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Abstract
Au/SiO2 nanocomposite films, studied in this work, were prepared by
RF-magnetron sputtering technique on glass substrate at room temperature
under two different substrate temperatures (Ts), and subsequent heat treatment. For the deposited sample at TS = 25˚C, no apparent surface plasmon
resonance peak could be observed. After annealing, optical absorption spectrum of the Au/SiO2 thin films showed a broad absorption band around 500
nm relating to gold nanoparticles without any modification in the position of
the SPR and the size of particles. For the series deposited at TS = 400˚C, the
surface plasmon resonance (SPR) was found at 500 nm. After heat treatment
it’s redshift from 500 nm to 503 nm, while the size increases from 2.01 nm to
2.3 nm. We have also shown that, as the AuNPs are embedded in silica films,
the small nanoparticles size have a slightly larger expansion coefficient than
for bigger one.
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Keywords
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1. Introduction
Metallic nanoparticles possess unique optical, electronic, chemical, and magnetic
properties that are different from those of individual atoms as well as their bulk
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counterparts. Noble metal nanoparticles embedded in dielectric matrices exhibit
a strong absorption band in UV-visible region [1] [2]. This band results when
the incident photon frequency is resonant with the collective oscillation of the
conduction band electrons and is known as the surface plasmon resonance
(SPR) [3] [4]. The SPR frequency is strongly dependent upon the size, shape, interparticle interactions, dielectric properties, and local environment of the nanoparticle [5] [6] [7] [8]. To give a clear description of the surface plasmon absorption band and the main factors impacting its position, intensity and broadness, numerous works have been done. Particularly, studies of metal clusters
with dimensions in the range 1 - 10 nm, help to determine the transition from
typical properties of bulk metals to the properties of isolated atoms, and because
all noble metal field applications, use very small metal particles.
The temperature dependence of optical properties of metal nanoparticles is a
precondition for the development of successful and reliable applications and devices. The temperature effects on SPR absorption band in metal nanoparticles
were studied e.g. by Kreibig [9], Doremus [10] [11], and the origin of temperature effects upon the SPR was analyzed by Mulvaney [12]. Link and El-Sayed also studied the temperature dependence of the SPR energy and bandwidth for
gold colloidal nanoparticles within the size range of 9 nm up to 99 nm [13]. No
significant influence of the temperature on the SPR energy and bandwidth was
found. Nanocomposite films consisting of metal particles such as gold embedded
in a silica matrix have recently been the subject of many studies [14]-[29]. A
large number of methods have been used to obtain AuNPs embedded in SiO2
films, such ion implantation [14] [15], sol-gel [16], plasma enhanced chemical
vapor deposition (PECVD) [17], hybrid techniques combining pulsed-DC sputtering and PECVD, which is used for simultaneous Au sputtering and SiO2 deposition [18] [19], and RF magnetron sputtering [20]-[29]. The flexibility and
easy fabrication of diverse composite films are the advantages of sputtering method. The important factors to influence the formation of AuNPs are the distance between the target and the substrate, rf-power, sputtering time, the substrate temperature, applied voltage, and working pressure.
In our recent work [30], we have studied the temperature dependence of SPR
in the gold nanoparticles in the alumina matrix. We observed the noticeable red
shift of the SPR and size of Au nanoparticles with increasing temperature.
In this paper, we investigate the influence of substrate temperature and thermal annealing on the structural and optical properties of gold/silica composite
films grown by RF-magnetron sputtering technique.

