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Abstract: Silica aerogel films were fabricated on five substrates, i.e., Ti, SiO,, GaN, Al and Si, by ambient pressure dry method. The
influence of the substrate type on the morphology of the silica aerogel films was investigated. X-ray photoelectron spectroscopy
(XPS) was used to observe the interfacial bonding states between silica aerogel films and the substrates. The refractive index of each
film was measured by fitting the reflectance spectrum using spectroscopic ellipsometry. The morphology and cross-section of each
film were observed by atomic force microscope and field emission scanning electron microscope. Results show that the binding
energy offset of 0.07 eV of the Al-O center peak and 0.43 eV of the Ti 2p,, center peak are caused by the fabrication of the silica
aerogel films, which suggests the formation of chemical bonds between the substrates and the silica aerogel films. The silica aerogel
film prepared on the Ti substrate has the lowest refractive index of the films (1.17), and an approximate average porosity of 63.8%
which is higher than that of the film on the Si substrate (57.2%). Effect of substrate type on the morphology of silica aerogel film is
attributed to hydrophilicity. Owing to the best hydrophilicity of Ti substrate, more particles are accumulated on the Ti substrate to
nucleate and grow, producing a silica aerogel film with larger surface roughness, particles and pores than other films.
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Highly porous silica aerogel films are considered promising
candidates for many applications, including ultra-low-density
temperature-resistant insulation materials" ', highly efficient
high-energy impedance

7 gas adsorption and separation membranes'
[10-11]

electrodes™, acoustic coupling

materials 91
and highly efficient catalysts and their carriers™” . Silica
aerogel materials have ultra-low thermal conductivity (as low
as 0.012 W-m™-K™" at 25 °C) owing to their skeletal structures
and high gas conductance!"”. Their high porosities and large
surface areas make them good catalyst carriers and templates
for gas sensors. The average pore size of silica aerogel is 10—
100 nm, which is close to the mean free path of air molecules.
Therefore, silica aerogels are effective sound barriers. They
also have low dielectric constants and are adaptable.
Furthermore, silica aerogels are resistant to high temperatures:
they can withstand temperatures above 500 ° C without

[13-14

structural collapse™ . Moreover, it is possible to tailor their
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nano-porous structures by controlling their preparation, i.e.,
the sol-gel process and the drying method.

Silica films can be fabricated by many methods, such as
vacuum evaporation>"", spin coating a silica sol"**", and sol-
gel formation from a stagnant solution™ ", These methods are
implemented on various substrates. However, owing to the
difference between chemical structures, it is difficult to form a
connection between metals and ceramics. This results in poor
adherence between the silica layer and some metals, such as
gold (Au) and silver (Ag). Researchers have mostly focused
on the surface modification of the metal substrate. To improve
the insulating quality of the substrate, it is possible to form an
oxide layer on the surface of the metal by electrochemical
means to enable molecular adhesion between the silica layer
and the metal surface. This method is also used to improve the
chemical affinity between silica coatings and metal electrodes.
Other researchers have attempted to produce an intermediate
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layer between the silica coating and the substrate to improve
adhesion. The intermediate layer acts as a buffer that can form
chemical bonds between the silica film and the substrate
through the chemical groups on surface™ . For example,
Thompson and Pemberton”"! used (3-mercaptopropyl) trime-
thoxysilane to facilitate the adhesion of a silica layer to Au or
Ag surfaces. Rai and Perry®™ fabricated a polymer film on an
Au substrate by forming strong covalent bonds between the
Au and silica film that involved hydroxyl groups.

