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Abstract: In this paper, we report on a process for fabricating silica nanoparticle monolayer based
on chemical synthesis and spin-coating. Spherical silica nanoparticles were synthesized by Stober
method using tetraethylorthosilicate as precursor. Close-packed silica nanoparticle monolayer was
realized by optimizing the speed of spin-coating. Based on analyzing field emission scanning
electron microscope (FE-SEM) images, the average diameter of silica spheres was determined and found
of about 196 nm, with a standard deviation approximately + 40 nm. The reflectance for the silicon
substrate with spherical silica nanoparticle monolayers has been experimentally investigated at various
spin-coating speeds. The experimental results are compared to those obtained from simulation data. The
obtained results are useful for developing substrates having nanostructures for various applications in
photonics and plasmonics.
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1. Introduction

Ordered nanostructures are interested for various applications, especially for enhancing the
absorption of incident radiation in solar cell and in surface enhanced Raman scattering [1-5]. To prepare
nanostructures, advanced fabrication methods have been used such as e-beam lithography, focus ion
beam [4-9]. However, these methods are high-cost manufacturing technologies but with low throughput.
Recently, innovation fabrication methods have been interested to develop for reducing the cost of
production and increasing the accessibility of researchers. The most common method is colloidal
lithography [5, 10-12]. In this method, an order monolayer of spherical nanoparticles is used as a mask
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layer for patterning nanostructures. Spherical nanoparticles are usually formed in silica or polystyrene
[10-13]. To fabricate spherical silica nanoparticles, the Stober method is often used [14-16]. In principle,
the Stober method is a synthesis method in hydroxide medium. The formation of silica nanoparticles
depends on various parameters such as concentration of precursors, NHs, H,O, TEOS, temperature, etc.
There are various approaches for forming monolayers of spherical nanoparticles, for example, single-
step freeze-drying coating, template-assisted self-assembly, direct assembly at the air—water interface,
etc. [13, 17-22]. In [23], the monolayer of 284 nm polystyrene spheres is formed by the spin-coating
method. The formation of spin-coating monolayer depends on many factors, such as spin speeds,
spinning steps, spinning time, solution quantity, relative humidity, and size of nanoparticle. The recent
effort in extending the 50 nm silica nanoparticle monolayer region is also developed by inclining
substrate using drop coating and infrared irradiation [14]. When the size of nanoparticles decreases, it
is not easy to form monolayers. Furthermore, fabrication of monolayers based on the spin-coating
method for the small size silica nanoparticles has not been much studied.

In this work, we report on a process from the synthesis to the formation of the close-packaged
monolayer of spherical silica nanoparticles. The size of fabricated silica nanoparticles and close-
packaged monolayer were investigated by analyzing microimages obtained from a field emission
scanning electron microscope (FE-SEM) Hitachi's S-4800. We also present the results of reflectance
measurement of silica nanoparticle monolayers on silicon substrate. The experimental measurement
results have been compared to those obtained from simulation data.

2. Experiments
2.1. Preparation of Silica Nanoparticle

Spherical silica nanoparticles were synthesized by Stéber method, using tetraethylorthosilicate
(TEOS) as the precursor; ethanol solvent, water and ammonia as the agent and catalyst for hydrolysis
reaction [15, 16]. The concentration and volume of the solutions are as follows: C,HsOH (50 ml), NH3
2M (7.8 ml), TEOS 0.3M (5.34 ml). With the ratio of catalyst as above specified, the concentration of
H»O in ammonia solution is determined at about 5M. In this synthesis process, water is a hydrolyzing
agent, transforming ethoxy groups to silanol groups, which are then condensed to form siloxane bridges
by water or alcohol elimination. The hydrolysis reaction is written as follows:

=Si-OR+H,0 - =Si—-OH+ROH (1)
The water condensation to form siloxane bridges is described by
=Si-OH + HO-Si= —» =Si-0-Si= + H,0 (2)

The water is present in ammonia solution with relatively large amount, therefore, it does not supply
further in the process, and the water concentration is adjusted according to the catalyst concentration.

