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Abstract: Large defect-free domains of a hexagonal packed monolayer of silica spheres with the
size of 4000 µm2 were successfully prepared by dual-speed spin coating. Experimental design
and statistical analysis instead of the traditional ‘changing one separate factor at a time’ (COST)
approach were employed to guide the implementation of the experiments. With its assistance, the
hexagonal-close-packed (HCP) percentage was elevated to 84% in this study. Furthermore, almost all
the samples with parameters in the selected ranges possessed more than a 60% HCP percentage. In
addition, the optimal values for parameters of the suspension concentration, the first rotation speed,
and the spinning time to obtain well-ordered silica spheres arrays were also identified as 30 wt.%,
1000 rpm and 20 s, respectively.

Keywords: monolayer colloidal crystals; defect-free domain size; experimental design; spin coating

1. Introduction

Due to their applications as effective and versatile templates in surface patterning
in functional two-dimensional (2D) patterned nanostructures, 2D colloidal crystals, also
known as monolayer colloidal crystals (MCC), are attracting increased research inter-
est [1–4]. Various MCC templates have been studied and reported extensively, such
as hexagonal-close-packed (HCP) MCCs [5,6], non-close-packed (NCP) and patterned
MCCs [7,8], and binary colloidal crystals (BCCs) [9,10]. Among the various MCCs, HCP
monolayer arrays of colloidal spheres are the most frequently employed and the most
easily self-assembled. This is due to their thermodynamic stability. The HCP structure can
be arranged automatically by monodisperse colloidal spheres.

Many methods for patterning surfaces have been developed to prepare large-area
monolayer colloidal crystals, such as photolithography [11,12], X-ray lithography [13], elec-
tron beam lithography [14,15] and nano-imprint lithography [16]. However, these methods
either demand expensive equipment, require a relatively long time for the fabrication, or
give a low throughput, which limits their application. By contrast, spin coating is fast,
low-cost, easily manipulated, and compatible with wafer-scale processes [17,18]. These
features fulfill the industry requirements, which gives spin coating the potential to fabricate
large area of uniform monolayers with high surface coverage industrially.

Many parameters involved in the spin coating process, like spin speed, spin time,
slurry concentration, relative humidity, acceleration rate, impose an influence on the
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structure of the thin films obtained. If a traditional ‘change one factor at a time’ strategy
is employed to investigate the involved factors and to explore the potential influential
ones, a large number of experiments need to be carried out. This is, of course, exhaustive
and time-consuming. An alternative method, experimental design, can be applied to
solve this problem. It is a method which enables that fewer experiments are conducted to
obtain a maximum amount of information from the collected data. By this method, only
a few experiments should be performed and the impact of the involved factors can be
identified efficiently.

Many studies have been reported to synthesize large-area monolayers successfully [5,19,20].
However, it is still a challenge to enlarge the domain size and especially the defect-free
domain size. In our previous work [21], the impact of the factors involved, including
relative humidity, the spinning speed and time of the first stage, the spinning speed and
time of the second stage, and accelerating rate were studied. It was found that the relative
humidity, the spinning speed and time of the first stage are the crucial factors to obtain large
defect-free domain size. With optimal parameters, large consistent defect-free domains
of sizes greater than 3000 µm2 were prepared successfully using ø1.5 µm silica spheres
through spin coating. Although the diameter of the silica spheres we used is larger, the
ratio of the defect-free monolayer area to the square of sphere diameter is nearly two
times the previously reported maximum values [22,23]. To further increase the defect-free
domain size of the obtained masks, a new series of experiments based on the previous
results were performed and progress is reported in this study.

2. Materials and Methods
2.1. Materials and Substrates

Monodisperse silica spheres with diameters of 1.5 µm were supplied as dry powder
by Nippon Shokubai Co. Ltd (Osaka, Japan). The silica spheres were dispersed in ultrapure
deionized water (18.2 MΩ, Milli-Q, Billerica, MA, USA) by an ultra-sonicating treatment to
ensure that the suspension was aggregate-free before use.