Like adhesion between the film and the substrate, the
331 especially
the silica aerogel film. In our opinion, the fabrication of silica

substrate can affect the morphology of the film!

aerogel film is not only a hydrolysis-condensation reaction,
but also involves the nucleation and growth of particles. The
process is affected by many factors, including the stoichio-
metry, the type and amount of the catalyst, the aging time, and
the drying method. Different substrates have different surface
chemistries, which can affect the condensation of silica
acrogel films. Researchers have investigated the influence of
the substrate type on the morphology of the film. Predoana et
al® prepared indium tin oxide (ITO) films by dip coating
using a sol-gel solution. Three substrates were used in the
experiment: glass, SiO,/glass, and Si. A film with a porous
structure similar to that of a silica aerogel film was obtained
on each substrate. According to the atomic force microscopy
(AFM) images, the ITO film deposited on the Si substrate was
relatively smooth, whereas that on the SiO,/glass was rougher.
The film deposited on glass had a surface roughness close to
that on SiO,/glass, but the two films differed in thickness. The
roughness of the ITO film on the Si substrate increased
linearly with the number of depositions. However, the
roughness of films on SiO,/glass and glass substrates was
three times larger than that on the Si substrate. Sun et al®”
compared the morphologies of silica aerogel films on Si and
Si0, buffer substrates, and confirmed that a better interface
was achieved on the SiO, buffer substrate. The silica aerogel
film on the SiO, buffer substrate had relatively small pores
and greater continuity, whereas the film on the Si substrate
contained no uniformly distributed pores or cavities with fixed
shapes. Therefore, it was concluded that the hydrophilic SiO,
buffer substrate can inhibit local shrinkage during gelation and
promote the isotropic reaction of the solution after film
deposition, which produces uniformly located and well-
shaped pores. Jung et al® investigated the interface between
SiO, aerogel film and metal substrate. They found that
aluminum silicate bonds formed at the interface during the
aging of the spun-on film, and the number of oxidized Al
bonds increased after supercritical drying. Cu(OH), was
generated during the film fabrication process, and copper
silicate bonds were formed at the interface of the aged film.

In the present work, the evolution of the morphology of
silica aerogel films during spin coating was studied. Five
substrates were used including Al, Ti, SiO,, GaN, and Si. The
accumulation of particles and the pore size distribution in
silica aerogel films were investigated. The extent of adhesion
between the silica aerogel film and each substrate was

determined. The effect of the hydrophilicity of each substrate
on the morphology of the silica aerogel film was investigated
to determine the influence of the characteristics of the
substrate surface.

1 Experiment

1.1 Film preparation

Tetracthoxysilane (TEOS, analytical reagent (AR) grade)
with a solute concentration of 96% (i.e., the silica source) and
hexamethyldisilazane (HMDS; AR 98%; i.e., the hydrophobic
agent) were purchased from the China Pharmaceutical Group
Co., Ltd. Hydrochloric acid (HCl; AR 36.5%; i. e., the
hydrolysis catalyst), aqueous ammonia (NH,OH; AR 28%;
i.e., the condensation catalyst), and n-hexane (AR 99.5%j; i.e.,
the cleaning agent) were provided by Shanghai Aladdin
Biochemical Technology Co., Ltd. Ethanol (AR 99.7%; i.e.,
the sol solvent), acetone (AR 99.5%), and hydrofluoric acid
(HF; AR 40%; i.e., the cleaning agent) were purchased from
Jiangyin Chemical Reagent Factory Co., Ltd.

TEOS, ethanol, pure water, and HCl were mixed in a molar
ratio of 1:4:4:2 (x10”) to form a silica aerosol. The aerosol
was immediately transferred to a water bath and stirred at
60 °C for 2 h. As a result, TEOS was hydrolyzed completely.
Five types of substrates were used in the experiment to
determine their effect on the fabrication of the silica aerogel
film. Si substrate (500 pum in thickness) and SiO, substrate
(500 nm in thickness) whose surface was formed by thermal
oxidation were purchased from the Shenzhen Rigorous
Technology Co., Ltd. Al coating (500 nm in thickness) was
deposited on the Si substrate by electron beam evaporation at
30 °C under 2.6x10™ Pa at a deposition rate of 0.14 nm/s to
obtain the Al substrate. Similarly, Cu coating (480 nm in
thickness) was deposited on the Si substrate at 30 °C under
2.6x10" Pa at a deposition rate of 0.15 nm/s. Owing to the
high activity of elemental Cu, the copper atoms readily escape
from the Si substrate in such an arrangement, resulting in
flaking of the Cu coating. Therefore, in the present study, a
protective Ti coating (10 nm in thickness) was deposited on
the surface of the Cu coating at 30 °C under 2.6x10* Pa at a
deposition rate of 0.05 nm/s. Ti substrate was thereby
obtained. GaN substrate with 5 pm in thickness was offered
by Institute of Semiconductors, Guangdong Academy of
Sciences, which was prepared by the method mentioned in
Ref. [39].

