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Abstract: The viability of spin-coating methods for the self-assembly of 150 nm diameter silica
nanocolloids into large crystal structures on mica was investigated using different colloidal concen-
trations, accelerations, and rotational speeds. The samples were imaged by atomic force microscopy
(AFM) in intermittent contact mode. Low colloidal concentration led to a size-dependent ordering
configuration. The largest nanocolloidal particles formed crystalline close-packed structures that were
surrounded by increasingly smaller nanocolloids configured into more polycrystalline or amorphous
formations. This phenomenon became increasingly suppressed by increasing colloidal concentration.
Two dimensional-fast Fourier transform (2D-FFT) radially averaged profiles of the topography images
revealed increasing interparticle spacing with increasing rotational acceleration, from close-packed
structuring at low accelerations to increasingly spaced packing at high acceleration (>800 rpm/s).
This behaviour is attributed to rapid liquid shedding from the increased acceleration. Analysis
with radial distribution functions quantified the extent of ordering and revealed an optimum spin
speed that caused the formation of large, highly crystalline structures. This optimum spin speed is
governed by the relationship between the rotational speed and the liquid film thickness that affect
the uniformity of the film and the magnitude of the capillary forces generated.

Keywords: nanocolloids; nanoparticles; nanospheres; monolayers; colloid crystals; self-assembly;
spin-coating; mica; silica; atomic force microscopy

1. Introduction

The fabrication of surface structures that possess long-range periodicity at the nanoscale
is of great interest to fields of science and technology in both research and industry.
The traditional methods of nanofabrication are based on “top-down” techniques such as
nano/microlithography [1–3], but “bottom-up” methodologies based on the self-assembly
of nanocolloids or polymers are rapidly gaining ground [4–14]. Block-copolymer self-
assembly is showing great promise for large-scale nanomanufacturing in both bulk and
thin films; the nanopatterns formed can act as templates for the self-assembly of functional
nanomaterials and thus pave the way to energy-harvesting devices, photonic metasurfaces,
nanofiltration membranes, and antibacterial coatings [9,12,13]. Glynos et al. [10,11] have
demonstrated the potential of polymer nanopatterning of mica surfaces with linear and star
homopolymers that generate ordered structures under certain conditions of dip-coating.
Nanocolloidal assembly, in particular (also called nanosphere lithography [15]), holds
great promise for the bottom-up fabrication of periodic nanostructures [4,5]. Applications
include catalysis [16], optoelectronics [17], surface-enhanced Raman spectroscopy (SERS)
templates [18], photonics [19,20], photovoltaics [21], chemical sensors [22], biosensors [23],
superhydrophobic surfaces [24], self-cleaning coatings [25], drug and gene delivery [26].

A variety of methods have been developed to create two-dimensional colloidal
crystal structures; these methods include gravity sedimentation [27,28], electrophoretic
deposition [29], droplet evaporation [30,31], solvent evaporation [32], wet coating [33]

Coatings 2023, 13, 1488. https://doi.org/10.3390/coatings13091488 https://www.mdpi.com/journal/coatings

https://doi.org/10.3390/coatings13091488
https://doi.org/10.3390/coatings13091488
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0002-2203-8179
https://doi.org/10.3390/coatings13091488
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings13091488?type=check_update&version=1


Coatings 2023, 13, 1488 2 of 19

template-assisted assembly [34], acoustic field and shear assisted self-assembly [35], con-
vective self-assembly [36], confined convective assembly [37–39], vertical deposition [40],
Langmuir-Blodgett deposition [41], air-water interfacial floating [42], dip-coating [43,44].
Although these processes are suitable for laboratory-scale production, they are less useful
for industrial processes due to the time scales and tedious fabrication processes involved.
Past studies have demonstrated that the spin-coating process provides a simple and efficient
method for the dispersion of small particles onto a substrate [16,17,45–53].

The spin-coating process for a colloidal suspension occurs in four distinct stages
of development, the first two happening in quick succession while the latter two steps
proceed over a much longer time frame. In the first stage, a colloidal fluid is deposited as a
droplet onto the static substrate. The second stage is the acceleration of the substrate up
to the programmed rotational speed, causing the droplet to spread out to form a film that
rotates at approximately the same rate as the substrate. During this period, shear-induced
ordering can occur. However, shear can have a dual influence on the order in colloidal
suspensions. At high shear rates, it can disorder or melt a colloidal crystal, but at low
shear rates or at low-amplitude oscillatory shear, it can induce order. Shear changes the
growth kinetics, i.e., the induction time, density of nuclei, and crystal growth rate. In the
third stage, when the target speed has been reached, the now spread-out film begins to
thin globally. This thinning is controlled primarily by centrifugal and viscous shear forces.
Finally, in the fourth stage, the film becomes sufficiently thin so that evaporation now
dominates the behaviour of the film thickness. The transition from the third to the fourth
stage is dependent on the volatility and other material properties of the suspension liquid.
When the film thickness approaches that of the colloidal particle diameter, capillary forces
play a dominant role in particle structuring.

