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Nanocomposite silica thin films made using the sol-gel method were studied. The nano-silica films were prepared using
a mixture of tetraethyl orthosilicate (TEOS), deionized water, ethanol, and ammonia solution. To control the growth of the
particles inside the film, the nanocomposite silica film was prepared using a mixture of the nano-silica sol and the silica sol.
The change in the particle size with the heat treatment temperature ranging from 450 °C to 1100 °C was investigated. X-ray
diffraction (XRD), atomic force microscopy (AFM), scanning electron microscopy (SEM), NKD (refractive index-N, extinction
coefficient-K, and thickness-D) and ultraviolet-visible (UV-Vis) spectrophotometry were used for characterization purposes.
The XRD studies showed that the nano-silica thin films were amorphous at all annealing temperatures except for 1100 °C. The
α-cristobalite crystal structure formed at the annealing temperature of 1100 °C. Optical parameters, such as refractive indices
and extinction coefficients, were obtained using the NKD analyzer with respect to the annealing temperature of the films. The
activation energy and enthalpy of the nanocomposite silica film were evaluated as 22.3 kJ/mol and 14.7 kJ/mol, respectively.
The cut-off wavelength values were calculated by means of extrapolation of the absorbance spectra estimated using the UV-Vis
spectroscopy measurements. A red shift in the absorption threshold of the nanocomposite silica films indicated that the size of
the silica nanoparticles increased with an increase of the annealing temperatures from 450 °C to 900 °C, and this confirms the
quantum confinement effect in the nanoparticles.
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1. Introduction

Metal oxides as crucial functional materials
are used in various fields of nanotechnology due
to their physical properties. Silicon dioxide (sil-
ica, SiO2) is particularly preferred in the pro-
duction of thin film substrates [1], electrical and
thermal insulators [2], optical filters [3], solar
cells and collector applications [4] because of
its wide band gap, amorphous film structure and
low refractive index [5]. Silica-based nanocompos-
ites (SiO2–P2O5 [6], Er3+-doped SiO2–TiO2 [7],
SiO2–TiO2 [8, 9], ZnO–SiO2 [10]) are used in
many research studies in order to control the
shape, size and other properties of nanostruc-
tured films [11, 12]. The sol-gel technique is the
most common process used to synthesize silica
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particles, where the particle size depends on the
sol-gel chemistry. The Stöber process [13] has also
been used to synthesize colloidal silica nanopar-
ticles. Effect of concentration of chemicals (i.e.
TEOS, ethanol, methanol, ammonia solution, HCl,
oxalic acid, NaOH, NH4F, H2O) and their ratios
during both the hydrolysis and condensation reac-
tions to control particle size have been discussed [2,
6, 14–20]. Size-dependent optical properties of sil-
ica nanoparticles highlighting the change in physic-
ochemical properties of silica at smaller particle
sizes have been reported in several papers that dis-
play unique optical absorption characteristics [19–
28]. Optical measurements have been used to deter-
mine different parameters of silica based compos-
ite films of varying particle size which generate a
quantum confinement effect [26, 29, 30].

Studies on silicon dioxide thin films have shown
that WO3–SiO2 nanocomposite films [31], SiO2
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and TiO2 multilayered optical filters [4], Ta2O5,
SiO2 multilayered antireflective coatings [32], and
Si-doped ZnO transparent thin films [33] can be
synthesized using sol-gel technique. The effects
of NH3/TEOS ratios on the particle size of the
SiO2 and nanostructured SiO2 films prepared by
sol-gel spin coating technique were investigated in
our previous work [34]. However, dependence of
the optical properties (transmission, refractive in-
dex, extinction coefficient) of the silica nanoparti-
cled composite films on particle size and tempera-
ture has not been studied intensively before. There-
fore, in this study, sol-gel spin coated nanocom-
posite SiO2 films were produced from a mixture
that had a proper ratio of SiO2 and nano-SiO2 sols,
for a thorough investigation. The refractive index
and the extinction coefficient of the nanocomposite
SiO2 films were investigated by using the transmis-
sion data in s and p-polarization modes with respect
to the applied heat treatment for an annealing tem-
perature range of 450 °C to 1100 °C. The detailed
studies on surface morphology of the nanocompos-
ite films obtained at different annealing tempera-
tures provided the size information of the parti-
cles contained in the films. Regarding the control
of the particle size in nanostructured films, the sol-
gel deposition process is the easiest and most com-
monly used technique. Supporting this assertion,
this study indicates that the annealing temperature
affects the particle size of nanocomposite SiO2 thin
films and the new film structure prevents further
growth of silica nanoparticles in the film resulting
in useful physicochemical properties. In addition,
the activation energy and enthalpy have been deter-
mined through the growth kinetics of the nanopar-
ticles. To the best of our knowledge, this is the first
study on calculation of activation enthalpy for sil-
ica nanoparticled films derived by sol-gel process.

