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9
Critical Casimir Forces Drive
Quantum Dot Epitaxy
Adopt the pace of nature: her secret is patience.

Epitaxy is at the basis of many fabrication protocols in the semiconductor industry, allowing the development of complex architectures for optoelectronic devices.
Epitaxial growth critically depends on the interaction between adsorbing particles,
and between the particles and the substrate. While this process has been demonstrated for both atoms and microparticles, the intermediate case of nanocrystals has
remained elusive due to our limited understanding of interparticle interactions at the
nanoscale. Here, we demonstrate the epitaxial growth of a layer of semiconductor
nanocrystals, quantum dots (QDs), on a flat, unfunctionalized and unpatterned silicon substrate via critical Casimir forces. By tuning the interplay of attractive critical
Casimir and repulsive electrostatic interactions, we show that the epitaxial process
can be biased towards either 2D layer or 3D island growth, consisting of crystalline
or amorphous superstructures. These results demonstrate the potential of the critical
Casimir interaction to direct the growth of future artificial solids based on QDs as
fundamental building blocks.
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9.1

Introduction

The semiconductor industry relies heavily on epitaxy, defined as the growth of a
crystalline atomic layer on a crystalline substrate. As a prime example, vapor phase
epitaxy allowed the growth of crystalline gallium nitride on sapphire, [193] eventually
leading to the development of the efficient blue LED that was recently awarded the
Nobel Prize in Physics. Furthermore, sequential epitaxial growth of different material
atoms makes the development of complex device architectures, like tandem solar cells,
possible. The adsorption of an adatom on a substrate is driven by the minimization of
free energy, and the resulting epitaxial structure critically depends on the interactions
between adatoms, and adatom and substrate. Specifically, adatom-adatom interactions stronger than those between adatom and substrate will result in island growth;
conversely, layer-by-layer growth will result when the adsorption to the substrate is
energetically favored to adatom attraction. [194] These principles are general and can
be transited from atoms to larger species, such as colloidal particles, by adjusting the
nature of the interactions at play. [195] While a large body of knowledge has been
gathered on the assembly of colloidal microparticles on a substrate, [195–197] the
exploration of the 1 − 10nm length scale that separates atoms and colloids has just
begun. [198, 199]
Semiconductor nanocrystals, quantum dots (QDs), reside at this length scale. QDs
have the potential of replacing atoms as the fundamental building blocks of future
artificial solids, [163] yielding material properties fundamentally defined from the
bottom-up. [200] In this regard, the assembly of QDs into crystalline solids, or supercrystals, is of key importance as it represents the fabrication step of these complex
materials. Of the several assembly techniques investigated, [33] controlled solvent
evaporation has led to the largest crystalline domain size of QD supercrystals; [100]
this approach is versatile and compatible with 2D assembly, [144] nevertheless the
transfer of the supercrystalline layer to a substrate can lead to cracking. [201] There is,
therefore, a need to improve the quality of supercrystals and their integration onto planar substrates. An ideal solution would be controlling both QD-QD and QD-substrate
interactions to drive the growth of QD supercrystals directly on the substrate: QD
epitaxy.
Advances in QD epitaxy have so far been hindered by our limited understanding
of QD interactions, and specifically by the lack of a universal interaction tunable in
situ. In the previous two chapters, we have shown that the critical Casimir interaction can drive the assembly of QDs in the bulk of a binary solvent close to the critical
point. [181,202] The assembly is driven by the confinement of solvent density fluctuations between QD surfaces, [45,171] the size and composition of which are tunable by
changing the distance from the critical point, thereby controlling the magnitude and
length scale of the interaction. Consequently, it is possible to finely tune the critical
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Casimir interaction by simply changing the temperature difference from the critical
point, making it possible to bias QD assembly towards specific superstructure morphologies. [202] Similarly, the confinement of solvent fluctuations between particles
and a substrate leads to attractive particle-substrate interactions that can ultimately
result in the adsorption of particles on the substrate. [168] Therefore, by tuning the
interplay of critical Casimir interaction between QDs, and QDs and the substrate, it
should be possible to direct the epitaxial growth of QDs on a substrate by simply
changing the temperature of the solvent.
In this chapter, we demonstrate QD epitaxy driven by critical Casimir forces. By
tuning the interplay between critical Casimir attraction and electrostatic repulsion between QDs, and QDs and the substrate, we can drive, or suppress, the growth of
patches of single QD monolayer on a silicon substrate. By measuring in situ the size
of the solvent fluctuations, we ensure reproducible experimental conditions that lead
to reproducible superstructure morphologies. Furthermore, by navigating in a multidimensional parameter space of solvent correlation length, Debye screening length,
and substrate wetting properties, we show the potential to tune the morphology of deposited QD superstructures from crystalline, to amorphous, and from layer-by-layer
to island growth.