Ogi et al. [54] accomplished a high surface coverage and a uniform monolayer of
silica nanospheres (average diameters of 550 and 300 nm) on sapphire substrates using
spin coating. They concluded that the balance between spin-coating speed and the solvent
evaporation rate is of paramount importance for large areas of highly-packed silica particles.
Khanna et al. [50] used silica nanospheres of average diameter of 200 nm for the fabrication
of long-ranged monolayers on n-silicon substrates using a three-step spin-coating protocol.
They also pinpointed the importance of the equilibrium between the spin-coating speed
and solvent evaporation rate as they affect the centrifugal and capillary forces, respectively.
Chen et al. [53] studied the effect of spin-coating speed, acceleration, and polystyrene (PS)
particle diameter on their self-assembly in 2D colloidal-crystal films on silicon substrates.
They used 223, 347, 509, and 1300 nm diameter spheres and optimised in detail the 509
nm-diameter system. Choi et al. [52] studied the effect of the solvent on the spin-coating
process of 310 nm diameter silica nanospheres and revealed that N,N-dimethylformamide
(DMF) offered improved wettability and slower evaporation rate compared to water (which
is the most usual solvent) leading to high coverage, uniform close-packed nanocolloid
monolayers on silicon substrates. Noppakuadrittidej et al. [48] recognised that high surface
tension (or viscosity) solvents present the advantage of large inter-particle capillary forces
and a low evaporation rate that allows the kinetics of close-packing to occur. However,
they showed, using spin-coating of 611.13 ± 24.32 nm colloidal silica spheres, that low-
surface tension solvents can also be employed, provided that the rotational speeds are low
enough to decrease the evaporation rate and increase the colloidal crystal formation time.
Chandramohan et al. [51] used 300 nm diameter PS nanospheres to spin-coat large-coverage
uniform close-packed nanosphere monolayers on silicon wafers and to demonstrate the
use of a spin-coating model, which employs two critical experimental parameters, the
solid/liquid volume ratio and the spin-coating speed to fine-tune the process.

Colson et al. [55] were the first to systematically evaluate the spin-coating efficiency
and quality of 490 nm diameter PS colloid assembly employing principal component
analysis. Razaulla et al. [47] expanded the evaluation to more spin-coating parameters and,
by using single-response and multiple-response linear regression modelling, identified
optimised settings for a system of 390 nm diameter PS nanospheres spin-coated to silicon
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wafers. The general outcome revealed the required adjustment between high-enough
acceleration and rpm rates to accomplish large coverage and low-enough shear forces and
evaporation rates to accommodate the necessary mobility and time for highly-ordered
close-packed structures. Lan et al. [46] synthesised silica nanocolloids of 196 nm diameter
(standard deviation of ±40 nm) and fabricated close-packed colloidal monolayers that
have shown promising properties for photonic and plasmonic nanostructures. More
recently, Osipov et al. [45] employed spin coating and 300 nm PS colloidal particles on
silicon substrates to fabricate a high-quality and coverage monolayer close-packed colloidal
coating, which was used as a colloidal mask to produce nanoneedles by plasma etching.

Despite the abundance of submicron colloidal self-assembly studies using the highly
efficient, fast, inexpensive, and straightforward technique of spin-coating, the lower limit
of the nanocolloid diameter (<200 nm) remains unexplored. Furthermore, the effect of
nanosphere polydispersity as a function of the nanocolloid concentration at sub-monolayer
coverage has not been studied. This work explores the application of spin-coating tech-
niques of 150 nm diameter silica colloidal nanoparticles on mica for the formation of
well-ordered sub-monolayer and monolayer structures. Fumed silica colloidal particles of
150 nm in diameter suspended in water were deposited onto freshly cleaved mica squares
using spin-coating protocols. Freshly cleaved mica provides an atomically flat, ultra-clean
substrate which is ideal for the self-assembly of nanoparticles and nanocolloids. The col-
loidal suspension concentration, the rotational acceleration and the rotational speed were
systematically varied in order to investigate how these parameters affect the structuring
of the nanocolloidal nanoparticles. AFM techniques were used to investigate the fine
structure of the resultant samples, contrary to the usually employed scanning electron
microscopy (SEM). At low colloidal concentrations, the configuration of the nanocolloids
is structured in a size-dependent ordering, a phenomenon that was emphasised by the
polydispersity of our samples. At high concentrations (>25 g/L), this phenomenon was
found to be suppressed by the surface particle density, and increasingly amorphous struc-
turing occurred. Rotational acceleration affected the interparticle spacing. 2D-FFT of the
AFM images [30,31,56] and the corresponding radially averaged profiles revealed that the
interparticle spacing increased from close-packed structuring at low accelerations to increas-
ingly spaced packing at high acceleration (>800 rpm/s). This behaviour was attributed to
accelerated liquid shedding, which diminished the effectiveness of the attractive capillary
forces and reduced the close-packed ordering of the nanocolloidal particles. Finally, for
the rotational speed results, radial distribution functions were used to quantify the extent
of ordering in the structuring of the nanocolloid particles. It was found that the rotational
speed governs the “crystallinity” of the samples, with the appearance of an optimum
rotational speed to maximise long-range crystal packing of the nanocolloidal particles for
our experimental setup. This behaviour was attributed to both the effects of shear stress
and the relationship between the rotational speed and the liquid film thickness, and hence
the magnitude of the capillary forces generated.