2. Experimental Methods
The samples, consisting of gold/silica composite thin films, were prepared by
conventional radio-frequency magnetron sputtering method using an Alcatel
SCM 650 apparatus. The target consisted of pure (99.99%) metal Au chips on
top of a 50 mm diameter silica disc placed 60 mm away from the substrates.
DOI: 10.4236/oalib.1103909
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Table 1. Films growth conditions.
Working argon pressure (mbar)

2 × 10−3

Initial pressure(mbar)

1 × 10−6

Au target (%)

2.6

Bias (V)

−50

Power (W)

50

Substrate Temperature

25˚C and 400˚C

Annealing Temperatures

300˚C - 500˚C

Sputter deposition, in a radio frequency (13.56 MHz) machine, has been carried
out after the chamber reached a base pressure of (1 × 10−6) mbar. Deposition was
carried out at fixed argon pressure 2 × 10−3 mbar and at two different substrate
temperatures 25˚C and 400˚C. The relevant growth conditions of the films are
shown in Table 1. Under these conditions, two sets of samples are prepared and
they are denoted A1 (Ts = 25˚C) and A2 (Ts = 400˚C). The as-deposited composite films were annealed at different temperatures of 300˚C, 400˚C and 500˚C in
atmospheric pressure for 1 h.
Crystalline phase of films were determined by X-ray diffractometry (XRD),
using a Siemens D5000 diffractometer, with CuKα radiation (λ = 0.15406 nm)
and a Bragg-Brentano geometry. The diffraction patterns were collected over the
range 10˚ < θ < 80˚ at room temperature. The identification of Au crystalline
phases was done using the JCPDS database cards

( n _ 04 − 0784 ) . Optical ab-

sorption measurements of the prepared samples were registered by a Shimadzu
UV30101PC spectrophotometer, in near ultra-violet-visible-near infrared
(NIV-VIS-NIR) in a range of 200 - 2000 nm wavelength.

3. Results and Discussion
3.1. Structural Characterization
Figure 1 shows the XRD patterns of the samples deposited at two substrate
temperatures 25˚C and 400˚C. X-ray diffractogram of gold thin film with a cubic
structure, presented as a reference, is also reported in Figure 1. From the diffractograms of all the samples, it is evident that there are no Bragg reflections
that are clearly visible in the spectra but a shoulder in the range 35˚ - 47˚ and a
broad peak at 2θ = 64˚ were observed, due to the small AuNPs.
From Figure 1, it is difficult to determine crystalline phases and size. However, using a commercial software program available on our computer, the XRD
patterns were deconvoluted, assuming pseudo-Voigt functions in order to obtain
the peak position intensity and full width at half maximum (FWHM). Note that
the purpose of the deconvolution is to fit the measured XRD spectrum in
well-defined peaks to which a physical meaning can be attributed. For more details see the works [22]. Figure 2 shows the curve fitting of the XRD spectrum of

A2 series. Outside the peak assigned to amorphous silica film, the diffraction
DOI: 10.4236/oalib.1103909
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Figure 1. X-ray diffractograms of Au/SiO2 nanocomposite thin films deposited at two
substrate temperatures and JCPDS of gold thin film.

Figure 2. Experimental diffractogram of the sample deposited at TS = 400˚C and their
curve fitting where different pseudo-Voigt functions were taken into account.

peaks resulting from the fitting are attributed to the crystal planes of Au (111),
Au (200) and Au (220). The peak positions are in agreement with the well-known
data: JCPDS-04-04784 characteristic of the FCC cubic structure, indicating that
DOI: 10.4236/oalib.1103909
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the small gold particles should adopt an fcc-like structure.
The crystallite sizes of AuNPs were calculated from the Debye-Scherer’s formula using the FWHM in radians of the Au (111) reflection:=
D k λ β ⋅ cos θ B ,
where k is a constant (0.9), D is the crystallite size (in nm), λ is wavelength
(0.15406 nm), β is full width at half maximum (FWHM in radian) and θ B is
the Bragg diffraction angle.
Table 2 summarizes the fitting parameters determined from the Au (111)
orientation plane for all the samples. The results indicate that Au NPs size is increased with increasing the substrate temperature. The obtained sizes are 0.73
nm and 1.13 nm for the A1 and A2 series respectively.
In order to promote some structural and optical changes that will be required
to tailor the SPR effect, the films were thermally annealed in air. The XRD spectra for two series A1 and A2 of Au/SiO2 nanocomposite films as deposited and
annealed at various temperatures are presented in Figure 3 and Figure 4.
For all the samples, characteristic peaks representing pure Au were not very
prominent and no peak corresponding to SiO2 was observed, indicating that after annealing process, there is no crystallized SiO2 in these films. The X-ray
spectra of the nanocomposite films have been deconvoluted in the same manner
as previously mentioned. The results are reported in Table 2. The particle sizes,
which were calculated from the Au (111) diffraction peak according to Scherrer’s
formula, varied from 0.73 nm to 1.08 nm for A1 series and from 1.13nm to 1.54
nm for A2 series, when heat temperature varies from 300˚C to 500˚C. With the
increase of temperature, due to thermal expansion, the radius of the nanoparticle
increases as:

R (T=
) R0 (1 + β∆T )

(1)

13

where R0 is the nanoparticle radius at room temperature. At the increase of
temperature, the volume of nanoparticle increases [31]:

V (T=
) V0 (1 + β∆T )

(2)

Table 2. Results of the curve fitting of the experimental diffractograms calculated from
Au (111) reflections of the samples.
Samples Number

A1

A2
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Temperature
(˚C)

Bragg’s angle
2θ (degree)

FWHM
(degree)

Particle size
(nm)

as deposited

39.76

11.64

0.73

300˚C

39.19

9.40

0.89

400˚C

39.38

8.63

0.97

500˚C

39.39

7.77

1.08

as deposited

39.16

7.44

1.13

300˚C

39.14

6.30

1.34

400˚C

39.40

5.86

1.44

500˚C

39.30

5.45

1.54
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Figure 3. X-ray diffractograms of A1 series, as-grown and heated at 300˚C, 400˚C, 500˚C
and JCPDS of gold thin films.

Figure 4. X-ray diffractograms of A2 series, as-grown and heated at 300˚C, 400˚C, 500˚C
and JCPDS of gold thin films.

∆T = T − T0 is the change of temperature from the room one and β
is the volume expansion coefficient for gold nanoparticle. The graphical representation of the volume ratio V V0 of gold nanoparticle versus the annealing

where

DOI: 10.4236/oalib.1103909
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temperature is shown in Figure 5 and Figure 6. So, from the slope of the linear
regression, the volume expansion coefficient β for gold nanoparticle is evaluated according to the Equation (2).
The values of =
β 1.61× 10−5 K and =
β 1.13 × 10−5 K have been obtained for the A1 and A2 series respectively. Note that we consider the thermal

Figure 5. The plots of volume ratio of AuNPs calculated from Au (111) diffraction for A1
series versus annealing temperatures.

Figure 6. The plots of volume ratio of AuNPs calculated from Au (111) diffraction for A2
series versus temperature.
DOI: 10.4236/oalib.1103909
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expansion of a nanoparticle, by assuming that it is free. However, the nanoparticle is embedded in the silica matrix. Respectively, since the volume thermal
expansion coefficient for silica is smaller ( 1.65 × 10−6 K for fused silica) than
one for gold

( 4.17 ×10

−5

K

)

[32], it seems at first glance that the silica host

matrix would block the expansion of a nanoparticle. The obtained values are
lower than the bulk. However, our procedure of annealing treatment of Au/SiO2
composite samples occurs at the temperatures which are considerably higher
than the temperature used in our measurements. After annealing, the samples
were cooled down to room temperature. At cooling, both the nanoparticle and
the hosting cavity contracted. But, due to a considerable difference of the coefficients of thermal expansion, the gold nanoparticle contracted considerably
stronger, than the hosting cavity did. We can note that small-sized AuNPs have
a slightly larger expansion coefficient than for larger particle sizes.