The process for synthesizing spherical silica nanoparticles is shown in Fig. 1, slowly adding solution
1 containing the mixture of TEOS and C,HsOH (flask1) to flask 2 containing C.HsOH and NHjs solution.
The purpose of diluting the precursor and catalyst into the alcohol solvent is to make the feed rate of
reactant more uniform and easily controlled. The final solution is magnetically stirred at room
temperature for 3 h. During this period, hydrolysis and condensation reactions occur and the clear
solution is gradually turned into milky white, indicating the formation of silica nanoparticles. The flask
is left after reaction at room temperature for 24 h, and then silica nanoparticles are centrifuged and
washed with ethanol repeatedly until pH = 7. The silica nanoparticles are dispersed in ethanol and stored
at low temperature.
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Figure 1. Synthesis process of spherical silica nanoparticles.
2.2. Silica Nanoparticle Monolayer Assembled by Spin-coating

Before coating, the n-type Si wafer of 1x1 cm? in size is cleaned by ultrasonic vibration in acetone,
ethanol, deionized water for 15 min. Wet treatment to increase adhesion with solution and silica
nanoparticles is performed by soaking the Si wafer in piranha solution (the volume ratio H,SO,
(98%):H,0 (35 %) = 3:1) for 18 h at room temperature and rinsing with deionized water. Then, the
wafer is treated with RCA-1 solution (the volume ratio NHsOH (30 %):H,0,:H,0 = 1:1:5) at 75 °C for
30 min, rinsed many times with deionized water and centrifugal dry before use. The surface of the wafer
after wet treatment in the above solutions forms a hydrophilic silanol group (Si-OH) and effectively
removes organic and inorganic contaminants. The wet-treated wafer may be stored in deionized water
and used for one week.

Dimethyl formaldehyde solvent (DMF) is added into the initial silica sol to reduce the surface
tension of the sol, increase capillary force for keeping particles arranged closely together, the volume
ratio DMF:EtOH = 1:1 (silica concentration ~ 5 wt%), and using ultrasonic vibration to disperse sol
again. A small amount of sol, which is sufficient to spread over the entire surface (7+10 uL), is dropped
onto the Si wafer, and performing one-step spin-coating under ambient temperature condition of 25 °C
and relative humidity of 65% for 150 s.

3. Results and Discussion
3.1. Size Distribution of Silica Nanoparticles

The silica nanoparticle size distribution can be determined by either dynamic light scattering (DSL)
[24], or estimating from SEM/TEM image data, using image analysis software- Image [22]. Fabricated
silica nanoparticles have uniform round shape without particle agglomeration, Figure 2a shows an
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assembled silica nanoparticle monolayer array. Figure 2b shows the size distribution chart of fabricated
silica nanoparticle array on silicon substrate. The average diameter of silica spheres is 196 nm with a
standard deviation approximately + 40 nm. To obtain more uniform nanoparticles, the following
experiment parameters are necessary: The time of initial seed formation should be reduced and seed
formation should be prevented at the later stage by increasing the temperature in the first stage Reducing
the concentration of the catalyst; Increasing the stirring time; Ensuring that the reaction takes place
almost completely before being in the static state. In Ref [25], five main parameters have been
considered to influence the size and size distribution of the silica nanoparticles including concentration
of TEOS, NHs;, and H.0, type of used alcohol solvent, and reaction temperature. The ratio R (=
[H20)/[TEOS]), the feed rate of reactant, has also been investigated such as another influencing
parameter [26]. The results from studies using ethanol solvent suggested that the appropriate
concentrations for synthesis of silica nanoparticles of a few hundred nanometers size are about 0.2+0.4
M, 1+10 M and 2+-15 M for TEOS, NHs and H-0O, respectively [27, 28].
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Figure 2. a) FESEM image and b) size distribution chart of fabricated silica nanoparticle array on silicon substrate.

3.2. Effect of Spin-coating Speed

Figure 3. FESEM images of spherical silica nanoparticles on silicon substrate spin-coated a
ta) 1500 rpm, b) 2000 rpm, and c) 3000 rpm.

Figure 3 shows the results of assembling silica nanoparticle monolayer at different spin-coating
speeds. Monolayer with hexagonal close-packed type of silica nanoparticle array is evenly observed
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across the whole wafer with an area of 1 cm?, corresponding to the spin-coating speed at 2000 rpm
(Figure 3b). The multilayer or mixture of monolayer and multilayer is formed at smaller speeds (1500
rpm, Figure 3a), and at higher speeds (3000 rpm, Figure 3c), it only obtains non-uniform distributed
monolayer. The monolayer formation is governed by centrifugal, hydrophilic and capillary forces [23,
29, 30], which are influenced by spin speed, sol characteristics and ambient conditions. The centrifugal
force helps the sol to spread evenly on silicon wafer, while the capillary and hydrophilic forces tend to
keep the particles close together. So with the above fabricated sol and ambient conditions, the optimal
coating speed to obtain a close-packed monolayer is around 2000 rpm.