Glass microscope slides (26 mm × 76 mm, Solveco AB, Rosersberg, Sweden) were
cut into small pieces with dimensions of 18 mm × 18 mm. The glass substrates were
pre-treated prior to deposition of the colloidal suspension, according to the cleaning
sequence developed by Kern et al. [24]. This aimed to ensure that a clean and completely
hydrophilic surface could be produced. The overall sequences were typically as follows
and intermediate rinsing steps were performed between these chemical steps. Firstly,
the substrates were treated in an ultrasonic bath in ethanol for 3 min. Subsequently,
the substrates were heated in a piranha solution (1:3, 30% H2O2/H2SO4, Sigma Aldrich,
Darmstadt, Germany) at 120 ◦C for 0.5 h to remove relatively heavy organic contaminations.
Thirdly, the substrates were heated in a SC-1 solution (1:1:5, 25% NH4OH/30% H2O2/Milli-
Q H2O, Sigma Aldrich) at 75 ◦C for 15 min. This step was to ensure that particles and
metals were removed. Finally, the substrates were immersed in a SC-2 solution (1:1:6,
35% HCl, VWR/30% H2O2/Milli-Q H2O) at 75 ◦C for 15 min to remove residual metal
including metals that may have been deposited in the SC-1 solution. The substrates were
blown dry at room temperature before deposition of the spheres.

2.2. Coating Procedures

A SiO2 particle suspension was spin-coated on treated glass slides with a modified
spin coater (TA-280, Shenyang Sile Co. Ltd., Shenyang, China) under controlled relative
humidity conditions. A dual-spinning speed technique was used, where the suspension
was spread on the substrate at a low spin speed and then accelerated to a second higher
spin speed to remove any excessive suspension. The relative humidity was fixed at a value
of 23% and the volume of the droplet was set to 50 µL for all coating experiments. The
acceleration rate, the rotation speed and spinning time for the second step of spin coating
process were fixed at 600 rpm/s, 3000 rpm and 20 s, respectively.
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2.3. Characterization Methods

The quality of the colloidal mask structure was determined by a hexagonal close-
packed (HCP) arrangement percentage. A Leica microsystems optical microscope (Leica
DM RM, series 189870, Weztlar, Germany) was employed to analyze the samples obtained in
order to determine the HCP percentage. Twenty-one images were taken on each sample at a
500× magnification, starting from the center and moving towards the edge of the substrate
in four directions. For each direction, five pictures were taken at intervals of 1 mm.

A Matlab toolkit based on Delaunay triangulation was designed and applied to analyze
the ordering degree of the colloidal masks. The percentage of spheres in contact with
six neighboring spheres was qualified as the value of order in a hexagonal close-packed
arrangement. The final HCP percentage of the specified sample was calculated as an
average value of 21 obtained images examined by using optical microscopy. To confirm the
repeatability of our method, we repeated some samples 3 times with the same parameters
in the preliminary study. The results showed that the error of the obtained coverage and
HCP percentage is within 5%, which is within the allowed error range. Therefore, only one
sample was prepared for each condition in this work to save time and energy.

The morphologies of the silica sphere colloidal masks were analyzed by using scanning
electron microscopy (JEOL JSM-7000F, Tokyo, Japan). In addition, an image analysis
software (image J) was applied to calculate the coverage area and the domain size of the
monolayers obtained [25].

2.4. Statistical Design of Experiments

Due to its efficiency and excellent ability to evaluate complicated systems, factorial de-
sign was selected to explore the optimal conditions for obtaining a higher HCP percentage.
In the present study, the influence of different factors, such as (i) concentration of the silica
sphere solution, (ii) rotation speed (va) and (iii) spinning time (ta) during the first stage of
spin coating procedure, on the HCP percentage of the obtained masks were studied with
the assistance of factorial design.