2. Materials and Methods
2.1. Materials

Colloidal samples used in this study were aqueous dispersions of amorphous, non-porous
fumed silica colloidal particles purchased from Bangs Laboratories, Inc. (Fishers, IN, USA). The
nanocolloidal particle diameter was quoted by the manufacturer as 150 nm with a maximum
coefficient of variation (CV) of 15%, giving a possible diameter range of 127.5 nm to 172.5 nm.
Nanocolloids were supplied nonfunctionalised and suspended in deionised water from the
manufacturer. 11 mm square mica sheets and metal mounting discs supplied by Fisher (Leices-
tershire, UK) were used for preparing sample substrates. All water used in the experiments
was ultrapure water with a resistivity of 18.2 MΩ-cm at 25 ◦C. When submersed in water, the
surfaces of both the silica nanocolloids and freshly cleaved mica have a negative charge. For
the silica, this is due to the dissociation of silanol groups in the presence of water, and for the
mica, a net negative charge is generated by the uneven charge distribution of potassium ions
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on the cleaved surfaces [57]. The colloidal samples were supplied in 10 mL vials of 50 g/L
concentration (volume fraction = 2.27 × 10−2) from the manufacturer; where needed, these
were further diluted by using ultrapure water to create dispersions of 25 g/L (ϕ = 1.14 × 10−4),
20 g/L (ϕ = 9.08 × 10−3), 15 g/L (ϕ = 6.81 × 10−3), 10 g/L (ϕ = 4.54 × 10−3) and 5 g/L
(ϕ = 2.27 × 10−3). The nanocolloids’ ζ-potential was evaluated using a Malvern Zetasizer
(Worcestershire, UK) and measured to be −47.3 mV. For storage purposes, the colloidal
suspensions were kept in a refrigerator at 4 ◦C to inhibit any microbial growth.

2.2. Sample Preparation

All samples were prepared using a Spin150 spin coater (SPS-Europe, Putten,
The Netherlands), with variations of the colloidal concentration, rotational acceleration,
and speed. The mica squares were secured onto metal mounting disks using an adhesive
tab and attached to the spin coater chuck via a vacuum seal. The mica was cleaved by using
tape to remove the top sheet. This procedure was carried out inside a fume cupboard to
minimise airborne pollutants from contaminating the surface [58]. Before the application of
the colloidal suspension, the vials were agitated for 30 s to ensure an even distribution of
the colloidal density throughout the suspension.

Three droplets (approximately 0.16 mL) of the colloidal suspension were deposited
onto the freshly cleaved mica via a clean glass pipette. The droplet was observed to wet
the entire mica substrate and pinned to the edges of the square. The spin coater hood was
closed to prevent airborne particles from contaminating the sample. The droplet was left
on the surface of the mica for approximately 30 s before the initiation of the spin-coating
program. At low rotational speeds (<800 rpm), the colloidal suspension was observed to
build up at the edge of the mica squares, in particular the corners. The magnitude of the
build-up was dependent on the acceleration. All samples were spun at 8000 rpm for 6 min
as a final step to eliminate this excess suspension and dry the samples. Upon completion
of the spin-coating program, samples were removed from the spin coater and placed in
a Petri dish inside a desiccator until imaged to reduce the adsorption of water from the
atmosphere due to the highly hydrophilic nature of both silica and mica.

Each set of experimental runs had its own specific spin-coating program:

• Program A: The first set of experiments had a rotational speed of 8000 rpm with a
50 rpm/s acceleration for a total of 520 s, resulting in a spin-up time of 160 s, with
8000 rpm maintained for 360 s.

• Program B: The second set of experiments had a rotational speed of 4000 rpm with
different rotational accelerations (200 to 1000 rpm/s in 200 rpm/s steps) for 120 s,
followed by 8000 rpm for 360 s.

• Program C: The third set of experiments had different rotational speeds (200 to
1000 rpm with 200 rpm steps, then 2000 to 8000 rpm with 2000 rpm steps) with
a 1000 rpm/s acceleration for 120 s followed by 8000 rpm for 360 s.