Experimental details

We synthesize CdSe QDs of diameter σQD = 5.5nm and polydispersity of 7% by
following a reported procedure. [62] The native hydrophobic oleate ligands were replaced with hydrophilic 2,3-dimercapto-1-propanesulfonates (DMPS) by using a twophase system where a 40µM dispersion of QDs in hexane was placed in contact with
a 40mM solution of DMPS in N-methylformamide. After stirring the mixture vigorously for 1 hour, the QDs migrated to the polar phase as a consequence of the ligand
exchange. The polar phase was collected and QDs were precipitated by adding an
additional volume of acetonitrile. After centrifugation at 3000g for 20min, the clear
supernatant was discarded and QDs were redispersed at a concentration of 2µM in
the binary solvent, a 30w/w% solution of 2,6 – lutidine in water, with an additional
10mM NaOH to improve the colloidal stability of QDs. The QD dispersion was then
placed in contact with an oxygen-plasma treated silicon substrate. The substrate was
placed in contact with a steel block and immersed in the binary solvent from the top.
The substrate was heated by means of a heating element embedded in the steel block,
to a temperature T , such that ∆T = Ts −T > 0, where Ts is the phase separation temperature of the binary solvent. By keeping the bulk of the solvent at room temperature
(RT ), we drive a steep vertical temperature gradient going from T in the proximity
of the substrate to RT far from the substrate (Figure 9.1). The magnitude of the critical Casimir interaction is strongly dependent on ∆T , since the size of the fluctuations
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Figure 9.1: Schematic of the experimental setup for QD epitaxial growth on a
silicon substrate via critical Casimir forces. The QD dispersion in the binary solvent
is placed in contact with a silicon substrate heated to a temperature T = Ts − ∆T ,
where Ts is the solvent phase separation temperature. This results in a steep vertical
temperature gradient that drives the assembly only in the proximity of the substrate.
By controlling the size of the fluctuations, ξ, and the Debye screening length, λD , the
phase behavior of QDs can be tuned.

CH. 9

follows a power-law dependence of the type ξ ∼ ξ0 |∆T /Ts |−0.63 . This makes the surface of the substrate the only active location for QD deposition. To ensure maximum
reproducibility, we measured the size of the solvent density fluctuations prior to each
deposition in proximity of the substrate with dynamic light scattering by measuring
the hydrodynamic diameter of the fluctuations and correcting for the ∆T -dependence
of the viscosity. [203] Each deposition lasted one hour.