The Si substrate was pretreated with HF solution for 3 min
to remove the surface oxide. It was then rinsed repeatedly
with pure water. The five substrates were sonicated in acetone
for 5 min to clean and to remove the surface dust and organic
impurities, and subsequently immersed in ethanol for 5 min to
remove the acetone. The substrates were then dried in a
stream of compressed air. Before spin coating, the substrates
were fixed on a rotary coater under vacuum. Aqueous NH,OH
(0.25 mL) was added to form a sol solution (3 mL) and the
mixture was stirred at 300 r/min for 13 min to obtain a viscous
sol. The sol was then dropped onto the surface of the
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substrate. It was spun at a rate of 2000 r/min for 30 s. The spin
coating was put in a saturated ethanol vapor atmosphere to
prevent the rapid evaporation of the solvent within the silica
aerogel film. The obtained silica aerogel film was kept in the
saturated atmosphere for 10 min to ensure complete curing. It
was then immersed in the ethanol solution for 1 d to
strengthen the silica skeleton, and subsequently transferred to
n-heptane for 1 d to remove residual water, ethanol, and
unreacted precursor from the pores. The silica aerogel film
was then hydrophobically modified for 2 d in an n-heptane
solution with a 40vol% of HMDS. The modifier was renewed
twice. Finally, the wet silica aerogel film was dried at room
temperature for 24 h under atmospheric pressure.

1.2 Characterization

The interfacial bonding states was observed by ESCALAB™
250X1 X-ray photoelectron spectroscopy (XPS) from Thermo
Scientific Instruments by physically peeling the silical acrogel
films from the ellipsometry
measurements were performed to obtain the refractive indices
of the coatings over a large spectral range (380—780 nm). The
measurements were obtained at room temperature at an

substrates.  Spectroscopic

incidence angle of 70° with 10 nm in wavelength steps over
the spectral range. Each refractive index (n) was fitted from
the ellipsometry data with an accuracy of +0.005 for the
wavelength 1 =632.8 nm. The AFM measurements were
carried out using a Bruker Tensor system. The topographical
2D AFM images were obtained from scales of 5 umx5 pm
and 0.5 pmx0.5 pm. NanoScope Analysis software was used
for visualization and subsequent statistical data analysis,
including the calculation of the root mean square (RMS)
roughness. The water contact angle (CA) values were

measured using a JC2000D2 instrument (Shanghai Zhongchen
Digital Technology Co., Ltd). A droplet of water was placed
on the surface of each substrate. This was repeated three times
to obtain the average CA value. The morphologies of the
surface and cross-section of each silica aerogel film were
investigated by field emission scanning electron microscopy
(FESEM, Hitachi Su8220) at 0.5 kV. Cross-sections were
prepared using the classical method of breaking by hand
without mechanical polishing. The pore distributions of silica
aerogel films on various substrates were obtained by Image J
software based on the SEM photographs. In order to ensure
the accuracy of statistical data, the silica sol was spin-coated
on the same type of substrate three times and each sample was
photographed five times. Finally 1000 points were selected for
each photo and then, they were divided into 10 groups to
obtain the frequency.

