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Ordered monolayer of silica nanoparticles assembled on solid substrates is useful for a variety of promising applications in photonics,
plasmonics, and solar cell. Nanoparticles are usually assembled into close- or non-close-packed monolayer (CPM) form. The non-close
packed monolayer can be directly deposited from mono-dispersed colloidal suspension onto a solid substrate in terms of using
complicated techniques or tuning the size of nanoparticles in the CPM. An effective method for forming the non-close packed monolayer
of silica nanoparticles is reported. Silica nanoparticles are self-assembled into the CPM on silicon substrate. The size of silica
nanoparticles is tuned by high frequency vapour etching. The dependence of the size and shape of silica nanoparticles on etching time is
presented. The effect of sintering conditions on the etching process is also investigated.
1. Introduction: Non-close packed monolayer (NCPM) of
nanoparticles on solid substrates has various applications such
as in photonics, surface enhanced Raman scattering, and solar
cell [1–3]. There are several methods introduced for fabricating
NCPMs, which can be classified into direct and indirect
approaches. In the former approach, the NCPM is realised by
one-step technique such as freeze drying method [4], template
directed assembly [5], and quartz crystal piezoelectric
oscillation [6]. This approach requires complicated machines and
experimental accessories. In the indirect approach, close-packed
monolayer (CPM) is first fabricated, following by reducing the
size of all particles by plasma etching [7] or reactive ion etching
[8] to create the NCPM. The NCPM can also be formed by
tuning the gap between particles by substrate elongation while
maintaining the size of particles [9]. In addition, the spin coating
of colloidal particles with polymeric additives [10] or the use of
optical tweezers [10] can also be utilised for fabricating NCPMs.
Tuning the size of particles in the CPM is useful achievement for
various applications, for example, in fabricating plasmonic
nanostructures and solar cell [3, 11–14].

In this Letter, the NCPM is fabricated by reducing the size of
silica nanoparticles in an assembled CPM. Silica nanoparticles
with a mean size of around 50 nm are synthesised by sol–gel
method. Silica nanoparticles are used instead of nanoparticles
made of other materials because silica is a common material in
nanotechnology. Tuning the size of silica nanoparticles in the
CPM to form the NCPM is carried out by high frequency vapour
etching. Using this method we can tune the size of silica nanopar-
ticles at nano scale. The initial CPM is created by the drop-coating
method on a slanted substrate with the assistance of infrared irradi-
ation in the solvent evaporation process. The dependence of size
and shape of silica nanoparticles on etching time is investigated.
In addition, the effect of sintering conditions on the etching
process is also presented.

2. Experimental process
2.1. Preparation of close-packed silica nanoparticle monolayer: A
4-inch, type-p Si(100) wafer is cut into 1 cm × 1.5 cm substrates,
which are cleaned and rendered to hydrophilic by appropriate
techniques as follows. Firstly, the Si substrates are sequentially
ultra-sonicated in acetone, ethanol, and deionised (DI) water to
clean dust particles and organic substances from the substrate
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surface. The Si substrate wettability is crucially important for
the self-assembling process of nanoparticles into the CPM.
Hence, the Si substrates are then processed by next two steps.
The cleaned Si substrates are immersed into the oxidising
solution containing a mixture of H2SO4 and H2O2 (H2SO4(97%):
H2O2(35%) (3 : 1 (v/v))) for 18 h. Their surfaces are changed
into hydrophilic by immersing the substrates into the solution
H2O:NH4OH:(30%)H2O2 (5 : 1:1 (v/v/v)) for 20 min. at the 80°C
processing temperature. In this step, the SiO2 surface formed
in the oxidising process is terminated with silanol (≡Si-OH)
groups, which are active for the chemical and physical absorption
of water molecules. After each step, the Si substrates are washed
with the DI water flow. Finally, they are kept in the DI water
prior to use.

A colloidal suspension with silica nanoparticles dispersed
in ethanol with wt% of 0.25%, was prepared by sol–gel method.
This process can be described as follows. A 2.8 ml volume
of ammonium hydroxide (NH4OH, 29% in water) was added
to 30 ml ethanol under vigorous stirring for 30 min. The silica
nanoparticles suspension solution was then formed by adding
300 µl tetraethylorthosilicate (TEOS, 99%) under continuous stir-
ring [15]. To achieve the desired size of silica nanoparticles,
the sol–gel process has been modified compared with that reported
in literature [16–18]. In the sol–gel process, we used TEOS with
low concentration (0.045 M) and carried out at room temperature.
The size of silica nanoparticles is controlled by verifying the
amount of NH4OH, which increases with the added amount of
NH4OH without adding water. Prior to coating on the Si substrate,
the colloidal suspension was ultra-sonicated in 10 min. to disperse
particles evenly and mixed with the DI water. The colloidal suspen-
sion is mixed with the DI water in a volume ratio of 1 : 1 that is the
optimal ratio to obtain large monolayer area.