2. Experimental

2.1. Film preparation

The SiO2 sol was made using a mixture of two
solutions: the first solution was made with TEOS
dissolved in ethanol. The second solution was ob-
tained by mixing deionized (DI) water, ethanol

(0.789 g/mL at 25 °C) and hydrochloric acid (HCl
1.2 g/mL at 25 °C). Then, the second solution was
added to the first solution at room temperature,
until the SiO2 solution became homogeneous and
transparent as detailed in Fig. 1a. The nano-SiO2
sol was prepared with TEOS, deionized water and
ethanol and catalyzed by ammonia (Fig. 1b). The
mole ratio of ammonia/TEOS was 1:32 in the final
solution.

The SiO2 and nano-SiO2 solutions were mixed
at room temperature for 30 min. at a volume ra-
tio of 1:10 to obtain uniform suspension of silica
nanoparticles in silica sol. Then, these solutions
were spin coated on quartz glasses at 1000 rpm
for 30 s. The coatings were heat treated at 450 °C,
550 °C, 650 °C, 900 °C for 1 h, to calculate the
activation energy. In order to investigate the crys-
tal phase, the final coatings were heat treated at
1100 °C for 48 h employing a microprocessor-
controlled (CWF 1100) furnace.

Fig. 1. Preparation scheme of SiO2 and nano-SiO2 sols.

2.2. Characterizations
The XRD patterns of the films were recorded

with an X-ray diffractometer (GBC-MMA)
using monochromatized CuKα radiation
(λ = 1.54056 Å) with a scanning 2θ range of
20° to 80°, and with a grazing angle of 1°.
The International Center for Diffraction Data
(ICDD) database was used for characterization
of the coated thin films. The morphology of the
films was examined using a scanning electron
microscope (SEM, JSM-7000F, JEOL Ltd.) and
scanning probe microscope (Model SPM-9500,
Shimadzu Corp.) incorporating an atomic force
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microscope (AFM) in dynamic mode. Optical
transmittance and absorbance values of the films
were measured with a spectrophotometer (NKD
7000, Aquila Inst.) and UV-Vis spectrophotometer
(Agilent 8453). Refractive indices and extinction
coefficients were evaluated using the Pro-Optix
software incorporated within the NKD analyzer.
The thickness of the films was measured using a
Stylus Profilometer (Veeco, Dektak 150).

3. Results and discussion
3.1. XRD analysis

The heat treatment temperatures were chosen at
almost equal increments: 450 °C, 650 °C, 900 °C
and 1100 °C for the nano-SiO2 thin films. The
XRD analysis showed that the films were amor-
phous for the coatings heat treated at the temper-
atures of 450 °C, 650 °C, and 900 °C (Fig. 2).
No diffraction peak was observed but a broad
band centered at 2θ = 22.00° appeared which
is the characteristic behavior of amorphous SiO2
(JCPDS Card No. 29-0085). For the films heat
treated at temperature of 1100 °C a very strong
crystallization of α-SiO2 (α-cristobalite phase) oc-
curred for the nano-SiO2 film (JCPDS Card No.
00-001-0438). The α-cristobalite structure was ob-
served at 1100 °C, as reported before by other
groups [35, 36].

A slow XRD scan was used to calculate the av-
erage crystallite size Dcryst of the film, using Scher-
rer formula as follows:

Dcryst =
Kλ

Bcosθ
(1)

where K is a constant (0.89), λ is the wave-
length of the incident radiation (for Cu Kα radia-
tion λ = 1.54056 Å), B is the full width at half-
maximum (FWHM) of the diffraction line and θ

is the Bragg diffraction angle. The most intense
diffractions of the α-cristobalite phase were ob-
served at 2θ = 22.08° and 36.10°, and the average
nanocrystallite size of these diffraction peaks was
found to be 18.6 nm for a nano-SiO2 thin film with
a ratio of ammonia/TEOS = 1:32, heat treated at
1100 °C for 48 h.