2.3. Measurements

Imaging was performed using atomic force microscopy on a Veeco Multimode-Nanoscope
IIIa AFM (Santa Barbara, CA, USA) under soft tapping mode™ regime (the cantilever tip
makes intermediate contact with the surface). Silicon nitride cantilevers from Windsor
Scientific Ltd. (Berkshire, UK) at a resonance frequency of approximately 320 kHz and
a spring constant of 42 N/m were used. The nominal tip radius was quoted by the
manufacturer as <8 nm. The cantilevers were operated at approximately 5% lower than
their resonance frequency, and the resonating tip was lowered close enough to the surface to
cause the tip to make intermittent contact with the surface. Raster scans of areas of interest
were performed at various sizes. All scans were performed in air at room temperature. The
tip of the silicon nitride cantilevers usually acquires a negative charge due to moisture in
the atmosphere forming acidic silanol groups on the tip surface; this inhibits contamination
of the tip end with the charged colloidal particles [59,60]. For post-processing of the AFM
images, the Scanning Probe Image Processor (SPIP) from Image Meteorology (version 5.1.0,
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Hørsholm, Denmark) was used. Except where stated, all images were post-processed by
simple flattening alone.

The samples prepared have shown homogenous structures, and the images presented
are representative of the concentration and conditions of sample preparation for every
occasion unless otherwise stated.

3. Results and Discussion
3.1. Variation of Colloidal Concentration (Program A)

Results: For the variation in colloidal concentration, we started with the lowest
concentration of 5 g/L. Figure 1 shows the topography image of the spin-coated sample
displaying individual islands of colloidal formations with well-ordered and close-packed
arrangements seen throughout all structures. For a number of clusters, the nanocolloids
have arranged in a size-dependent manner, with larger nanocolloids situated at the centre
surrounded by smaller nanocolloids. Other clusters have a less size-correlated structure
with various nanocolloid sizes throughout the cluster.
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Figure 1. (a) 6 × 6 µm2 topography scan of a colloidal sample prepared using the 5 g/L colloidal
suspension and spin-coating program A with (b) height profile corresponding to the white line.

Height profiling of the clusters shows a variation in nanocolloid height between
approximately 120 to 160 nm, which is within reasonable agreement with the expected
spread of nanocolloid diameters.

In Figure 2, the colloidal concentration was increased to 10 g/L, and it is observed that
the nanocolloid particles have begun to structure in bigger islands of well-defined order,
with the larger particles surrounded by increasingly smaller particles in a polydisperse
configuration. While the close packing of colloidal particles is associated with a hexagonal
formation, the polydisperse nature of the nanocolloid particles has generated a variety of
different packing formations.

With an increase in the colloidal concentration to 15 g/L, we start to observe large
monolayer structures of the colloidal particles, as seen in Figure 3. In particular,
Figure 3b shows that the larger particles engulfed in the monolayer films exhibit high
levels of order, with the surrounding smaller particle more prone to polycrystalline and
amorphous structuring.

In Figure 4, at a colloidal concentration of 20 g/L, it is observed that the size-dependent
ordering of the nanocolloidal particles is still in effect, with larger well-ordered particles
surrounded by smaller particles with varying degrees of close-packed structuring.
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At a colloidal concentration of 25 g/L, the images reveal the beginning of a formation
of a continuous film across the surface of the substrate, with only minor gaps appearing
in the film, as seen in Figure 5. A height profile confirms that the colloidal film is a
monolayer and that protruding nanocolloid particles are still within the upper region of
the colloidal diameter CV. A 2D-FFT of the film structure reveals that the nanocolloid
particles are configured in an amorphous configuration. While they lack the well-ordered
structure of the lower concentrations, the 25 g/L colloidal concentration samples still
exhibit a characteristic spacing of 140 nm, which is approximately the median nanocolloid
particle diameter.
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Finally, at a nanocolloid particle concentration of 50 g/L, the film structuring has
become noticeably less ordered, as seen in Figure 6. A 2D-FFT confirms that the charac-
teristic length has increased to 170 nm, which suggests a non-close-packed ordering. The
topography image clearly shows the existence of small spaces between particles that were
not present in previous samples.

Discussion: At low concentrations, the nanocolloid particles assembled onto the sub-
strate into isolated clusters and grew in size with increasing concentration until forming
monolayer films. The majority of the lower colloidal concentration samples contained
formations of particle configurations that have larger particles in highly ordered structures
surrounded by smaller particles that exhibit a mixture of polycrystalline and amorphous
structuring. Such formations have been observed in other systems where polydisperse or
binary suspensions of colloidal particles have been allowed to self-assemble into monolayer
films. Such structuring is often referred to as “Apollonian” or size-dependent packing [61,62].