2 Results and Discussion

2.1 XPS spectra and refractive index of silica aerogel films

of the silica aerogel films were
characterized by XPS. Fig. 1 shows the X-ray photoelectron
spectra of the silica aerogel films. According to Fig. la, the
silica aerogel films comprises O, Si, N, C, and Na. The Si and
O are from the hydrolysis and condensation of TEOS. The N
and C are from the HMDS, and transferred to the silica
aerogel skeleton by reaction with the hydroxyl groups. Na is
introduced from impurities in the glassware, and also

The components

connected with the silica through the hydroxyl groups. Fig.1b—
le are high-resolution spectra showing the interfacial bonding
state changes of the Al, Ti, SiO,, and GaN substrates,
respectively, during the fabrication of the silica aerogel films.
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Fig.1 XPS spectra of silica aerogel films (a) and core level spectra of Al 2p (b), Ti 2p (c), Si 2p (d) and GaN (e)
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As shown in Fig.1b, the Al 2p core level spectra feature peak
at 74.53 eV is attributable to Al-O bonds and the one at 71.93
eV is attributable to Al-Al bonds. There is a binding energy
difference of 0.07 eV between the Al-O peaks and the
standard electron binding energy of AL,O, (74.6 eV), which is
due to the reaction between Al,O, and -OH. The central peaks
at 72.28 eV are the satellite peaks of Al,O,. The central peaks
at 67.11 eV confirm the presence of aluminum hydroxide. In
Fig.1c, the difference between the central peaks at 458.07 and
463.77 eV is 0.57 eV, which corresponds to the difference
between Ti 2p,, and Ti 2p,,; therefore, those peaks are
assigned to Ti 2p,, and Ti 2p,,, respectively, and represent
TiO,. Compared with the standard electron binding energy of
TiO,, the central peak position of Ti 2p,, shifts to a lower
binding energy by nearly 0.43 eV, because the formation of Ti-
O-H reduces the electron binding energy of the TiO,. The
presence of Ti-O-N bonds is also confirmed by the Ti 1s
spectrum. The Si 2p core level spectra are shown in Fig. 1d.
The peaks at 103.12 and 102.21 eV are assigned to Si-O-Si
bonds and Si-O-C bonds, respectively. The central peak at
101.43 eV represents Si-N bonds, which are formed from the
remaining silica aerogel on the SiO, substrate. The central
peak at 102.78 eV is attributed to Si-O-H bonds, which form
during the reaction between the SiO, and -OH groups in the
silica aerogel film and H,O in the air. Fig.le shows the typical
Ga 3d core level spectra. The peaks located at 20.9, 20.3 and
18.5 eV are corresponding to Ga-N, Ga-O and Ga-Ga bonds,
respectively. The peak at 16.4 ¢V is from the overlap N 2s
state™”.,

In the present study, the gel time was controlled within 20
min by adjusting the amount of ammonia catalyst. After
condensation for 13 min, the sol was dripped onto the surface
of the substrate and immediately spin-coated. The porous
structure of the silica aerogel film was confirmed by
measuring its refractive index. The refractive index was
determined at various positions, i. e., the center and both
edges, as indicated by A —F in Fig. 2b. The indices were
measured three times to obtain the average value. The porosity
is calculated using the following formula:

_ Nsjlica ~ M aerogel

P 0458 M

where p represents the porosity of the silica aerogel film, and

g, and 1, TEPresent the refractive indices of solid silica
and the silica aerogel, respectively. ng, ., has a constant value
of 1.458.

The results are shown in Fig. 2a, which reveals that the
silica aerogel film has different refractive indices at different
positions. Refractive index at the edge is greater than at the
center. This can be attributed to the accumulation of particles
under centrifugal force at the edge, which leads to an increase
in density there. The silica aerogel film on the Ti substrate has
a minimum refractive index of approximately 1.17 at the
center, corresponding to a porosity of 62.8%. The Al, SiO, and
GaN substrates have refractive indices of approximately
1.175, 1.183 and 1.185, respectively. The silica aerogel film
on the Si substrate has the greatest refractive index (1.196)
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Fig.2 Refractive index of silica aerogel films on five substrates (a)
and corresponding positions (b) (left edge: A, B; central
region: C, D; right edge: E, F)

and a porosity of approximately 57.2%. The results suggest
that the silica aerogel film on the Ti substrate has the lowest
density.
2.2 Microstructure of silica aerogel films