Fig. 2. XRD spectra of nano-SiO2 films heat-treated at
different annealing temperatures.

3.2. Surface morphology of the films

Fig. 3a displays the AFM image of the SiO2
film. The nano-SiO2 film with its granular structure
is shown in Fig. 3b, and the observed particle size
of this film is about 50 nm. Fig. 4 shows that the
annealing temperature of the nanoparticled com-
posite silica films affects the size of the nanopar-
ticles. The sizes of the silica nanoparticles, calcu-
lated using the SPM Manager Program, were found
to be approximately 16 nm, 42 nm, 63 nm, and
18 nm at different heat treatment temperatures of
450 °C, 650 °C, 900 °C and 1100 °C, respectively,
as shown in Table 1. Particle size is inversely pro-
portional to the number of particles per area. When
the size of particles contained in a film is decreased,
the particles display a more regular structure, and
are aligned. In addition to these measurements, a
coating heat-treated at 550 °C was measured giving
an average silica nanoparticle size of 23 nm. This
value was used for the calculation of the activation
energy.

The nanocomposite SiO2 film is formed by a
nano-SiO2 structure consisting of spherical nanos-
tructured SiO2 particles. The particle size of the
nanocomposite SiO2 film, heat treated at 450 °C,
as shown in Fig. 4a, is relatively smaller compared
to the nano-SiO2 film annealed at the same temper-
ature as illustrated in Fig. 3b. In this way, it can be
seen that the growth of the silica nanoparticles is
prevented by the nanocomposite structure because
of encapsulation of the nanoparticles in the silica
gel matrix.
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Table 1. Profile analysis results of nanocomposite SiO2 film heat-treated at different annealing temperatures.

Annealing
temperature

[°C]

Maximum
particle diameter [nm]

Surface area
[nm2]

Number of particles
per 2.5 × 2.5 µm2

450 16 50667 252
650 42 91439 66
900 63 121572 39

1100 18 26973 106

(a) (b) (c)

Fig. 3. 2D and 3D AFM images of (a) SiO2 film, (b) nano-SiO2 film, (c) nanocomposite SiO2 film.

The SEM image of the nanocomposite SiO2
film (ammonia/TEOS = 1:32) heat treated at tem-
perature of 450 °C with an average particle size of
15 nm, is shown in Fig. 5a. There are some ag-
glomerations in the film, but the tubular-like align-
ment of the particles confirms the AFM results of
the film as displayed in Fig. 4a. The SEM image of
the nano-SiO2 film annealed at 1100 °C is shown in
Fig. 5b. The average particle size of this film is ob-
served to be about 20 nm in the SEM image, which
is slightly greater than the value determined using
the SPM Manager, as shown in Table 1. For the
annealing temperature of 1100 °C, the nano-SiO2
thin film has an α-cristobalite phase as mentioned

before and in the case of the transformation to the
crystal phase, the size of the nanoparticles of the
nano-SiO2 film increases with annealing tempera-
ture. The calculated crystallite and observed parti-
cle size values of the films are displayed in Table 2
to facilitate the comparison. Thickness of the films
was measured as approximately 43 nm.

3.3. Grain-growth kinetics
The grain growth depends on annealing temper-

ature and time, which can be analyzed using the
grain-growth kinetics equations [37, 38], i.e.:

dn −dn
0 = k · t (2)
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Table 2. Particle sizes [nm] of the nano-SiO2 and nanocomposite SiO2 films.

nano-SiO2 film nanocomposite SiO2 film
Annealing Calculated by Scherrer Observed Calculated Observed

temperature [◦C] equation with XRD data with AFM and SEM by SPM manager with SEM

450 – 50 16 15
1100 18.6 20 18 –

(a) (b) (c) (d)

Fig. 4. AFM images of nanocomposite SiO2 film heat-treated at annealing temperatures of (a) 450 °C, (b) 650 °C,
(c) 900 °C, (d) 1100 °C.

and:

k = k0 exp
(
−Ea

RT

)
(3)

where d is the average grain size at time t, d0
is the average grain size at time t = 0, n is the
growth exponent, k is a rate constant, k0 is a pre-
exponential constant, Ea is the activation energy
of grain growth, R and T are the gas constant
and absolute temperature. When d0 is significantly
smaller than d, dn