Coatings 2023, 13, 1488 8 of 19

This behaviour is attributed to the polydispersity of the colloidal suspensions and the effects
of capillary forces during the fourth stage of the spin-coating process, where the liquid
film is sufficiently thin to induce lateral capillary forces between neighbouring particles.
From capillary theory [63], it is clear that the lateral capillary force occurs due to the partial
immersion of neighbouring particles forming a meniscus that induces an attractive force.
As such, the largest particles will be the first to experience such an attractive force. The film
thickness at this point will be larger than the diameter of smaller particles, so their mobility
will allow for the reconfiguration of the particles in the thin film, with larger particles
being drawn together, forcing the smaller particles to the extremities. As the liquid film
thins, it creates an ordering mechanism which effectively sorts the particles by size. The
effective capillary force, being a function of liquid height, causes nanocolloid particles to
come under the influence of attractive lateral capillary forces sequentially by size. This
phenomenon is most clearly observed with the lower concentration samples where the
reduced particle density allows for higher freedom of particle movement on the substrate
due to the increased volume of liquid between particles. Thus, nanocolloid particles are able
to rearrange more easily, facilitating more size-dependent ordering. Comparing Figure 3b
with Figure 5a, it can be seen that at a concentration of 15 g/L, the largest particles have
formed patches of highly ordered structures, while at a concentration of 25 g/L, the largest
particles are less ordered, exhibiting only smaller clusters of close packing. The 25 and
50 g/L samples show a distinct lack of size-dependent ordered crystals; indeed, the 50 g/L
did not display any observable order in its film structuring. This behaviour may be due
to the adsorption density reaching a jamming limit on the surface of the mica substrate.
Above this jamming limit, the nanocolloidal particles restricted in their lateral mobility,
being able to approach neighbouring particles under the influence of lateral capillary forces
but unable to reorganise their ordering.
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loidal suspension and spin-coating program A with (b) corresponding radially averaged profile of
2D-FFT (inset).

3.2. Variation of Rotational Acceleration (Program B)

Results: For investigations into the effects of increasing rotational acceleration, the
50 g/L colloidal suspension was used in order to ensure that total coverage of the mica
substrate is achieved.

Figure 7 shows the film structure for an acceleration of 200 rpm/s. The topography
image shows patches of highly ordered nanocolloid particles interspersed with dense
amorphous structuring of the surrounding particles. A 2D-FFT of the topography shows a
distinct ring indicating a characteristic spacing between particles of approximately 130 nm.
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Figure 7. (a) 14 × 14 µm2 topography scan of a colloidal sample prepared using the 50 g/L col-
loidal suspension with spin-coating program B with an acceleration of 200 rpm/s with zoom inset.
(b) Corresponding radially averaged profile of 2D-FFT (inset) of (a).

Figure 8 shows the film structure for an acceleration of 400 rpm/s. The topography
image shows similar patches of highly ordered nanocolloid particles, although not as preva-
lent as that of the 200 rpm/s sample. The 2D-FFT reveals the existence of a characteristic
spacing between the particles, but the characteristic spacing is increased slightly to 138 nm.
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Figure 8. (a) 14 × 14 µm2 topography scan of a colloidal sample prepared using the 50 g/L col-
loidal suspension with spin-coating program B with an acceleration of 400 rpm/s with zoom inset.
(b) Corresponding radially averaged profile of 2D-FFT (inset) of (a).

Figure 9 shows a similar trend in behaviour with a reduction in the appearance
of crystalline areas of the topography with increasing acceleration. At 600 rpm/s, the
characteristic spacing observed on the 2D-FFT has further increased to 140 nm.

Figure 10, representing a rotational acceleration of 800 rpm/s, shows the first large-
scale evidence of large gaps appearing between nanocolloid particles in the film, approxi-
mately 60–80 nm in size. Previous to this, the observed film structure showed a predom-
inantly continuous formation. These gaps are observed to become more widespread at
a rotational acceleration of 1000 rpm/s, shown in Figure 11. The corresponding 2D-FFT
images confirm that the characteristic spacing of the particles has increased measurably at
these accelerations.
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Figure 9. (a) 14 × 14 µm2 topography scan of a colloidal sample prepared using the 50 g/L col-
loidal suspension with spin-coating program B with an acceleration of 600 rpm/s with zoom inset.
(b) Corresponding radially averaged profile of 2D-FFT (inset) of (a).
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Figure 10. (a) 14 × 14 µm2 topography scan of a colloidal sample prepared using the 50 g/L
colloidal suspension with spin-coating program B with an acceleration of 800 rpm/s with zoom inset.
(b) Corresponding radially averaged profile of 2D-FFT (inset) of (a).
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Figure 11. (a) 14 × 14 µm2 topography scan of a colloidal sample prepared using the 50 g/L
colloidal suspension with spin-coating program B with an acceleration of 1000 rpm/s with zoom inset.
(b) Corresponding radially averaged profile of 2D-FFT (inset) of (a).