3.3. Optical Reflectance Characterization of Silica Nanoparticle Monolayer on Silicon Wafer

The silica nanoparticles have sub-wavelength size, and they are not scattered elements due to their
good transmittance property. Therefore, there is almost no high-order diffraction in different directions,
and the silica nanoparticle layer is considered to be an effective layer having a thickness equal to the
average height of silica nanoparticles and effective refractive index to be ner. When the light is irradiated
onto Si substrate containing silica nanoparticles, only specular reflection occurs. It is easy to obtain the
reflection spectrum of the silica nanoparticle sample with a common spectrometer without the use of
integrating sphere. The measurement was performed on ultraviolet-visible-near-infrared (UV-Vis-NIR)
spectrophotometer (Jasco V770) with an incident angle of ~ 5° beam size ~ 7 mm. The result in
Figure 4a is the reflection spectra of Si substrate covered with silica nanoparticles at spin-coating speeds
of 1500 rpm, 1800 rpm and 2000 rpm.
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Figure 4. (a) Reflectance measured for the Si substrate with spherical silica nanoparticle layers at various spin-coating
speeds and (b) reflectance spectra calculated with assuming nsio2 = 1.48.

The reflectance spectra of two samples of monolayer assembled at the optimized spin-coating speed
of 2000 rpm are also shown in Figure 4a. These two samples have the same curves of reflectance spectra.
In this study, we have also investigated the reflectance spectra of the samples similar to Figure 4a. The
geometrical parameters of the substrate are taken from the FE-SEM images, in which the size of
spherical silica nanoparticle is 196 nm, the refractive index of silica is 1.48. The results of theoretical
calculations are shown in Figure 4b, for the bare silicon substrate and silicon substrate having silica
nanoparticle monolayer with the gap among nanoparticles g = 0 nm and g = 10 nm. Here, the theoretical
reflectance curves are calculated by finite element method using Wave Optics Module in Comsol
software, solved for the full field. The optical parameters of silicon in the 0.25-1.4 pm and 1.4-2.6 um
wavelength ranges are taken from Refs. [31] and [32], respectively, and assumed that the imaging (k)
and real (n) parts of complex refractive index of nanosilica are k = 0, n = 1.48 in the investigated spectral
range, respectively. Thus, the experimental spectral profiles are similar to those obtained from
theoretical calculations. This also proves that the monolayer of nanoparticles is uniform on the whole
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silicon wafer. In addition, the refractive index of nanosilica and effective layer are smaller than that of
bare silicon substrate, the reflectivity of the Si substrate covered with silica nanospheres is lower than
that of Si substrate. When the phase deviation is equal to (2k +1) z , the interference between the reflected

waves from the upper and lower surfaces of the effective monolayer has destructive tendency that leads
to minimum reflection, corresponding to the condition d =(2k +1)4/4n,, . The sample coated with a

lower spin-coating speed (namely 1500 rpm) results in a multi-layered array or a mixture of single-layer
and multi-layer. In this case, the reflectance minimum moves toward the long wavelength and the second
minimum appears in the visible region due to the optical thickness ne.d increases. As the spin-coating
rate increases, leading to forming a non-close-packed monolayer, the effective refractive index nest

decreases and the absolute difference ‘«/nSi — Ny

increases, so the minimum of reflectance is blue

shifted and tends to be shallower (Fig. 4a). Thus, the silicon substrates with close-packed monolayer
(there is no clear reflective color) can be determined based on uniform observation and reflectance
spectrometry.

4. Conclusion

We have presented the results of fabricating close-packed silica hanoparticle monolayer based on
chemical synthesis using Stéber method and optimization of spin-coating. Close-packed silica
nanoparticle monolayer is realized by optimizing the speed of spin-coating. By analyzing field emission
scanning electron microscope images, the average diameter of silica spheres has been evaluated to be of
196 nm with a standard deviation approximately = 40 nm. The reflectance for the silicon substrate with
self-assembled spherical silica nanoparticle monolayers has been experimentally investigated at various
spin-coating speeds. The experimental results are in good agreement with those obtained from
simulation data. The close-packed silica nanoparticle monolayers are successfully assembled on the
silicon wafer. This is useful for further design and fabrication of photonic and plasmonic nanostructures.
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