9.3

Results and discussion

The magnitude and length scale of the critical Casimir attractive interaction depend on the size of the solvent density fluctuations, ξ(∆T ). [45, 171] On the other
hand, the magnitude and length scale of the electrostatic repulsive interaction depend
on the Debye screening length λD , determined by the concentration of free ions in
solution. [34] Therefore, controlling the ratio λD /ξ is equivalent to controlling the
interplay of these interactions from repulsive, λD > ξ, to attractive, λD < ξ, to balanced, λD ∼ ξ. [186] We control ξ by changing the temperature of the substrate;
we control λD by changing the ion concentration. However, there are some experimental restrictions. To control the assembly, the QDs need to be colloidally sta-
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ble in the absence of attractive interactions, implying the experimentally determined
limit: λD > 5nm. Furthermore, the range of temperatures achievable with our setup,
293K < T < Ts = 307K also poses a limit on ξ: 4nm < ξ < 20nm. A schematic
of the experimentally available phase space is shown in Figure 9.2.
Increasing the magnitude of the repulsion while keeping the attractive interaction
constant, ξ = 6nm, reveals the formation of QD crystallites on the silicon substrate
(Figure 9.3). The superstructures deposit homogeneously over the substrate, demonstrating the potential of this technique. The 2D crystallites exhibit face-centered cubic
(FCC) ordering, and are oriented with the [100] direction normal to the substrate. The
size and frequency of crystallites increase with λD , indicating that the increasingly
repulsive interaction between QDs, and QDs and the substrate, is responsible for the
colloidal phase change from glass to crystal. Hence, the low attraction allows the
particles to form the equilibrium crystalline phase. The increase in electrostatic repulsion will also result in an increase in the average number of collision events needed
to result in permanent assembly, [156] therefore allowing the superstructures to transit towards their lowest energy configuration. Surprisingly though, this configuration
only features four nearest neighbors, instead of the six characterizing the [111] direction. Furthermore, the deposition of planar structures suggests that the magnitude of
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Figure 9.2: Available phase space for QD epitaxy. The interdot repulsion must be
sufficient to guarantee a stable colloidal dispersion of QDs in the absence of external
attractive interactions, λD > 5nm. Furthermore, the range of temperatures achievable
with our setup also poses a limit on ξ: 4nm < ξ < 20nm. To explore the region
ξ < 4nm the bath should be cooled below room temperature; instead, to explore
ξ > 20nm the temperature stability and and resolution of the heating setup should be
improved to avoid phase separation.
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Figure 9.3: QD epitaxy driven on a hydrophilic silicon substrate in the repulsive
regime λD > ξ, ξ = 6nm. (Top) Schematic of the available phase space. (Bottom)
Representative scanning electron micrographs relative to color-coded locations on the
phase space. Top scale bars indicate 125nm, while bottom ones indicate 25nm.

the attraction between QDs and the substrate is larger than that between QDs. We can
qualitatively justify this by surface chemistry arguments: The large electron cloud of
the sulfonate groups decorating the QDs surface is bound to yield a weaker interdot
attraction compared to the attraction between QDs and the SiO – -decorated surface of
the silicon substrate. Therefore, we argue that the FCC ordering along the [100] direction may directly result from the competition between the minimization of surface
energy and electrostatic terms: The free energy contribution of larger surface areas can
be compensated by the reduced repulsion that results from the decrease in the number
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Figure 9.4: QD epitaxy driven on a hydrophilic silicon substrate in the intermediate regime λD / ∼ ξ. (Top) Schematic of the available phase space. (Bottom)
Representative scanning electron micrographs relative to color-coded locations on the
phase space. Top scale bars indicate 125nm, while bottom ones indicate 25nm.

