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Super-Resolution Microscopy Reveals Shape and Distribution of
Dislocations in Single-Crystal Nanocomposites
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Abstract: With their potential to offer new properties, single
crystals containing nanoparticles provide an attractive class of
nanocomposite materials. However, to fully profit from these, it
is essential that we can characterise their 3D structures,
identifying the locations of individual nanoparticles, and the
defects present within the host crystals. Using calcite crystals
containing quantum dots as a model system, we here use 3D
stochastic optical reconstruction microscopy (STORM) to
locate the positions of the nanoparticles within the host crystal.
The nanoparticles are shown to preferentially associate with
dislocations in a manner previously recognised for atomic
impurities, rendering these defects visible by STORM. Our
images also demonstrate that the types of dislocations formed
at the crystal/substrate interface vary according to the nucle-
ation face, and dislocation loops are observed that have entirely
different geometries to classic misfit dislocations. This ap-
proach offers a rapid, easily accessed, and non-destructive
method for visualising the dislocations present within crystals,
and gives insight into the mechanisms by which additives
become occluded within crystals.

Introduction

Doping crystals with foreign species is a powerful strategy
for tuning properties and creating new functional materials,

where judicious combination of the host and additive can
result in new properties including colour, magnetism and
conductivity.[1] Traditional solid solutions are formed by
substituting atoms/ions in the host crystal for others of
comparable size and charge, while many crystals can be doped
with atomic or molecular species that reside in interstitial sites
in the lattice. It is now also recognised that particulate species
including organic and inorganic nanoparticles,[2] protein
aggregates,[3] and even liquids[4] can be incorporated within
single crystals, which vastly increases the range of potential
material combinations. However, the degree of loading of the
particles varies enormously, where levels of only 0.01 wt%
were achieved when simple salts such as NaCl were precipi-
tated in the presence of inorganic nanoparticles[5] as com-
pared with over 20 wt% in ZnO and calcite crystals
for nanoparticles functionalised with coronas of polymer
chains.[2a, 6]

Looking beyond composition, occlusions can also give rise
to enhanced materials properties due to their influence on the
crystal lattice itself. For example, compressive stresses
associated with Mg-rich nanoparticle occlusions in calcite
give rise to increased hardness,[7] while amino acid occlusions
in ZnO result in a shift in the band gap.[8] The introduction of
occlusions into a crystal can also generate defects, whose
character, density and mobility is fundamental to many
important properties including ionic conductivity, mechanical
properties, and crystal growth and dissolution.[9] Determina-
tion of the mechanisms underlying particle incorporation
within crystals, and the relationship between defect structures
and occlusion, therefore promises the ability to control and
fully profit from this synthetic strategy.

Here, we demonstrate the use of 3D stochastic optical
reconstruction microscopy (STORM), a super-resolution
fluorescence-based microscopy technique,[10] to characterise
the internal structures of nanocomposite crystals. Studying
single crystals of calcite (CaCO3) containing fluorescent
nanoparticles, we show that at low occlusion levels the
nanoparticles preferentially associate with, and form an
atmosphere around dislocations within the crystals. This
offers new insight into the mechanism of interaction, and
occlusion of particulate additives within these crystals.
STORM therefore provides a rapid, non-destructive and
readily accessed method for visualising the locations and
shapes of dislocations in 3D, and correlating these with the
morphology of the crystal.
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Results

STORM generates images based on single molecule/
particle detection.[10] Fluorophores that can be optically
switched between active and deactivated states are employed,
where the stochastic nature of the emission is such that only
a fraction of the fluorophores emit when an individual frame
is recorded. The shape of the emission around each centre is
described by an imaging-system-defined point-spread func-
tion (PSF), where the introduction of astigmatism or defocus-
ing into the system enables the positions of individual emitters
to be localised in three dimensions with nanometre precision.
By recording multiple images the positions of a population of
distinct fluorophores can be identified, and an overall image
of the sample can be reconstructed.

While the original fluorescent label for STORM consisted
of an activator and reporter dye pair, in which the reporter
dye switches between fluorescent-on and dark-off states,
advances in methods such as direct STORM,[11] have elimi-
nated the need for access to a large reservoir of the activator
during image acquisition. Yet, methods using fluorophores
commonly still require access to a solution environment or an
oxygen scavenger to function optimally.