Table 1 gives an overview of the calculated characteristic nanocolloid particle spac-
ing as a function of rotational acceleration, showing a distinct change in the characteris-
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tic spacing of the particles between 600 and 800 rpm/s and suggesting a change in the
system behaviour.

Table 1. Comparison of rotational acceleration and the characteristic spacing of the nanocolloid silica
particles calculated from the radially averaged 2D-FFT measurements.

Rotational Acceleration (rpm/s) Characteristic Spacing (nm)

200 133
400 138
600 140
800 168
1000 172

Discussion: With variation in the rotational acceleration of the substrate during the
spin-coating program, the average particle distance, calculated using the radially averaged
2D-FFT profiles, was observed to increase with increasing acceleration. It is considered that
with increasing acceleration, the time to reach the target speed is reduced (step 2 of the
generalised spin-coating process), which corresponds to an increased rate of change of the
shear force, which is responsible for the spreading of the colloidal suspension. The effect of
acceleration is of paramount importance as it is responsible for the thinning of the colloidal
suspension film and the subsequent capillary self-assembly. At high rotational accelerations,
the bulk of the colloidal suspension on the sample substrate is expelled relatively early in
the spin-coating program, leaving a relatively thin layer of colloidal suspension behind.
This thinner film results in reduced particle mobility, so an even distribution of the particles
across the surface via shear forces is not achieved. The subsequent lateral capillary force
will be less effective in close packing the particles due to the dependence of the capillary
force magnitude on the interparticle separation [64]. This explains why gaps are observed
in the higher acceleration samples, as these are generated by the uneven spacing of particles,
leading to uneven lateral capillary forces between neighbouring particles. Conversely, at
lower accelerations, the liquid surface tension at the edge of the sample has not been
overcome by the centrifugal force at an early stage, allowing for the existence of a thicker
liquid film in which the particles can form a monolayer structure via shear forces, thus
facilitating capillary forces during the drying stage, leading to highly ordered structuring
of the nanocolloidal particles.

It was also found that there was a noticeable increase in the characteristic spacing
at 600 rpm/s, suggesting a change in behaviour in the distribution of the nanocolloid
particles on the surface. Rehg et al. [65] have noted that at sufficiently high accelerations,
the coated film may reach its final thickness while the substrate is still accelerating while at
low acceleration rates, the effect of different acceleration protocols is negligible since the
time required for radial outflow to cease exceeds the time required for the substrate to reach
its final angular velocity. It may be the case, therefore, that with accelerations greater than
600 rpm/s, the system enters a regime where the colloidal suspension film has reached
its maximum thickness before maximum rotational speed has been achieved. This could
result in a poor dispersal of the nanocolloidal particles at the substrate interface (due to
the low rotational speed), resulting in compromised lateral capillary forces and, thus, less
densely packed structures.

3.3. Variation of Rotational Speed (Program C)

Results: For investigations into the effects of increasing rotational speed, the 50 g/L
colloidal suspension was also used in order to ensure that total coverage of the mica
substrate is achieved.

In Figure 12, it can be observed that for a rotational speed of 200 rpm, the nanocolloid
silica particles have formed into a monolayer that exhibits close packing of the nanocolloidal
particles, as seen in the zoomed section. The monolayer film did exhibit some exposed
patches of substrate, but the majority of the sample was homogeneous.
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Further analysis and discussion: It was found that the level of order in the structuring 

of the nanocolloid particles varied with rotational speed. Radial distribution function 

analysis was used to quantitatively examine this level of order and the packing density 
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separated by a distance of r. It is generated by considering each particle, measuring the 
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to r + dr from that particle, dn(r, r + dr), with the denominator representing the area (a) of 

the shell, da(r, r + dr). This process is repeated for all particles until an average value is 

Figure 12. (a) 14 × 14 µm2 topography scan of a colloidal sample prepared using the 50 g/L colloidal
suspension with spin-coating program C at a rotational speed of 200 rpm. (b) Corresponding image
of the zoomed section marked in (a) shows the structured formation of nanocolloid particles.

For a rotational speed of 400 rpm, Figure 13, the nanocolloidal particles have become
increasingly ordered in their configuration, with the zoomed section showing a high degree
of polycrystalline structuring of the nanocolloid particles and a reduction in the appearance
of gaps between neighbouring particles.
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Figure 13. (a) 14 × 14 µm2 topography scan of a colloidal sample prepared using the 50 g/L colloidal
suspension with spin-coating program C at a rotational speed of 400 rpm. (b) Corresponding image
of the zoomed section marked in (a) shows the structured formation of nanocolloid particles.

