materials with collective properties that arise from
quantum mechanical and dielectric interactions between the

nanocrystal building blocks.11-14 The separation of the
monolayer-protected nanocrystals is a critical point that has
become apparent by neck-formation between monolayer-
protected gold nanocrystals in a Au superlattice.15 Under-
standing the fusion mechanism and its energetics is thus
required to ascertain long-term stability of superlattices.

In other applications, beneficial use is made of the
tendency of nanocrystals to fuse, such as in the fabrication
of larger single-crystals with 1D and 2D geometries.
Manufacturing of opto-electronic components could be based
on the cost-effective nanocrystal processing from a solution
and subsequent thermal treatment. That nanocrystal fusion
is a realistic option is supported by many reports in the field
of colloidal nanoscience.1,3,7,16 PbSe nanostructures can be
formed from smaller nanocrystal building blocks through the
process of oriented attachment.2,4,5,17,18 These examples show
the huge potential of spontaneous nanocrystal fusion for
materials science. In addition, sintering and gentle annealing
of polycrystalline materials is extensively used in the industry
to improve the performance of materials.6 Exact knowledge
of the nanoscopic processes is often lacking; it can however
be expected that processes take place similar to those
observed with colloidal nanocrystals.

Here, we present a real time microscopic study of the entire
chain of processes involved in the unification of PbSe
nanocrystals into larger single crystals at temperatures far
below the PbSe melting temperature19 of 1079 °C. In order
to obtain high resolution at elevated temperature, an advanced
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SiN heating chip20 enabling low-drift transmission electron
microscopy (TEM) imaging was used as a substrate for the
quantum dots. Details on the in situ TEM heating are in the
Supporting Information. In our study, we have used PbSe
nanocrystals of 9.8 ( 0.5 nm in diameter where the original
oleic acid capping is replaced by hexylamine capping.18 Two-
dimensional arrays of hexylamine-capped PbSe nanocrystals
were prepared by drop-casting suspensions in toluene on the
SiN chip and solvent evaporation. In general, attachment and
fusion of the hexylamine-capped PbSe quantum dots oc-
curred more easily (faster and at lower temperature) than
when samples consisting of oleic acid-capped nanocrystals
were used. Arrays based on smaller PbSe nanocrystals led
to the same results as will be presented below. For TEM
imaging, a Tecnai TF20-ST microscope operating at 200 kV
was used, and a CM300-UT microscope operating at 300
kV and equipped with a fast-scan Tietz camera.

Figure 1 shows the main stages of single-crystal formation
from an array of 10-nm sized PbSe nanocrystals. Figure 1a
shows the initial configuration, an hexagonally ordered, two-
dimensional array of PbSe quantum dots (QDs), with all dots
separated by the hexylamine capping. In situ heating of this
ordered array to 100 °C (Figure 1b,c) leads to a transition
during which the nanocrystals have high mobility. The array
becomes increasingly disordered, the nanoparticles coalesce,
and initial attachment takes place. In low-coverage areas,
1D strings of QDs are formed as shown in Figure 1d, while
isolated dots tend to adopt a cubic morphology (Figure 1e)
in agreement with reports in the literature.4 Larger, two-
dimensional agglomerations are formed during annealing at
130 °C as shown in Figure 1f. Polynanocrystals are formed
whereby the original dots can still be distinguished as
individual nanocrystals. Within a time scale of minutes, these
dots then fuse into multidot single crystals. Figure 1f shows

an agglomeration of eleven nanodots at 130 °C, including
two dots (no. 1 and no. 2) that have already fused. Upon
continued annealing for 10 min at a temperature of 150 °C,
four other dots (nos. 3-6) have fused with the two-dot crystal
so that a six-dot single crystal is formed in Figure 1g.
Because the fusion is achieved without melting, the nano-
crystals have to rotate over large angles and interfaces have

Figure 1. TEM images displaying the attachment and fusion process of PbSe quantum dots (QDs). (a) Starting configuration: two-dimensional
array of 10 nm sized PbSe nanoclusters on a SiN substrate. The array shows hexagonal ordering. (b,c) Upon gentle annealing at a temperature
of 100 °C, the QDs become mobile. Coalescence and initial attachment takes place. (d) In low-density areas, strings of QDs are formed.
(e) Isolated QDs tend to adopt a truncated cubic morphology. (f,g) Continued annealing at 130 and 150 °C leads to crystal unification. (f)
Agglomeration of some 11 connected QDs. Dots no. 1 and no. 2 have fused into a two-dot single crystal. (g) The same agglomeration 10
min later. Dots nos. 3-6 have fused with dots nos. 1-2 into a six-dot single crystal.