0 can be neglected relative to d, and
the grain-growth kinetics equations can be simpli-
fied as follows [39]:

d = k0 exp
(
−Ea

RT

)
t (4)

lnd =
−Ea

RT
+ lnk0 + ln t (5)

The activation energy can be determined from
the slope of the Arrhenius plot of ln(d) versus 1/T.
An alternative method for calculating the thermo-
dynamic quantities of the system with the use of the
rate constant k is the Eyring equation [40], which

is expressed as:

k =
(

kBT
h

)
exp

[
−(∆H∗−T ∆S∗)

RT

]
(6)

where kB is Boltzmann constant, h is Planck con-
stant, ∆H∗ and ∆S∗ are the activation enthalpy and
entropy, and the average grain size can be ex-
pressed as:

d =

(
kBT

h

)
exp

[
−(∆H∗−T ∆S∗)

RT

]
t (7)

ln
(

d
T

)
= f rac−(∆H∗−T ∆S∗)RT+ ln

(
kB

h

)
+ln t

(8)
Fig. 6 shows the plot of ln(d) versus 1000/T

for the nanocomposite SiO2 thin film. The slope
yields the activation energy of 22.3 kJ/mol which
is much lower than the Ea reported in the litera-
ture [41–44]. Because of the increase in total en-
ergy, nanoparticled thin films have a higher surface
area. Thus, less energy is required to induce the
particle growth of the nanostructured SiO2 films.
Based on the Eyring equation, Fig. 7 shows the
plot of ln(d/T) versus 1000/T of the nanocompos-
ite SiO2 thin film. The slope yields the activation
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(a) (b)

Fig. 5. FE-SEM images of (a) nanocomposite SiO2 film (ammonia/TEOS = 1:32) at the annealing temperature of
450 °C, (b) nano-SiO2 film (ammonia/TEOS = 1:32) at the annealing temperature of 1100 °C.

enthalpy of 14.7 kJ/mol. A comparable study that
determines the activation enthalpy of the nanopar-
ticled composite films containing silica nanopar-
ticles was not found. However, we encountered a
study that found the global enthalpy for silica (α-
cristobalite) dissolution in sodium hydroxide solu-
tion to be very close to our calculated activation
enthalpy in absolute value [45]. An investigation
of the relationship between the activation enthalpy
and global enthalpy would be worth pursuing.

Fig. 6. Arrhenius plot of nanocomposite SiO2 film.

3.4. Optical properties
Fig. 8 and Fig. 9 present the transmittance

spectra of the nanoparticled composite silica films

Fig. 7. Eyring plot of nanocomposite SiO2 film.

collected in a spectral range of 300 nm to 1000 nm
at a 30°angle of incidence with s and p-polarization
modes, respectively. When the annealing temper-
ature of the nanocomposite SiO2 film was in-
creased, the transmittance of the film decreased
for both s and p polarization modes. This can
be attributed to increasing of the average particle
size due to Ostwald ripening of small particles.
A decrease of fundamental absorption was seen
at shorter wavelengths (λ < 320 nm). At 550 nm
wavelength, the transmittance of the nanocompos-
ite SiO2 films changed from 69.2 % to 86.7 %
in the s-polarization mode and from 78.1 % to
90.2 % in the p-polarization mode with a decrease
of annealing temperature from 1100 °C to 450 °C.
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The higher transmittance observed at 450 °C is
attributed to structural homogeneity, less scatter-
ing and absorption effects as is clearly observed
in Fig. 8 and Fig. 9 at longer wavelengths (λ >
320 nm).

Fig. 8. Transmittance data in the s-polarization mode of
nanocomposite SiO2 film annealed at different
heat treatment temperatures.

Fig. 9. Transmittance data in the p-polarization mode of
nanocomposite SiO2 film annealed at different
heat treatment temperatures.