The sol was deposited on different substrates at the same
spin-coating rate and for the same duration time. It is believed
that the fabrication of silica aerogel film is carried out by a
chemical hydrolysis-condensation process, also as a result of
the nucleation, growth, and aggregation of particles, which
will be affected by the substrate type. AFM photographs at
different scales are shown in Fig. 3. Fig. 3a— 3e show the
surface topographies of the silica aerogel films on Ti, SiO,,
GaN, Al,and Si substrates on scales of 0.5 umx 0.5 pum. It is
clear that the silica aerogel films on the Ti, SiO,, GaN, and
Alsubstrates contain large particles that are aggregated,
whereas the silica aerogel film on the Si substrate has small
particles that are less aggregated. The silica aerogel film on
the Ti substrate exhibits the strongest accumulation of
particles. It also has the largest particles and the largest
clusters of particles compared with the films on the other
substrates. Some of the particles merge with each other to
generate large blocks. In contrast, the silica aerogel film on
the Si substrate contains the smallest particles and the smallest
clusters. The clusters are uniformly dispersed in the silica
aerogel film. Fig. 3f—3j show the topographies of the silica
aerogel films on Ti, SiO,, GaN, Al, and Si substrates on a
scale of 5 pmx5 pum. The roughness of each silica aerogel film
on the Si, Al, GaN, SiO,, and Ti substrates increases in the
same order as the particle size and the accumulation of
particles on the substrates. In particular, it is clear that the
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Fig.3 AFM images of silica aerogel films at scales of 0.5 umx0.5 um (a—e) and 5 pmx5 pm (fj) on various substrates: (a, f) Ti, (b, g) SiO,,

(c, h) GaN, (d, i) Al, and (e, j) Si

silica aerogel film on the Ti substrate comprises large
aggregations. The reason for this is that the large particles and
clusters lead to prolific cross-linking and high viscosity, which
impede the dispersion of the solution at the same spin-coating
rate used for other coatings.

The effect of the substrate type on the morphology of the
silica aerogel film is believed to be associated with the surface
hydrophilicity. Therefore, the surface morphologies of the
silica aerogel films were investigated by SEM, and the water
contact angles on various substrates were also measured. The
results are shown in Fig.4a—4e (the water contact angles on
various substrates are shown in the upper right corners of the
images). According to the images, the Ti, SiO,, GaN, Al, and
Si substrates have water contact angles of 28.8°, 55.5°, 56.1°,
61.7°, and 74°, respectively, suggesting that the Ti substrate
has the highest hydrophilicity; therefore, the SiO,, GaN, Al,
and Si substrates are less hydrophilic. Obviously, the silica
aerogel film on the Ti substrate has the most relaxed structure,
which consists of large pores and clusters. The silica aerogel
films on the Al, GaN and SiO, substrates have non-uniform
pore distributions and rough skeletons. The silica aerogel film
on the Si substrate has small pores and a uniform pore
distribution. Fig. 4f shows the statistical pore diameter
distributions of silica aerogel films on different substrates,
where the average pore diameters are 67.25, 20.69, 20.16,
35.6, and 14.89 nm for the Ti, SiO,, GaN, Al and Si substrates,
respectively.

According to the analysis of the AFM images described
above, the difference in the morphologies is a result of particle
accumulation. Because the particles are close in the silica
aerogel film on the Ti substrate, it is easier for them to attract
neighboring particles and molecules through van der Waals
forces and electrostatic attractions. Therefore, they form
clusters or merge into large particles. This facilitates particle
growth. However, on the Si substrate, the greater distances
between the particles impede their connection with each other.
Moreover, owing to their low mass and surface charge, the
small particles are difficult to attract neighboring molecules to

merge. The growth of particles becomes difficult, and can
only proceed by free diffusion and random collision. Small
particles inevitably result in small pores and uniform pore
distribution. Considering the water contact angle and the
FESEM images, the morphology of each silica aerogel film is
related to the hydrophilicity of substrate. It is easier to form
large particles and pores on hydrophilic substrates. In general,
the hydrophilicity of substrate depends on its molecular
polarity: the larger the molecular polarity, the higher the
hydrophilicity. Therefore, there is greater potential for the
formation of large particles and pores.