Figure 2. Schematic representation of the entire fusion process:
(i) attachment due to surfactant evaporation, (ii) rotations to a planar
alignment, (iii) subsequent rotation to a nearly full 3D alignment,
and (iv) relaxations resulting in removal of the defective interface
in order to achieve complete fusion. Experimental observations of
rotations are displayed in Figures 3 and 4, interface relaxation is
shown in Figure 4.
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to be resolved. Note that all of this happens far below the
melting temperature of PbSe (1079 °C).

Figure 2 shows schematically the mechanism of attachment
and crystal unification, which was built from the TEM
observations. First, the quantum dots attach after removal
of the capping, whereby an interface is formed at the neck
between the dots. Second, the quantum dots undergo several
rotations, leading to partial alignment of the two nanocrystals.
Here alignment of the (111) lattice planes is shown, which
is known to be a preferential contact plane in specific
chemical environments because of dipole interactions4,17

(PbSe has the rocksalt crystal structure with a lattice
parameter of 0.613 nm, and the {111} surfaces are electri-
cally charged, Pb- or Se-terminated planes). While the (111)
planes are aligned, the two crystals may still be rotated with

respect to each other inside that plane. Hence, there is only
planar alignment and another rotation is required leading to
a nearly full alignment of the nanocrystals (3D alignment).
In general, defects are still present at the interface between
the two nanocrystals.21,22 The last step toward complete
fusion consists of atomic reconfigurations at the interface
whereby these defects are removed. Note that not all rotations
are equivalent: rotations 1 and 2 in Figure 2 will have the
tendency to “tear open” the interface at one side and to
compress it at the other side. Rotation 3 however, rotation
perpendicular to the interface, involves only sliding of lattice
planes over each other. The rotations can happen in different
order and partially simultaneously. From a mathematical
point of view, each fusion process is a particular path in the
five-parameter space, a model which is often used to describe

Figure 3. Stills of in situ TEM recordings, showing the evolution PbSe quantum dots (QDs) during three fusion events. The scale bars
indicate 4 nm. In general, one QD is centered in the field of view because it is not known beforehand with which other QD it will fuse.
(a-h) First event, two 10 nm PbSe QDs fuse into a single crystal at a temperature of 120 °C. Panels a-d: Rotation over 6° in the plane
of view, establishing alignment of the (111) planes in panels d and e. Panels e-h: Subsequent rotation of the central nanocluster perpendicular
to the field of view. A third QD attaches at the bottom in image h. (i-m) Second event, two 10 nm QDs with hexylamine capping fusing
at a temperature of 120 °C. Panels k and l: A rotation of 7° removes the misalignment between the (022) planes, 3D alignment is obtained
in panel m where the fused crystal is projected along (011). (n-w) Multisized PbSe QDs fusing into a nanorod. Panels n-u: The small
nanocluster no. 3 rotates to align with the larger dot at its left. Movie 3 in the Supporting Information shows that the rotation is not smooth,
but irregular as a function of time. Panel v: Four dots have fused into a 4 dot single crystal. The small dot that rotated has been assimilated
into the rod. Panel w: The rod has rotated around its own axis, changing the projection of the crystal.
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the grain boundary character distribution in a volume of
polycrystalline material.23,24 Here three parameters are re-
quired to specify the misalignment of the two crystals, while
two parameters are required to specify the orientation of the
interface.

Figure 3 shows three events of fusing nanoclusters,
recorded real-time, in situ in the electron microscope. Movies
1, 2, and 3 in the Supporting Information show a selection
of the rotational movements of these events. In general, the
two fusing nanoclusters both undergo rotations. They interact
with each other but also with the other surrounding nano-
clusters through multiple, competing attachments. In general,
planar alignment precedes the 3D alignment of the crystals.
Figure 3a-d shows an event in which a mistilt between (111)
lattice planes of 6° decreases gradually to 4, 2, and 0°
((0.5°), so that planar alignment is achieved in Figure 3d,e.
Here the lattice planes extend horizontally over the two
nanoclusters, while from the different image contrast (dots
for the central PbSe cluster and lines for the cluster on the
right) it is clear that the crystal orientation of the two dots is
not the same. In Figure 3h, a few minutes later both
nanoclusters display the same contrast, which proves that
the central cluster has rotated and which suggests 3D
alignment.

In the next event shown in Figure 3i-m, the crystals do
not seem aligned at all at first, then they rotate so that a
misalignment of the (022) planes of 7° is reduced to 0°
(Figure 3k,l), which is followed by a full 3D alignment in
Figure 3m, where both crystals now show the same 2D
contrast. The identifiable (011) projection of the two crystals
is a proof of 3D alignment. Also in other recorded series,
subsequent rotations are observed (Figure 3o to 3t to 3v,
and Figure 4b to 4c to 4g). In particular in Supporting
Information Movie 3 (corresponding to Figure 3n-u), it is
clear that the rotation is not a smooth, continuous movement.