Given our interest in the incorporation of particulate
additives (that occupy isolated environments inside the
crystal), we employed 6 nm carboxylic acid functionalised
CdSeS/ZnS quantum dots (QDs) as fluorescent labels. These
QDs exhibit a stochastic, on–off „blinking“ behaviour that is
independent of solution or oxygen access.[12] The carboxylic
acid surface functionalisation of the QDs was chosen to
ensure solubility in the crystal growth solution and to promote
interaction with the surfaces of the growing crystals. Calcite
(CaCO3) was selected as the host crystal as there is consid-
erable precedent for its ability to occlude foreign species, and
its crystal growth mechanisms have been well characterised.

Calcite single crystals occluding QDs were precipitated on
glass cover slips by exposing solutions of 2.5 mm or 10 mm
calcium chloride containing QDs to ammonium carbonate
vapour[13] (Figure 1a). A fluorescent dye, 3-hydroxynaphtha-
lene-2,7-disulphonic acid (HNDS) was also added to the
growth solution. While the QDs only occupy specific locations
within each calcite crystal, the dye is distributed uniformly.[14]

Addition of the dye therefore enabled the morphologies of
the crystals to be determined using 3D widefield fluorescence
microscopy (WFM), such that the locations of the QDs
identified using STORM could be correlated with the crystal
structure.

Scanning electron microscopy (SEM) of the product
crystals showed that they were 3–20 mm in size, had rhombo-
hedral morphologies, and were randomly oriented with
respect to the glass substrate (Figure 1b). Raman microscopy
and infra-red spectroscopy confirmed that they were calcite
(Figure S1 in the Supporting Information), while thermogra-
vimetric analysis (TGA) demonstrated low levels of occluded
QDs (< 1 wt %) (Figure S2). Initial studies focused on nano-
composite crystals with {104} basal planes where 3D STORM
and WFM datasets were recorded sequentially. The STORM
localisation micrographs were acquired from a 20 X 20 X 3 mm
field of view with average localisation precisions of & 27.8 nm
(: 2.9 nm) in the x–y plane and 38.7 nm (: 18.9 nm) in the z
direction.

Figure 2 displays volume renderings of two calcite crystals
precipitated from 2.5 mm (Figure 2a) and 10 mm (Figure 2b)
calcium chloride solutions. WFM was used to generate images
of the crystals as shown in semi-transparent grey, with
a spatial-resolution of & 300 nm in the x–y plane. The
locations of the QDs, in turn, were derived from STORM
datasets. The QD localisations are mapped using a divergent
colour scale that scales with the number of detected photons
per QD localisation. The corresponding intensity and local-

Figure 1. a) Schematic representation of the de novo precipitation of calcite/quantum dot (QD) nanocomposites. The QD-rich aqueous
crystallisation liquor is supersaturated with respect to calcite through the introduction of ammonia and carbon dioxide (i). Nucleation occurs on
the glass substrate, followed by growth in a dominant direction, and QDs accumulate at dislocations (ii). Upon completion, the crystals are
imaged by STORM within a sub-volume as indicated (iii). b) Electron micrograph of calcite/QD nanocomposites, where the images show
a population of crystals and higher magnification micrographs of crystals with the {104} and {012} basal planes examined in this study. Scale
bars are 10 mm.
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isation histograms are presented in Figures 2c and d. These
provide an estimate of the relative number of occluded QDs
across samples based on the detected number of localisations,
where the number of photons detected also has some
dependence on the sample depth. Higher QD occlusion and
clustering occurs in the crystals grown from the more
supersaturated solution. The 3D STORM data are acquired
from a limited depth range of & 2.8 mm such that only
a section of the calcite nanocomposite crystal was sampled.
Data were collected adjacent to the glass substrate through-
out (Figure 1a). This limited height is due to the spatial reach

of the helical PSF used. Increased sample heights can be
imaged by the acquisition of multiple depth-interleaved
STORM datasets.