of nearest neighbors.
The epitaxial behavior can be almost suppressed by keeping the ratio λD /ξ constant while increasing the magnitude of both repulsive and attractive interactions (Figure 9.4). When increasing λD = ξ from 5 to 15nm, we observe a substantial decrease in the surface coverage, while the morphology of the superstructures appears
overall amorphous. In principle, we would not expect any change in the assembly
behavior while attractive and repulsive interactions stay balanced. Previous studies
for σC = 400nm  σQD latex colloidal particles indicated the line λD = ξ as
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the separation between repulsive, λ > ξ, and attractive λ < ξ behavior of colloidal
particles. [171] Instead, our observations suggest that as the magnitude of both interactions increase concomitantly, the effective behavior of QDs assembling on the surface
becomes repulsive. A recent report suggested that the behavior of critical Casimir interaction may deviate significantly from bulk when the fluctuations are confined in a
plane. [204] Indeed, this is the case for our experimental setup where the fluctuations
are confined in close proximity of the flat silicon substrate (Figure 9.1). We therefore qualitatively justify this deviation from bulk behavior with the special boundary
conditions of our experimental setup.
The morphology of deposited superstructures can be completely altered by increasing the magnitude of the attractive critical Casimir component while keeping the
electrostatic interaction constant, λD = 10nm (Figure 9.5). As the size of the fluctuations increases, the small QD aggregates begin to coarsen to assume a well-defined
morphology that, however, does not hint to a specific structure. The type of morphology suddenly unfolds when repeating the same experiment for λD = 15nm: QDs
assemble in a characteristic spinodal pattern (Figure 9.6). For a fixed value of λD
the domain size grows to sizes comparable with ξ, and depends in a non-trivial way
on λD (Figure 9.7). Spinodal morphologies are characteristic of two-component mixtures subjected to rapid demixing. [205] However, in this case, we are well below the
phase-separation temperature by ∆T > 0.1K. We propose that the assembly of QDs
into spinoidal superstructures is a direct consequence of the solvent-density fluctuations. In this regime, where ξ > λD , the critical Casimir interaction dominates over
the electrostatic repulsion, and QDs may adsorb onto the substrate by following the
specific pattern of the fluctuations. Therefore, this experimental system may also be
used to improve our fundamental understanding of critical Casimir forces by using the
nanoparticles as probes.
To gain further insight into the expected morphology of Casimir-grown QD epitaxial layers, we run 2D Monte Carlo simulations for QD sizes σQD matching experiment and regions in the [ξ, λD ] phase space regions close to those experimentally
investigated (crosses in Figure 9.8a). [204, 206] The pair potential is generated by
superimposing the attractive Casimir component, modeled explicitly in conditions of
2D confinement of the fluctuations, [204] with a repulsive electrostatic component,
where the QD surface charge was estimated from ζ potential measurements of the QD
dispersion (Figure 9.8b). The pair potentials show a well-defined minimum at short
interparticle distances that grows deeper as ξ increases. Under conditions of low attraction, λD = 3nm > ξ = 2nm, QDs assemble on the hydrophilic substrate in an
ordered fashion, forming monolayer patches (Figure 9.8c). As the potential becomes
more attractive, λD = 3nm < ξ = 4nm, this degree of order is lost and QD assemble
into amorphous monolayers (Figure 9.8d). As ξ increases further, the average patch
size increases as well while maintaining the amorphous structure (Figure 9.8e-f). The
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Figure 9.5: QD epitaxy driven on a hydrophilic silicon substrate in the attractive
regime λD < ξ, λD = 10nm. (Top) Schematic of the available phase space. (Bottom) Representative scanning electron micrographs relative to color-coded locations
on the phase space. Top scale bars indicate 125nm, while bottom ones indicate 25nm.

results of these simulations demonstrate a qualitative agreement with the experimental results we have shown: Development of ordered regions for λD > ξ (Figure 9.3),
order-to-disorder transition around λD ∼ ξ (Figure 9.7), and may even hint to the
development of spinoidal-like structures for λD  ξ (Figures 9.5-9.6). To decrease
the gap between simulations and experiments, computationally more expensive 3D
simulations may be needed.
Finally, we bias the epitaxial deposition to selectively drive QD island growth. Island growth is characterized by interparticle interactions stronger than particle-substrate.
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Figure 9.6: QD epitaxy driven on a hydrophilic silicon substrate in the attractive
regime λD < ξ, λD = 15nm. (Top) Schematic of the available phase space. (Bottom) Representative scanning electron micrographs relative to color-coded locations
on the phase space. Top scale bars indicate 125nm, while bottom ones indicate 25nm.