2.5. Verification of the Monolayer

In this work, it was essential to determine whether the obtained film was a monolayer.
All of the samples were examined by optical microscopy with small magnification like
20 times. Figure 1 is a typical image of the edge of the samples. The vacancy, monolayer
and multilayer of silica spheres can be easily distinguished from the contrast. In the circled
area, multilayer of silica spheres can be easily determined. Missing silica spheres can
be observed in the square zone. Then the lens will focus on the square zone and higher
magnification will be employed. By higher magnification, the monolayer can be observed
in the square area. Then the lens will move to other parts with the same contrast to certify
the existence of a monolayer.
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3. Results and Discussion
3.1. The Selection of the Selected Range of the Parameters

In our previous report [21], the relative humidity, first rotation speed and spinning
time were found to be the crucial parameters for the synthesis of large-area silica sphere
monolayers. Since it was confirmed that the HCP percentage of the obtained masks was
decreased with an increased relative humidity, the relative humidity in this study was fixed
at a low level of 23%. The slurry concentration was not considered as one parameter of the
spin-coating system to ease the practical operation in the previous paper [21]. However,
according to Ogi [20], a higher solution concentration was advantageous to achieve a
higher surface coverage. We suppose solution concentration may also impose an important
effect on the defect-free domain size. Therefore, the impact of the suspension concentration
on the ordering structure of the monolayer obtained was investigated in this paper and
three levels were selected for it. The first rotation speed and the spinning time during the
spin coating period were still selected as influential factors and two levels were chosen for
each of them. In the previous study [21], the first rotation speed was first studied from 300
to 1000 rpm and it was found that the HCP percentage increased with increased spin speed
in this range. Then the spin speed was expanded from 1000 to 4000 rpm. After three series
of detailed studies, the optimal spin speed was determined as 1000 rpm. However, the
spin speed was studied roughly in the range of 300 to 1000 rpm. The optimized value may
have fallen in this range, so the two levels of the first spin speed in this study were set as
500 and 1000 rpm. Therefore, the set of the experiments contained 12 runs and represented
a 2231 full factorial design, as shown in Table 1.

Table 1. Optimization factorial design including details of each parameter and the obtained
hexagonal-close-packed (HCP) percentage values.

Exp. No.
Experimental Factors

HCP Percentage (%)
va (rpm) ta (s) c (wt.%)

1 500 10 25 58.07
2 500 10 30 66.99
3 500 10 35 43.60
4 500 20 25 70.91
5 500 20 30 71.90
6 500 20 35 51.47
7 1000 10 25 59.45
8 1000 10 30 67.70
9 1000 10 35 72.12
10 1000 20 25 70.76
11 1000 20 30 84.12
12 1000 20 35 67.19

c: solution concentration.

According to the results obtained, most of the obtained HCP percentage values were
above or around 60%. This indicates that a good ordering of the monolayer can be obtained
within the selected ranges of the parameters and that the selected ranges were appropriate.
In most cases, a large area of a well-ordered monolayer could be achieved if the parameters
were located in the aforementioned ranges. This made the practical work substantially
more efficient.

3.2. The Main Effect Analysis of Each Parameter

One-group-at-a-time main effect analysis was employed to evaluate the effect of each
factor on the HCP percentage of the obtained monolayers. In this method, the responses
are grouped, wherein the level of only one factor is changed. This is an easy and effective
method for the analysis of the main effect of each factor on the results. Figure 2 was
employed to illustrate this method. The three groups of plots in Figure 2a–c were used
to compare the chosen levels for the first rotation speed, the first spinning time and the
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suspension concentration respectively. In each plot, the points connected by one line have
the same settings for the other two parameters. Thus, they are different only with respect
to the level of factor which is compared in the figure. From the three groups of plots in
Figure 2, all the main effects of the three factors can be interpreted easily.
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The effect of the first rotation speed on the HCP percentage of the monolayer obtained
is investigated in Figure 2a. It can be observed that the ordering of the obtained arrays
of silica spheres was improved with an increased rotation speed. Only one exception in
the plot a4 can be found, where the HCP percentage is slightly (but within the allowed
error range, only 0.15%) decreased. This is because a higher first rotation speed helps to
spread the solution on the whole substrate homogenously. As a result, multilayers can be
avoided to some extent. Therefore, it can be determined that the first rotation speed at 1000
rpm always resulted in a higher HCP percentage value than at the lower speed of 500 rpm,
when the other factors are set as the same levels.