The images clearly show that the QDs are occluded at low
levels within the crystal host, but that they are concentrated in
a number of discrete domains. These take the form of low-
curvature arcs that originate from the nucleating crystal face
and which are directed roughly perpendicular to the interface
(Movie S1). The locations and shapes of these structures are
consistent with the dislocations that are commonly found in
calcite.[15] Studies of dislocations in unstrained calcite using

Figure 2. 3D STORM image reconstructions of calcite/quantum dot nanocomposites with {104} basal planes, precipitated from a) 2.5 mm, and
b) 10 mm calcium chloride solutions. Top-down and side-views of the STORM images showing the clustered QDs, superimposed on the form of
the crystal as determined by WFM. The STORM data are displayed in a colour map ranging from blue to red according to the detected number of
photons per localisation. The corresponding histograms showing the localisation precision in the x–y plane (lateral) and z depth component, and
the number of photons per localisation are given in (c) and (d). Scale bars are 1 mm.
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etching methods and X-ray tomography have suggested
dislocation densities in the order of 1 = 103 cm@2.[15b] The
crystals shown in Figure 2, in contrast, contain roughly 10
identifiable dislocations, and thus dislocation densities in the
order of 3 X 107 cm@2. This is indicative of the crystal
experiencing strain, where comparable densities have been
measured for calcite single crystals that have undergone small
uniaxial compressions.[15b, 16]

The influence of the crystal orientation on the dislocations
present was then investigated by characterising calcite nano-
composite crystals with {012} basal planes. STORM image
reconstructions of occluded QDs in two crystals in this
orientation are shown in Figures 3a and b. Again, the QDs
are sparsely distributed throughout these crystals, but are
concentrated in discrete domains. While some of these
features exhibit similar geometries to the dislocations in the
{104} oriented crystals, running approximately perpendicular
to the basal plane, clusters roughly in the centre of the
STORM reconstructions or the crystal also take the form of
dislocation loops. These are magnified in Figures 3a and b
and Movie S2 and are oriented such that ends of the loop
terminate at the crystal/ substrate interface, and the loop itself
lies parallel to {104} faces. The preferential calcite slip system
comprises {104} and {012} planes and (4(21

6 5
slip directions,

such that dislocation loops must lie in one of these planes.[17]

Further confirmation of these structures as dislocations is
provided by our recent study of {012} oriented calcite crystals
located on carboxyl-terminated self-assembled monolayers
(SAMs) using Bragg coherent diffraction imaging (BCDI).[18]

This synchrotron-based technique enables the visualisation of
dislocations in 3D. BCDI of 2 mm calcite crystals (ie at an
earlier stage of development) precipitated in the absence of
QDs revealed the presence of single dislocation loops within
each crystal (Figure 3 c) where these were of comparable sizes
and orientations to those seen here by STORM.[18] Notably,
these loops exhibit entirely different geometries to the
traditional misfit dislocations that form between two crystal-
line materials with a close lattice match.[19] These generally
nucleate at the free surface of the growing crystal, and the
loop then grows until its apex reaches the crystal/substrate
interface. That these unusual dislocation loops have now been
observed in calcite crystals nucleated on different substrates
(glass, and SAM/gold/glass) and using independent tech-
niques further validates their existence and emphasises the
role of strain present at the crystal/substrate interface in
generating these structures.

Discussion

The ability to image dislocations within crystalline mate-
rials, and to monitor how they move and interact under
external stimuli is critical to understanding many materials
properties. While it has long been possible to image individual
dislocations using transmission electron microscopy
(TEM),[20] visualising these defects in three dimensions has
proven far more challenging. Electron tomography now
allows 3D images of defects such as stacking faults, grain
boundaries and dislocations to be generated with atomic

resolution.[21] However, this can only be achieved for nano-
scale crystals, or sections prepared from larger samples, and
measurements are commonly made in vacuum. A range of X-
ray based methods have also been widely used,[22] perhaps
most notably BCDI, which enables a dislocation and its
associated strain field to be visualised down to 10 nm in
spatial resolution.[9b,15a] The disadvantages of this technique
include the requirement for a synchrotron source, the
complexity of the data analysis and there are again restric-
tions on the sample size and level of strain.

Use of a STORM-based approach to visualise the
principal crystallographic defects in 3D therefore provides
a promising extension to these existing X-ray and electron-
based methodologies. While we cannot entirely exclude the
possibility that the nanoparticles could contribute to the
formation of dislocations, the fact that the number density
and the shapes of the dislocations present are comparable in
crystals formed in the presence and absence of nanoparti-
cles[18] suggests that this is unlikely. In situ AFM analysis of
calcite growth in the presence of nanoparticles has also shown
that propagation of the surface steps past adsorbed particles is
facile.[23] The success of the method is principally based on
three factors: the unitisation of QDs, such that signal is
acquired from truly isolated environments,[24] the suppression
of background signals compared to widefield or confocal laser
scanning fluorescence microscopy (CLSFM), and the exten-
sion to three-dimensions. Indeed, visualisation of the nano-
composite crystals using CLSFM failed to resolve the
dislocations present, demonstrating that the same informa-
tion could not be retrieved by simpler means (Figure S3).