We achieve these conditions by engineering the surface affinity of the silicon substrate
from hydrophilic to hydrophobic by treating the substrate with 3-mercaptopropyl trimethoxysilane.
[151] We then drive the assembly of the hydrophilic QDs by keeping the repulsive
component unaltered, and increasing the magnitude of the attractive component by
changing the temperature (Figure 9.9). QDs epitaxy has now been biased towards
solely island growth, with sizes between 50 and 500 nm. The critical Casimir effect
is expected to yield a net repulsive force in the presence of asymmetric boundary conditions, namely hydrophobic substrate and hydrophilic particle. [168] It is therefore
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Figure 9.7: QD epitaxy driven on a hydrophilic silicon substrate in the attractive
regime λD < ξ, λD = 5nm. (Top) Schematic of the available phase space. (Bottom)
Representative scanning electron micrographs relative to color-coded locations on the
phase space. Top scale bars indicate 125nm, while bottom ones indicate 25nm.

surprising that we observe any superstructure growth in these conditions. Therefore,
we speculate that QD islands begin to grow on locations of the substrate where the hydrophobic surface coverage is defective, revealing a hydrophilic patch of size σdef ect ,
see schematics in Figure 9.10a. We model the pair potential by using 2D Monte Carlo
methods for patch sizes σdef ect = σQD (Figure 9.10b). [204] As expected, the hydrophilic QDs are repelled from the hydrophobic substrate at long distances; however, the attraction to the hydrophilic patch dominates the behavior at short distances,
d < σQD /2. Only exp(−Eb /kB T ) ∼ 2% of the particles can overcome the energy
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Figure 9.8: Modeled pair potentials and 2D Monte Carlo simulations of QD epitaxial layer growth. (a) Locations in the [ξ, λD ] phase space of the simulations
(crosses), to be compared with the experimentally probed regions (circles). (b) Modeled pair potentials of QDs, resulting from the superposition of attractive Casimir and
repulsive electrostatic components. [171, 204] (c-e) 2D Monte Carlo simulations of
the expected morphology of an epitaxial layer of hydrophilic QDs on a hydrophilic
substrate for various ξ and λD values. All simulations were stopped once the surface
coverage reached ρ = 0.35.

barrier of Eb ∼ 4kB T and bind to the substrate. However, the adsorption of even a
single QD to the patch greatly increases the range of the attractive component, dramatically decreasing the energy barrier. Hence, the deposition of the first QDs will
result in a cascade effect that will quickly lead to the formation of the island. The
fast recruital rate that can be expected from the results of these simulations may also
explain the visually amorphous nature of these QD islands. [206]

9.4

Conclusions

In this chapter, we have shown that the critical Casimir effect represents an invaluable interaction to drive the epitaxial growth of QDs on a substrate in a controlled
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Figure 9.9: QD epitaxy driven on a hydrophobic silicon substrate in the attractive regime λD < ξ, λD = 10nm. (Top) Schematic of the available phase space.
(Bottom) Representative scanning electron micrographs relative to color-coded locations on the phase space. Top scale bars indicate 125nm, while bottom ones indicate
25nm.

manner. By explicitly varying the magnitude and length scale of attractive critical
Casimir and repulsive electrostatic interactions, we show that a wide range of morphologies can be achieved from crystalline ordering to spinodal superstructures. We
demonstrate that the resulting QD morphology is a function of the ratio of the size
of solvent density fluctuations and Debye screening length. Finally, we show control
over the type of epitaxial process by directing the growth from 2D layer growth to 3D
island growth. We envision that these results may pave the way to novel device fab-
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Figure 9.10: 2D Monte Carlo simulations of surface-defect mechanism for island
growth. (a) Simulation schematics: A QD of diameter σQD approaches an overall hydrophobic surface characterized by the presence of a hydrophilic defect of size
σdef ect .(b) Pair potentials deriving from 2D Monte Carlo simulations for ξ = 19nm.
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rication techniques and optoelectronic devices based on single QD monolayers, such
as light-emitting diodes. [10] Furthermore, this experimental system may be used as
testing ground to experimentally observe effects predicted from theory. [207]
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