Figure 2b is employed to illustrate the impact of the first spinning time on the obtained
HCP percentage. It is evident that the HCP percentage is increased with the prolongation
of the first spinning time in most cases. This is because the prolongation of the spinning
time favors a spread of the suspension onto the whole substrate in a homogenous manner.
An exception can be found in plot b6 where a reduction of the HCP percentage can be
observed. However, it is very small, namely only 5%. This value is within the range
of measurement error and can be neglected. Moreover, it should be noted that both the
samples with a concentration of 35 wt.% and a rotation speed of 500 rpm (in the plot b3)
have a bad ordering degree (less than 55%), irrespective of the spinning time. This happens
because the suspension with high concentration is readily accumulated when a low speed
is employed, which promotes the formation of multilayers.

Figure 2c shows an investigation of the impact of the suspension concentration on the
final HCP percentage value. Obviously, the HCP percentage is first increased and then
reduced with the increase of the suspension concentration in most cases. The highest HCP
percentage value could be obtained when the concentration was set as 30 wt.%. This was
in good accordance with the results of the central columns in Figure 2a,b, where the HCP
percentage obtained was always higher than 65% when the solution was set as 30 wt.%,
irrespective of the level of the rotation speed and spinning time. Therefore, the optimal
concentration to obtain ordered arrays of silica spheres can be determined to be 30 wt.%. As
for the small increase of the HCP percentage value when the concentration is increased from
30 wt.% to 35 wt.% in the plot c3 in Figure 2c, it can be explained as follows. The suspension
with a concentration of 35 wt.% contains excessive particles. When the rotation speed is as
low as 500 rpm, the centrifugal force is not enough to spread the suspension homogenously.
Therefore, islands of multilayers will be obtained and will destroy the obtained structures
and reduce the HCP percentage. A rotation speed of 1000 rpm can be considered as the
optimal speed, where the centrifugal force and the sphere–sphere interaction force are
better balanced. At this condition, a first spinning time that is too long would cause more
water evaporation. Once the dispersion medium (water) evaporates too much, the capillary
force will not take effect any more during the high-speed spinning period. In this case, the
high solid load might induce the formation of multilayers. However, a short spinning time
of 10 s for the first step can get appropriate water evaporation, and the excessive solution
can thus peel off the substrate; so not too much excessive silica spheres left during the
following high-speed spinning. In this case, we can see that the capillary force dominates
the growth of the colloidal crystals and a better-ordered monolayer can be obtained if the
capillary force can be manipulated carefully by changing spin-coating parameters.

According to the above discussions, the HCP percentage is always increased with an
increased rotation speed within the selected ranges. Also, a rotation speed of 1000 rpm
can be identified as the optimal value of the first rotation speed, which is consistent with
the conclusion of our previous work [21]. Moreover, the prolongation of the spinning
time also favors production of well-ordered arrays of silica spheres. As for the slurry
concentration, the optimal value can be determined as 30 wt.% to obtain a higher HCP
percentage. Furthermore, the HCP percentage obtained can always reach a value of 65%
or even higher when the concentration is set as 30 wt.%. In addition, the HCP percentage
obtains the highest value of 84.12% when the suspension concentration, rotation speed and
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time were set as 30 wt.%, 1000 rpm and 20 s, respectively. Thus, the optimal parameters to
obtain well-ordered silica sphere arrays have also been identified.