Our observation that QDs preferentially associate with
dislocations is itself also fascinating. That atmospheres of
impurity atoms form around dislocations is well-recognised in
the so-called Cottrell effect.[25] We are not aware of any
reports of this effect with molecules or nanoparticles, but it is
our expectation that it may actually be quite widespread, and
has been overlooked due to the absence of techniques that
can visualise both the dislocations and occluded material. The
Cottrell effect is considered to arise due to a reduction in the
strain fields arising from the dislocation and impurities thanks
to their association.[25, 26] This may also occur during nano-
particle occlusion, where incorporation of any nanoparticle
within calcite gives rise to local strain fields, as revealed by
high resolution powder XRD studies of single crystal nano-
composites.[2a, 4,7]

Kinetics also play a significant role in the occlusion of
additives within crystals, where superior occlusion of addi-
tives that bind weakly to a crystal is expected during rapid as
compared with slow growth.[27] The association of additives
with a crystal surface is a dynamic process, where occlusion
depends on the balance between the rates of additive
adsorption and desorption, and step propagation. Occlusion
occurs if a nanoparticle remains bound to a step edge long
enough for it to be entrapped by the propagation of
neighbouring step edges.[23] Under the experimental condi-
tions used here—where nanoparticle occlusion occurs at very
low levels—the strain field associated with the dislocation
core may be sufficient to reduce the nanoparticle desorption
rate such that some occlusion can occur.
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Figure 3. Dislocation loops in oriented calcite crystals as observed by stochastic optical reconstruction microscopy and Bragg coherent diffraction
imaging. a,b) 3D STORM image reconstructions of {012} oriented calcite nanocomposite crystals precipitated from a) 2.5 mm and b) 10 mm
calcium chloride solutions. Top-down and side-view volume renderings of sub-sections of the crystals are shown and the STORM reconstructions
are superimposed on the forms of the crystals as determined by WFM. Selected area magnifications (green boxes) highlight some of the
dislocation loops, and the corresponding histograms are given. STORM data are displayed in a colour map ranging from blue to red according to
the detected number of photons per localisation. c) BCDI image reconstruction of 2 calcite crystals with {012} basal planes, where each exhibits
a single dislocation loop. Their location within the crystal, is indicated by the semi-transparent render of the crystals electron density projection.
Top-down, and corresponding side views of two crystals are presented. Panel (c) is adapted from Ihli et al.[18]
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Our study also further demonstrates the potential of
super-resolution microscopy in materials science. While
principally used to investigate biological specimens, super-
resolution microscopy is attracting increasing attention as
a method of characterising synthetic materials ranging from
polymers, to carbon nanostructures, catalysts and inorganic
systems.[28] As prominent examples of its application to
inorganic materials, super-resolution microscopy has been
used to visualise the active sites on catalytic nanoparticles,[29]

and to study transport processes in porous materials.[24a,b] A
number of recent papers have also used it to characterise
perovskite materials, imaging traps,[30] degradation process-
es[31] and carrier diffusion.[32] Of particular relevance to the
current work, STORM has also been used to visualise labelled
gelatine fibres[24c] and proteins[24d] within CaCO3 crystals.
However, few of these studies report 3D images or target the
internal structure of the crystalline material.

Conclusion

We have here presented a novel strategy for visualising
extended defects within crystalline materials in 3D, where this
relies on (i) occluding low concentrations of fluorescent
nanoparticles within the crystals, where these principally
locate in the vicinity of dislocations and (ii) using 3D super-
resolution microscopy to map the locations of the nano-
particles. This approach is rapid and non-destructive, can be
used to examine large samples, operates under ambient
conditions and uses instrumentation that is widely accessible.
It could also be employed to conduct in situ experiments such
as visualising the process of additive incorporation, studying
dislocation birth and movement during crystal growth, or
amorphous to crystalline phase transformations. Our results
provide an independent verification of the formation of
dislocation loops with unusual geometries on the nucleation
of calcite crystals at substrates, and give further insight into
the mechanisms by which additives become occluded within
crystals. An improved understanding of this effect will
facilitate the design of nanocomposite materials with desired
structure/property relationships.
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