Cross-sections of the silica aerogel films were investigated
by FESEM. They are displayed in Fig.5a—5e (the interface is
magnified in the upper right corner of each image). There is a
close adhesion between the five substrates and the silica
aerogel films. In the case of the Si substrate, adhesion is poor
and there is an obvious gap between the substrate and the
silica aerogel film. This is due to the chemical characteristics
of the substrate. Silica aerogel films fabricated by the sol-gel
method contain numerous hydroxyl groups on the silica
skeleton. When particles grow, hydroxyl groups interact with
the polar groups on the surface of hydrophilic substrate,
forming hydrogen bonds. Therefore, the adhesion between the
substrate and the silica aerogel film is enhanced by the
formation of chemical bonds. However, in the case of the HF-
treated hydrophobic Si substrate, bond formation by hydroxyl
groups is impeded owing to the absence of polar groups. As a
result, adhesion between the Si substrate and the silica aerogel
film is weak.

2.3 Effect of hydrophilicity on the nucleation

According to the analysis described above, the substrate has
a significant effect on the morphology of the silica aerogel
film. Hydrophilic surfaces promote large particles and their
accumulation, which leads to increased surface roughness,
non-uniform pore distribution, and large pores. However, it
does promote adhesion between the substrate and the silica
aerogel film. In contrast, hydrophobic surfaces produce small
highly dispersed particles, smooth surfaces, and small pores.
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Fig.4 Surface morphologies of silica aerogel films and their corresponding water contact angles on various substrates (a—e) and statistical pore
diameter distributions (f): (a) Ti, (b) SiO,, (c) GaN, (d) Al, and (e) Si

Fig.5 Cross-sections of silica aerogel films on various substrates: (a) Ti, (b) SiO,, (c) GaN, (d) Al, and (e) Si

However, they also result in poor adhesion between the
substrate and the silica aerogel film. The difference is due to
the sol-gel fabrication of the silica aerogel film. The gelation
process follows the classical nucleation-growth law!*". During
spin coating, the gel molecules aggregate and form tiny
particles under the action of surface charges. The tiny particles
grow into large ones by interacting with neighboring small
molecules through van der Waals’s and electrostatic forces™.
Some of the faster-growing particles become centers of solid
nucleation, attracting numerous small particles around the
nucleus. Consequently, the particles grow faster by absorbing

other particles. Additionally, large particles interact with each
other by the physical adsorption and bonding of surface
hydroxyl groups to form the clusters that make up a three-
dimensional skeleton. However, the substrates change the
nucleation and growth of the particles by providing additional
nucleation sites. Owing to the low nucleation energy, the
particles preferentially accumulate and nucleate on the
substrate surface. The change has a significant effect on the
growth of particles and the final morphology of the silica
aerogel. In addition, nanoparticles themselves may have
uneven surface structure and surface charge distribution, or
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they may have a certain morphology. These characteristics
will affect the subsequent interaction and aggregation of
particles, thus affecting the structure of the final product™.