The small nanocluster no. 3 is rotating with irregular angular
velocity into the right position in order to align with the larger
nanocluster no. 2 at its left. Furthermore, the QDs seem to
partially overlap in projection (overlapping circles), which
means that the interfaces are not parallel with the electron
beam. Probably the crystallographic interactions between the
dots are much stronger than the adhesion to the SiN substrate,
so that an approximate zigzag chain is formed whereby some
dots are positioned higher with respect to the substrate than
others (e.g., a side projection of the PbSe line in Figure 1d
would also show projections of interfaces). Eventually, the
four dots fuse into a single crystal nanorod in Figure 3w.

The last step in the fusion process consists of interface
relaxation, which is displayed in Figure 4. First the PbSe
nanocrystal at the top side of the interface rotates to achieve
planar alignment (Figure 4b to Figure 4c), after which a
mistilt of � ) 13° is observed between the two crystals in
the plane of the image.

The atomic planes stop quite abruptly at the interface, and
therefore the interface consists of only a few atomic layers.
Seven edge dislocations (partial lattice planes) can be
distinguished, equally distributed along the interface.21,22

When the mistilt becomes smaller (9° in Figure 4d), the edge
dislocations induce strain fields25 extending into the lattices
away from the interface. At this point, the rotation becomes
more difficult because the well-developed dislocations are
lowering the interface energy. Every time that an edge
dislocation is removed, the mistilt decreases in a stepwise
manner from � ) 13 to 9, 8, 7° (Figures 4c-f), until no
dislocations are left, the interface has disappeared (� ) 0°),
and the fusion is completed (Figure 4g). Although this
particular observation clarifies the process of interface
relaxation, in general the last step of the fusion process
seemed to happen much faster (in a few minutes) than in
this particular case (23 min). Probably the fusion process

Figure 4. Rotations followed by interface relaxation, imaged during heating of 10 nm sized PbSe QDs at a temperature of 170 °C, increasing
to 200 °C, over a time span of 23 min. (a) Triplet of attached quantum dots with interfaces. The two dots at the bottom fuse into a single
crystal. (b-g) Details of the bottom interface. Lattice planes drawn from the images are shown on the right-hand side. (b) The dots are not
aligned. (c) The top QD has rotated, so that both crystals now display the same line pattern with a mistilt of �)13°. The interface is very
sharp and involves only a few atomic layers, in which 7 interface dislocations can be identified (displayed schematically on the right-hand
side of the image). (d) The mistilt has decreased to � ) 9° through a reduction of the number of interface dislocations to 4. Also the
interface area broadens as the dislocations evolve and produce strain fields also in atomic layers further away from the interface. (e,f)
Further decrease of the mistilt to 8 and 7° accompanied by a decrease of the number of dislocations. (g) There are no dislocations left; the
crystals have fused into a single crystal.
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happens more easily when the interfaces at the necks between
the dots are still small, and when the rotational misalignment
of the two nanocrystals is small at the moment of first
attachment.

Summarizing, gentle annealing at a temperature of 100
°C first induces removal of the capping of the spherical PbSe
quantum dots, enabling attachment and interface formation
at the necks between the dots. Second, rotations establish a
planar alignment of the two nanocrystals, followed by another
rotation step establishing near-3D alignment with interfacial
defects. Finally, the interface is removed as remaining edge
dislocations disappear one by one. The results suggest a weak
interaction between the nanocrystals and the amorphous SiN
support. It is astonishing that the nanocrystals can rotate
seemingly easily (in a time scale of seconds) while the
interfaces remain in place. This is only possible when
massive atomic reconfigurations generate continuous inter-
face relaxation. Undoubtedly, during these rotations the
interface will be strongly disordered in the first few atomic
planes. All these rotations and interfacial reconfigurations
occur at temperatures much lower than the melting temper-
ature of bulk PbSe.

The fusion is driven by a reduction of the surface and
interfacial energy that forms a considerable fraction of the
total free energy of the system. Given the fact that thermal
motion of the nanocrystals must be random (noninteracting,
spatially separated nanocrystals can also undergo thermally
induced rotations26), it is striking that the complex process
seems to be directed toward crystal fusion. The removal of
the capping molecules increases the surface energy of the
nanocrystals considerably, and therefore coalescence resulting
in a reduction of the surface energy is favored. Interaction
between nanocrystal dipoles, caused by charged {111} facets,
can induce preferential oriented attachment and string
formation,4,5,17 although the contribution of these interactions
to the total free energy is difficult to quantify. Understanding
the second step in the process of fusion, that is, the
consecutive rotations leading to nanocrystal alignment, will
need detailed microscopic simulations. The last step, the
removal of the misfit in the interface, must be driven by a
reduction of the interfacial energy. Our observations shed a
first light on this intriguing process that occurs at low
temperature without observable melting. Atomistic simulation
studies of the evolution of the free energy of the system
during the distinct steps toward fusion will be required for
a full understanding.
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