With an increase of the rotational speed to 600 rpm, a large-scale crystallisation of the
nanocolloid silica particles across the surface of the substrate was observed (Figure 14a).
This particular image was chosen as it has some small voids in the film that allow us
to take the height profiles of the film. It should be noted that this is not representative
of the majority of the sample area. The highly ordered structures are of a monolayer
thickness, as indicated by the height profile in Figure 14b. A smaller topography scan
(Figure 14c) illustrates the hexagonal close-packed nature of the film. A multitude of
grain boundaries across the surface of the substrate with various crystal orientations was
observed. 2D-FFT measurements (Figure 14d) of the topography show a distinctive six-
point FFT corresponding to the hexagonal packing of the nanocolloidal particles and a
crystal lattice constant of 130 nm.
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distribution analysis results for the 200, 600, 1000, and 8000 rpm samples. It should be 

noted that the 600 rpm has several distinct peaks indicating the presence of the highly 
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the 1000 rpm samples show a much lower first peak followed by a second and third peak 

before the correlation approaches one. This is indicative of a liquid-like structure where 

ordering is much more localised. Finally, it can be seen that the 8000 rpm graph has a low 

first peak followed by values that rapidly approach a plateau, indicating a low correlation 

and thus suggesting a gaseous colloidal phase lacking any real structuring. 

Figure 14. (a) 14 × 14 µm2 topography scan of a colloidal sample prepared using the 50 g/L colloidal
suspension with spin-coating program C at a rotational speed of 600 rpm. (b) The height profile of
the structured film corresponds to the white line in (a). (c) Zoom showing the hexagonal close-packed
structuring of the nanocolloid silica particles with (d) a 2D-FFT (inset) and the corresponding radial
average profile with a clear peak of the crystal lattice constant.

Figure 15 gives an overview of the topography images for rotational speeds from
800 to 8000 rpm. It can be seen that the previous large-scale crystalline structuring of
the silica nanocolloids has given way to a colloidal film of reduced order. The 800 rpm
sample (Figure 15a) shows numerous small patches of polycrystalline and amorphous for-
mations similar to that found in the 400 rpm sample. Similar structuring is observed in the
1000 rpm samples, but at 2000 rpm (Figure 15c), the occurrences of well-ordered regions of
particles have been severely diminished. By 6000 rpm (Figure 15e), gaps appeared between
neighbouring particles that became exacerbated with increasing rotational speed, as seen
in the 8000 rpm sample (Figure 15f), along with a total loss of ordered structuring amongst
the nanocolloid particles.

Further analysis and discussion: It was found that the level of order in the structuring of
the nanocolloid particles varied with rotational speed. Radial distribution function analysis
was used to quantitatively examine this level of order and the packing density [66,67]. A
radial distribution function represents the probability of finding two particles separated
by a distance of r. It is generated by considering each particle, measuring the distance to
every other particle and then counting the number (n) of particles a distance r to r + dr
from that particle, dn(r, r + dr), with the denominator representing the area (a) of the shell,
da(r, r + dr). This process is repeated for all particles until an average value is determined,
which is then normalised by dividing by the average particle number density 〈ρn〉 shown
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in Equation (1). The resultant data is normalised again by setting the asymptotic value to
equal one [66,67].

g(r) =
1
〈ρn〉

dn(r, r + dr)
da(r, r + dr)

(1)
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Figure 15. 14 × 14 µm2 topography scans of a colloidal sample prepared using the 50 g/L col-
loidal suspension with spin-coating program C at a rotational speed of (a) 800 rpm, (b) 1000 rpm,
(c) 2000 rpm, (d) 4000 rpm, (e) 6000 rpm, and (f) 8000 rpm.

Radial distribution analysis of several topography images revealed a selection of
different particle behaviours for the rotational speeds used. Figure 16 shows the radial
distribution analysis results for the 200, 600, 1000, and 8000 rpm samples. It should be
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noted that the 600 rpm has several distinct peaks indicating the presence of the highly
crystalline structure, with reoccurring nearest neighbour distances. Both the 200 rpm and
the 1000 rpm samples show a much lower first peak followed by a second and third peak
before the correlation approaches one. This is indicative of a liquid-like structure where
ordering is much more localised. Finally, it can be seen that the 8000 rpm graph has a low
first peak followed by values that rapidly approach a plateau, indicating a low correlation
and thus suggesting a gaseous colloidal phase lacking any real structuring.
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Figure 16. Radial distribution functions of the topography scans of samples prepared using spin-coating
program C with rotational speeds of (a) 200 rpm, (b) 600 rpm, (c) 1000 rpm, and (d) 8000 rpm.

This suggests that the structuring of the nanocolloid particles goes through a transition
of moderate order at low rotational speed to high order at a rotational speed of 600 rpm,
and subsequently, the order again diminishes with increasing rotational speed.