The current study indicates that different types of substrates
cause changes of the morphologies of silica aerogel films.
This may be attributed to the influence of the hydrophilicity of
the substrates on the nucleation and growth of particles. The
hydrophilicity of a substrate depends on its molecular polarity.
Hydrophilic substrates are wusually composed of polar
molecules, which result in positive and negative potentials on
the surface. The hydrophilicity of silica substrate is caused by
the electrical difference between oxygen and silicon. For Al
and Ti substrates, hydrophilicity is caused by the electrical
differences between the metal and oxygen atoms, because
AlO, and TiO, usually form on the surfaces of the substrates.
Owing to the difference in surface potential, the oxygen atoms
on the surface bond with the hydroxyl groups of the silica
aerogel skeletons to form hydrogen bonds. For GaN substrate,
the nitrogen atoms replaces the role of oxygen atoms.
Additionally, owing to the similarity in the molecular
composition, besides the hydrogen bonds between the silica
substrate and the silica aerogel film, weak Si-O bonds
between the silica and the hydroxyl groups may also form,
which is illustrated in Fig.6a.

According to the classical nucleation theory, the nucleation

rate can be expressed as follows™!

fAG,)

J= Ke( ol )
where K represents the dynamic pre-exponential factor, AG, is
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Fig.6 Fabrication of silica acrogel films on substrates: (a) molecular
bonds at the interface between the hydrophilic substrate and
the silica aerogel film; (b) accumulation and growth of
particles on hydrophilic (left) and hydrophobic (right)

substrates

the Gibbs free energy to form the cluster /, K, is the
Boltzmann constant, and 7T is temperature. The nucleation
barrier is determined by the volume free energy and the
surface free energy

AG, = Ay, + 04, 3)
where Ay, represents the change of chemical potential of the
cluster /, o represents surface free energy, and 4, represents
surface area of the cluster i. The formation of molecular bonds
reduces the interfacial energy between the nucleus and the
substrate, resulting in the decrease of AG,and the increase of
J. Because the wetting angle decreases with the interfacial
energy, the interface energy can be expressed in terms of the
wetting angle. The effect of the wetting angle on nucleation
energy follows the classical nucleation theory:

AGhet = AGhomof(e) (4)
£(0)=025(2 - 3cosf + cos’0) ©)
where AG, .. and AG,  represent the Gibbs free energy for

homogeneous and heterogeneous nucleation, respectively; 6 is
the wetting angle. When 6 <90°, the substrate will reduce
nucleation energy and improve the efficiency of nucleation
significantly. The large nucleation rate and low nucleation
energy lead to the massive accumulation of particles on the
surface of the hydrophilic substrate, which shortens the
distance between particles and produces many nucleation
sites. Neighboring particles merge with each other to form
large ones. The large particles and clusters become the new

nucleation sites™”

, which create new larger particles, speeding
up the whole gel process. In summary, the hydrophilicity of
the substrate accelerates nucleation and growth, leading to the
formation of large particles. On the contrary, there is no
significant surface potential difference for hydrophobic
substrates. The accumulation of particles on the surface of the
substrate is reduced. The nucleation and growth of gel
particles occur through the random collision and bonding of
gel molecules. Particles grow through absorbing neighboring
small molecules and particles under the action of van der
Waals’ s and electrostatic forces, which impede the growth of
the particles. However, the slow growth results in smaller
particles and a more uniform morphology compared with the
particles and morphology of a hydrophilic substrate. Effect of
the substrate types on the morphology of silica aerogel film is
shown in Fig.6b.

3 Conclusions

1) Chemical bonds between substrates of Al and Ti and the
silica aerogel films are confirmed by XPS measurement.
Meanwhile, the silica aerogel film on the Ti substrate has a
minimum refractive index of approximately 1.17 at the center,
and the porosity is up to 62.8%.

2) Ti substrate with the highest hydrophilicity causes the
greatest accumulation of particles in the silica aerogel film,
which results in large particles, large pores, and high
roughness. The hydrophilicity is weaked in an order of
Si0,, GaN, Al and Si substrates. The silica aerogel film on Si
substrate with weak hydrophilicity has the smallest particles
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and pores and small roughness.

3) Nucleation is easier in a silica aerogel film on a
hydrophilic substrate; the particles aggregate more readily and
grow to form large particles, leading to the formation of larger
pores. Owing to weak molecular polarity, the accumulation of
particles on the surface of hydrophobic substrate is reduced,
and the nucleation and growth of particles are impeded.
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