3.3. The Morphologies of the Obtained Masks

Figure 3 shows the typical optical microscopes images of various morphologies ob-
tained with different parameters. Figure 3a reflects the typical morphologies obtained for
samples No. 1 and No. 7, where large amounts of defects (indicated by red arrows) were
obtained when using the parameters c = 25 wt.% and ta = 10 s. This is because when the
concentration is low and the first spinning time is short, an insufficient amount of silica
spheres can be left after the second high-speed spinning. Therefore, when the suspension
concentration is low, the first spinning time should be prolonged to reduce the defects
of the obtained structures. The typical morphologies of the structures obtained for the
samples with a slurry concentration of 35 wt.% under a low rotation speed (No. 3 and
No. 6) are shown in Figure 3b. It is evident that islands of multilayers are formed (indicated
by the red square) when these conditions are used, which destroys the desired structures
and reduces the HCP percentage. Therefore, when the concentration is 35 wt.%, a high
rotation speed should be applied to obtain a large area of monolayers. Figure 3c presents
the morphologies obtained when the suspension concentration is 30 wt.%. Obviously,
large-area monolayers with large domain size were obtained. Therefore, it was proved
again that a value of 30 wt.% can be determined as the optimal value of the suspension
concentration to obtain large-area monolayers.
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The typical optical microscope images and scanning electron microscope (SEM) im-
ages of the obtained monolayer with a HCP percentage over 65% are shown in Figure 4.
Figure 4a,b is optical microscope images with magnifications of 50× and 500×, respectively.
Apparently, a large coverage and a uniform monolayer of silica spheres could be obtained.
The area can reach a value of more than 1 cm2, as shown in Figure 4a. Figure 4b indicates
that the domain size of the monolayer obtained is also large. The largest defect-free domain
is indicated by red lines in Figure 4b. The area is calculated to be even larger than 4000 µm2.
This value is much larger than that obtained in our previous work (3000 µm2) [21]. Strictly
speaking, the monolayer obtained is not absolutely perfect. Besides the defect-free domains,
there are still some defects, such as missing particles (indicated by a circle) and small area
of squared ordered spheres (indicated by an arrow), as shown in Figure 4c. In addition, a
fraction of spheres with smaller diameter also cause defects in the structures, as indicated
by the squares. However, these small area defects would not limit their applications in
many fields. Moreover, the blank area where the spheres are missing confirms that the thin
films obtained consist of monolayers rather than by multilayers. The SEM image with a
higher magnification in Figure 4d clearly indicates that the monolayer obtained consists of
a close-packed hexagonal ordered arrangement of silica spheres.
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The SEM image with a higher magnification in Figure 4d clearly indicates that the mono-
layer obtained consists of a close-packed hexagonal ordered arrangement of silica spheres. 

 
Figure 3. Optical microscope images of various morphologies obtained using different parameters: 
(a) structures with lots of defects (e.g., the area where the red arrows point at), c = 25 wt.% and ta = 
10 s; (b) the existence of multilayers (the zone indicated by the red square), c = 35 wt.% and va = 
500 rpm; (c) large area of perfect HCP structures, c = 30 wt.%. 

 
Figure 4. Typical optical microscope images with magnifications 50× (a) and 500× (b) (where the 
largest defect-free domain is circled by red lines) as well as scanning electron microscope (SEM) 
images with magnifications 2000× (c) (where missing particles are indicated by a circle, small area 
of squared ordered spheres is indicated by an arrow, and defect generated by silica spheres with 
smaller diameter is indicated by a square) and 5000× (d) of obtained monolayers with a HCP per-
centage over 65%. 

Figure 4. Typical optical microscope images with magnifications 50× (a) and 500× (b) (where the largest defect-free domain
is circled by red lines) as well as scanning electron microscope (SEM) images with magnifications 2000× (c) (where missing
particles are indicated by a circle, small area of squared ordered spheres is indicated by an arrow, and defect generated by
silica spheres with smaller diameter is indicated by a square) and 5000× (d) of obtained monolayers with a HCP percentage
over 65%.

4. Conclusions

With the guidance of experimental design and statistical analysis, large areas of hexag-
onally close packed monolayers of silica spheres were successfully prepared on glass
substrate using dual-speed spin coating. The results show that the HCP percentage of the
masks obtained increases with an increased first rotation speed and a prolonged spinning
time during the spin-coating procedure. The influence of the suspension concentration was
also investigated and its optimal value was identified. Based on the optimized parameters,
a large area of over 1 cm2 of silica spheres monolayer was successfully prepared by spin
coating. Furthermore, the area of the defect-free domain of a silica sphere monolayer was
enlarged to a size of up to 4000 µm2, which is much larger than the largest previously
reported values of 3000 µm2. The large area defect-free hexagonally close packed mono-
layer obtained in our work could be used as a template in the surface patterning field,
where functional 2D patterned nanostructures could be obtained with assistance of the
hexagonally close packed monolayer.
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