To form the CPM, we employed the drop-coating technique
on tilted Si substrate with the assistance of infrared irradiation
during the solvent evaporation process. Here, we employed the
tilted substrate method to assemble the CPM with the large mono-
layer area [19]. The optimal angle for the tilted substrate for assem-
bling the CPM with the size of silica nanoparticle used in our
present research is 30°. Schematic of the drop-coating experiment
process is shown in Fig. 1. A droplet of colloidal solution is
dropped onto the tilted Si substrate. Due to high degree of substrate
wettability, the droplet is quickly spread over the substrate surface.
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Fig. 1 Schematic of the drop-coating experiment process
a Schematic of the drop-coating technique
b Orthogonal view of contact lines of a spread solution droplet on the Si
substrate showing the moving direction of top contact line; other contact
lines are pined at edges of the Si substrate

Fig. 2 CPM with optimised self-assembly process
a FESEM image of a continuous CPM
b Magnification image of a CPM region
c Distribution of silica nanoparticle size
All the FESEM images were measured under the electric field of 5 kV
The CPM is governed by the attractive capillary force between
silica nanoparticles and moving speed of the top contact line.
After the drying process, the Si substrate with coated silica nano-
particles is annealed at 100°C in 15 min. to evaporate residual
solvent.
The CPM with optimised self-assembly process is shown in

Fig. 2. Figs. 2a and b shows field emission scanning electron micro-
scopic (FESEM) image of a continuous CPM and magnified
FESEM image of a CPM region, respectively. The distribution of
silica nanoparticle size is shown in Fig. 2c. The continuous mono-
layer area is on the scale of some square millimetres. The average
size of silica nanoparticles is 50 nm.

2.2. Fabrication of non-close packed silica nanoparticle monolayer:
After the successful deposition of the CPM, the Si substrate with
the CPM is firstly sintered at 900°C for 60 min. After cooling
down, the sintered CPM is subjected to a HF vapour system to
reduce the size of silica nanoparticles. After this step, the Si
substrate with the CPM is sintered in step 2, at a temperature of
1100°C for 30 min. and put into the HF vapour system again for
reducing further the size of silica nanoparticles. The HF vapour
system is operated at room temperature (25°C). The sample is put
at the center of a HF chamber made of Teflon which is ∼2 cm
from the HF49% solution surface. In our experiment, the sample
is not in contact directly with the HF vapour flow. The HF
vapour flows from the backside of the substrate to the frontside.
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This setup is to reduce etching rate of silica nanoparticles in the
HF49% vapour, which is easier for controlling manually the
etching process. The etching stop is realised by opening the cover
of the HF chamber after a desired etching time. When the cover
is opened, an air intake system is used for exhausting HF vapour.
Thus, the sample is not affected by HF vapour anymore.

3. Results and discussion: To tune the gap between silica
nanoparticles, the Si substrate with the CPM is etched in HF
vapour. FESEM images of the CPM after etched in 7 and 10 s
are shown in Figs. 3a and b, respectively. The results indicate
that direct etching in HF vapour is insufficient for reducing the
size of silica nanoparticles. After the etching time of 7 s, the size
of silica nanoparticle is almost unchanged and quickly reduced
to zero with the etching time of 10 s. This unwanted result can be
explained by the high porosity of silica nanoparticles prepared
by sol–gel method from TEOS. In nature, silica nanoparticles
synthesised from sol–gel process has the porosity characterisation,
which shows low density. This can be confirmed by weighting
dry silica nanoparticles [16–18]. HF molecules move inside
the silica nanoparticles and react with SiO2. Fig. 3b shows the
aggregation of chemical reaction products created from the
etching process into new particles, in which their size ranges
from 100 to 200 nm. These new particles are separated on
micrometre scale. The reaction between SiO2 and HF produces
fundamentally SiF4 and H2O in the form of gas left the substrate.
This is true for dry HF gas and at high temperature. The reaction
equations between SiO2 and HF are shown in (1) and (2). In fact,
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Fig. 5 FESEM image shows silica nanoparticles etched by HF vapour,
which are fallen down due to broken linking necks

Fig. 3 FESEM images of the CPM after etched in HF Vapour
a 7 s
b 10 s

Fig. 4 FESEM images of the CPM
a After sintered
b After etched by HF vapour for 20 s
c After etched by HF vapour for 40 s
d After etched by HF vapour for 60 s
e and f Distribution of silica nanoparticle size after etched for 20 and 40 s
the HF vapour is produced from aqueous HF 49%. So, the etching
agent is HF/H2O. It is pointed out in [20] that this etching agent
creates last product H2SiO3 in the form of complex molecular
particles. The equation for this reaction is shown in (3).