The spin-coating modelling work of Emslie et al. [68] and Meyerhofer [69] provides
relationships between the rotational speed and film thickness when the liquid film is in
a stable condition where centrifugal and viscous forces are just in balance. In particular,
Meyerhofer has shown that the relationship between the final liquid film thickness hf can
be estimated by Equation (2) [69]:

hf = c0

[
e

2(1− c0)K

] 1
3

(2)

where c0 is the initial solids concentration in the solution, e is the evaporation rate, and K is
a constant defined as K = ρω2/(3η) where ρ is the fluid density, ω is the rotational speed and
η is the fluid viscosity. The evaporation rate should be constant over the entire substrate and
depends on the rotation rate according to e = C

√
ω, where the proportionality constant, C,

must be determined for the specific experimental conditions. From this, the dependence
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of hf on ω can be clearly seen. This film thickness will also dictate the magnitude of the
lateral capillary force due to the dependence of the force on the meniscus height. As
found in the present study, there is an optimum rotational speed for a given system to
produce highly structured configurations. At low rotational speeds, where the film has
a more amorphous structuring, the lower shear forces have led to a dense distribution
of the nanocolloid particles across the surface of the substrate. As the film will be much
thicker than the particle diameter, extended periods of evaporation must occur before the
establishment of lateral capillary forces. Subsequently, the capillary self-assembly occurs
relatively late in the spin-coating program, leading to more amorphous structuring of the
particles. At 600 rpm, an equilibrium has been reached where the rotational speed has
induced both sufficient shear forces to spread the particles in a monolayer distribution
and form a liquid film thin enough to establish sufficiently strong lateral capillary forces
so that close-packed formations are created during the program time frame. At rotational
speeds > 600 rpm, the liquid film becomes increasingly thinner, limiting the establishment
of effective lateral capillary forces. It is also suggested that at very high rotational speeds,
the imposed shear stress may also contribute to the disordering of the nanocolloid particle
structuring by causing any adsorbed particles to detach, limiting nucleation sites for the
establishment of lateral capillary forces and suppressing effective capillary self-assembly of
the nanocolloidal particles.

4. Conclusions

The effects of changes in the colloidal concentration, the rotational acceleration, and
the rotational speed on the structuring of 150 nm diameter nanocolloidal silica particles
were investigated. The interplay between these parameters allowed for the production of
large-scale, highly crystalline monolayer formations of nanocolloid silica particles on mica.

Changes in the colloidal concentration had a marked effect on the configuration of
the nanocolloid particles on the substrate, a phenomenon that was emphasised by the
polydispersity of our samples. It was shown that size-dependent ordering occurred, where
the largest particles formed highly ordered structures that were surrounded by increasingly
smaller particles configured into polycrystalline or amorphous structures. This was due to
the effective capillary force being a function of liquid height, causing nanocolloid particles
to come under the influence of attractive lateral capillary forces sequentially by size. At
high concentrations (>25 g/L), this phenomenon was found to be suppressed by the surface
particle density, and increasingly amorphous structuring occurred.

With increases in the rotational acceleration, 2D-FFT of the topography and radially
averaged profiles revealed that the interparticle spacing increased with increasing acceler-
ation, from close-packed structuring at low accelerations to increasingly spaced packing
at high acceleration (>800 rpm/s). This observation was attributed to the effects of liquid
shedding, where increased acceleration rates caused rapid shedding of the bulk liquid.
Reduced liquid content on the surface resulted in diminished attractive lateral capillary
forces and thus reduced close-packed ordering of the nanocolloidal particle structure.

The rotational speed controlled the “crystallinity” of the samples; there is an optimum
rotational speed for the experimental parameters used. Radial distribution function analysis
was utilised to quantitatively measure the level of order observed in the samples. It
was found that at low rotational speed, a disordered structure was formed due to poor
distribution of the nanocolloidal particles and delayed establishment of capillary forces,
and conversely, at high rotational speed, the excessively thin film limited the magnitude
of the lateral capillary force between particles and excessive shear stress triggered the
erosion of any crystalline structuring to amorphous configurations. In other words, slower
than optimal speeds resulted in a poor distribution of the nanocolloidal particles on the
substrate from lack of sufficient shear forces prior to lateral capillary self-assembly; higher
than optimal speeds resulted in excessively thin liquid films limiting the effectiveness of the
capillary forces, while the increased shear forces eroded any structuring present, resulting
in an increasingly colloidal amorphous structure.
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This study demonstrates that nanocolloid particles as small as 150 nm can form large
scale well-ordered colloidal monolayers provided that the spin-coating parameters are
fine-tuned; this work can pave the way for the formation of surface nanotemplates and
nanopatterns for advanced chemical sensors, biosensors, optoelectronic devices, superhy-
drophobic surfaces, and drug/gene delivery systems.
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