Fig. 10 and Fig. 11 present refractive indices
and extinction coefficients of the films which were
evaluated using the Pro-Optix software of the NKD
analyzer. When the annealing temperature was in-
creased, the refractive index of the nanocomposite
SiO2 films increased from 1.56 to 1.59 at 550 nm
due to densification of the films. In Fig. 11, the
extinction coefficients of the nanocomposite SiO2
films at different temperatures exhibit similar be-
havior. For example, the nanocomposite SiO2 films

Fig. 10. Refractive index of nanocomposite SiO2 films
annealed at different heat treatment tempera-
tures.

all have an extinction coefficient value of 0.17 at
300 nm wavelength, and the extinction coefficients
of the films decreases with the wavelength. Ex-
tinction coefficient values reach the minima for all
annealing temperatures in the 350 nm to 360 nm
wavelength range, and then they increase with the
increase of the annealing temperature from 450 °C
to 1100 °C, at longer wavelengths. For the an-
nealing temperature of 1100 °C, the extinction co-
efficient decreases after 850 nm wavelength. Fi-
nally, the extinction coefficients of the nanocom-
posite SiO2 films with other annealing tempera-
tures reach the maximum values, and then decrease
with the wavelength. The inset of Fig. 11 shows
the extrapolation of the extinction coefficient value
where it increases in the region of 295 nm to
303 nm wavelengths. For further investigations,
Fig. 12 indicates the UV-Vis absorbance spectra of
the nanocomposite SiO2 films. The absorption edge
of the nanocomposite SiO2 films shifted to shorter
wavelengths with a decreasing particle size due to
a quantum confinement effect, in the wavelength
region of 295 nm to 303 nm. The particle sizes
increased with an increase in annealing tempera-
ture from 450 °C to 900 °C. At 1100 °C, the parti-
cle size decreased due to the crystallization of the
nanoparticled film. Both UV-Vis absorbance spec-
tra and calculated extinction coefficients of these
films confirm the change of the particle size with
the annealing temperature.
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Fig. 11. Extinction coefficient of nanocomposite SiO2
films annealed at different heat treatment tem-
peratures.

Fig. 12. Extrapolation of the UV-Vis absorbance spec-
tra of nanocomposite SiO2 films heat-treated at
different annealing temperatures.

4. Conclusions
Nanocomposite SiO2 thin films were synthe-

sized, and their particle size was controlled with
the heat treatment process after the formation of
the films. In the nanocomposite SiO2 films, SiO2
nanoparticles were distributed almost uniformly in
the thin film matrix at annealing temperatures of
450 °C, 650 °C, 900 °C and 1100 °C which was
confirmed by AFM and SEM measurements. The
particle sizes increased gradually with an increase
in annealing temperature from 450 °C to 900 °C.
This was caused by the heat-induced expansion of
the particle size Ostwald ripening- and agglomer-
ation of small particles. At 1100 °C, the particle
size decreased due to the phase transformation of

the nano-SiO2 thin film from an amorphous phase
to the α-cristobalite one. Also, the growth of sil-
ica nanoparticles was prevented by the nanopar-
ticled composite structure. Nanocomposite SiO2
film had the nanoparticles with a size of 16 nm
whereas the particle size of nano-SiO2 was 50 nm
as the composite nanoparticles were encapsulated.
Both sizes were measured for the ratio of ammo-
nia/TEOS = 1:32 at the same annealing tempera-
ture of 450 °C. The calculated crystallite size of the
nano-SiO2 thin film was also in agreement with the
SEM measurements for the annealing temperature
of 1100 °C.

The optical studies revealed that the transmit-
tance of the films decreased with the annealing
temperature. The refractive index and the extinc-
tion coefficient of the nanocomposite SiO2 films
increased with the temperature as increasing tem-
perature caused an increase of packing density of
the film (tighter packing of particles). The ab-
sorption edge of the nanocomposite SiO2 films
shifted to shorter wavelengths with a decrease in
the heat treatment temperature in the range of
900 °C to 450 °C. The quantum confinement ef-
fect of the nanoparticles was confirmed by the cut-
off wavelength shift. Both UV-Vis spectrometer
and NKD-analyzer measurements confirmed the
cut-off wavelength shift in the absorbance spectra
and extinction coefficient graphs of the nanocom-
posite SiO2 silica films. The activation energy
and enthalpy were calculated as 22.3 kJ/mol and
14.7 kJ/mol, respectively. The calculated activation
energy is much lower in comparison to the values
reported in the literature but there is no compara-
ble study that determines the activation enthalpy of
the nanoparticled composite films containing silica
nanoparticles.

In solar cells and optical filter applications, con-
trolling the band gap energy – or cut-off wave-
length – and the refractive index of the films is
extremely important. This study indicates that it is
possible to alter optical properties of nanocompos-
ite SiO2 thin films with different particle sizes.
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