SiO2 + 6HF �� H2SiF6 + H2O (1)

H2SiF6 �� SiF4 + 2HF (2)

H2SiF + 3H2O�� H2SiO3 + 6HF (3)

Moreover, larger particles created after etching may be due to high
humidity, which leads to the formation of H2SiO3 as shown in (3).
These are nuclear for creating particles with larger size than that of
initial silica nanoparticles.

The porosity of silica nanoparticles can be resolved by sintering
the CPM substrate. Before the HF vapour etching, the CPM sub-
strate is sintered in a furnace at 900°C for 60 min. After sintering,
the size of silica nanoparticle is almost unchanged, as shown in
Fig. 4a. The HF vapour etching is then carried out with etching
times of 20, 40, and 60 s. The FESEM images for each etching
time are shown in Figs. 4b–d, respectively. Figs. 4e and f show
the distribution of silica nanoparticle size after etched for 20 and
40 s, respectively. The FESEM images indicate that, the size of
silica nanoparticle is smaller as etching time increases. However,
in the last case with the etching time of 60 s, nanoparticles begin
to fall down due to broken linking necks resulting from the HF
vapour etching process, as shown in Fig. 5.

To resolve the problem of fallen-down nanoparticles, after
etching in 40 s, the NCPM substrate is sintered at 1100°C for
30 min. to shrink down nanoparticles and proceeds in HF vapour
for 20 s. The FESEM image of NCPM after the second step sinter-
ing and etching is shown in Fig. 6a. Fig. 6b shows the magnification
of a NCPM region. The result indicates that only a few
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nanoparticles are fallen down. This can be caused by non-uniform
of silica nanoparticles synthesised by sol–gel method. However, the
result shows that we can tune the size of silica nanoparticles. Fig. 6c
shows the distribution of nanoparticle size after etching. Fig. 6d
shows the dependence of average nanoparticle size on etching
time for each sintering step. The result shows that we can tune
the size of silica nanoparticles from 50 to 20 nm. The further reduc-
tion can obtain by optimising the sintering temperature and etching
time. It proves that the sintering parameters in step 2 are effective in
shrinking silica nanoparticles. The height change of nanoparticle
after HF vapour etching is not investigated. However, silica nano-
particles are considered to be spheres. After etching without
Micro & Nano Letters, 2017, Vol. 12, Iss. 9, pp. 656–659
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Fig. 6 FESEM images
a NCPM after the second step sintering and HF vapour etching in 20 s
b Magnification image of a NCPM region
c Distribution of silica nanoparticle size
d Dependence of the average nanoparticle size on etching time for each
sintering step
annealing, silica nanoparticles might be changed into prolate
spheroids due to isotropic etching property of HF vapour. After
annealing, prolate spheroids are transformed into prolate semi-
spheroidal shapes. In general, the height change of nanoparticle
after HF vapour etching depends on etching time and annealing
process. The gap between silica nanoparticles can be measured
via top-view SEM images of the samples before and after
etching. Before etching, the silica nanoparticles is assembled
into the closed-packaged monolayer. Some region seen in SEM
images, there exists gap between silica nnanoparticles. This is
caused by the non-perfect uniform of the synthesised silica nnano-
particles. However, due to the nature of the closed-packaged mono-
layer we can consider the gap between silica nnanoparticles before
etching to be zero. After etching, we determine the gap between
silica nanoparticles by the difference of average particle size and
the distance between the centre of the particles. For instance, after
etching step 2 for 20 s the average size of silica nanoparticles
are 20 nm. The gap between silica nanoparticles is derived to be
80 nm when the initial silica nanoparticles with the size of 50 nm
assembled into the CPM. In general, the proposed method can be
used for patterning the silica particles at any size. However,
we used 50 nm silica nanoparticles as a mask to create sub-50 nm
silicon nanostructures after etching silicon substrate. Such silicon
nanostructures may have some emerging optical properties when
quantum effect appears. This very fine tuning method allows to
fabricate array of nanostructures using the NCPM as a mask for
etching [11, 12]. Furthermore, the fine tuning of gap between nano-
particles is potential for plasmonic substrates [13, 14].

4. Conclusion: We have successfully fabricated the NCPM
of silica nanoparticles on Si substrate. The NCPM is formed
by tuning the size of the silica nanoparticles in the close packed
monolayer by HF vapour etching. To tune the size of silica
nanoparticles, two-step sintering process is employed. Using this
process, we can reduce the size of silica nanoparticles from 50 to
20 nm. This process is simple and cost-effective, which is useful
for applications in fabricating plasmonic elements and solar cell.
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