3.2. Optical Studies
Figure 7 shows the optical absorption spectra of Au/SiO2 nanocomposite thin
films deposited at two different substrate temperatures. It is observed in the case
of the A1 series, that for the as-deposited sample, no absorbance peak related the
SPR peak characteristic of the gold particles could be observed. It indicates that
the gold particle sizes are smaller than 2 nm [1]. On the other hand, in the case
of A2 series, the as-deposited sample shows an absorption band centered at 500
nm.
Figure 8 and Figure 9 show the absorbance spectra of Au/SiO2 films as

Figure 7. Optical absorption spectra of Au/SiO2 nanocomposite films sputtered at two
substrate temperatures.
DOI: 10.4236/oalib.1103909
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Figure 8. Optical absorption spectra of A1 series as-deposited and at different annealing
temperatures.

Figure 9. Optical absorption spectra of A2 series as-deposited and at different annealing
temperatures.

deposited and annealed at different temperature for the two series A1 and A2 respectively. It can be noted that after annealing, the films start to exhibit a broad
and weak absorption band. Unlike in the A1 series, broad band absorption is
DOI: 10.4236/oalib.1103909
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observed for the as-deposited sample in A2 series as seen in Figure 9. The intensity of the SPR absorption band decreases when the temperature varies from
25˚C to 400˚C and increases at 500˚C. It can be noted that the heating temperature has an appreciable effect on SPR band absorption when the annealing temperature is larger than that of the temperature deposition. So, from all the measured absorption spectra, it is not easy to determine the position of the SPR band
and describe the trend of SPR bands in the samples.
In order to explain the absorption curves, a modelling of the spectra has been
performed. Taking into account that particles are small compared to the wavelength of incident radiation the dipole approximation was applied. In this approximation, the absorption coefficient α for the medium with particles of volume V and number of particles per unit volume N is given by the following
equation [33]:

α (λ ) =

18π NV ε m3 2

λ

ε2

(ε1 + 2ε m )

2

(3)

+ ε 22

where λ is the wavelength of the absorbing radiation, ε m is the dielectric constant of the surrounding medium, ε1 and ε 2 are the real and imaginary part
of the dielectric function of particles. The dependence of the metal dielectric
function on the size of the particles is taken into account using the model presented by Hövel et al. [34]:

ε (λ, D ) =
ε bulk ( λ ) +

ωP2
ωP2
−
ω + iωγ bulk ω 2 + iω γ bulk + 2 Av
2

(

F

D

)

(4)

where ε bulk is the bulk gold dielectric constant, ωP , vF and γ bulk being, the
metal plasma frequency, the Fermi velocity and damping constant in the bulk
respectively. A is a phenomenological parameter including details of the scattering process. The values of these parameters used in our simulation are those
cited in the work [22] [23]. The dielectric constant values of the bulk were taken
from [35]. Using the model described above by combining of Equations ((3),
(4)) we fit the experimental optical spectra assuming a single uniform radius for
all the clusters. The simulation and the experimental plots are shown in Figure 10
and Figure 11. The parameter values deducted from this simulation are summarized in Table 3.
For A1 series, the average size of Au particles in the samples A1 is in the range
of 2.01 - 2.04 nm obtained from the optical absorption spectra, the size effect on
the SPR band shift can be ignored. For A2 series, the plasmon peak positions just
vary from 500 nm to 503 nm, and the size increases slightly from 2.01 nm to 2.3
nm when heating temperature increases from 25˚C to 500˚C. The changes occurring in the Au nanocrystals upon increasing temperature show, when the
gold particle size exceed slightly the well-known critical size (≈2 nm ), superimposed on the background, a broad surface plasmon band around 500 nm occurs
characteristic of gold nanoclusters, due to surface plasmon resonance. Similar
observations have been reported for other gold-dispersed dielectric materials:
DOI: 10.4236/oalib.1103909
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Alvarez et al. [1] prepared passivated gold particles with sizes in the range 1.4 3.2 nm, found that with decreasing size, the SPR band broadened until it became
unidentifiable for sizes less than 2 nm. Palpant et al. [36] found also, that the

Figure 10. Experimental and Mie simulated optical absorption spectra for the A1 series.

Figure 11. Experimental and Mie simulated optical absorption spectra for the A2 series.
DOI: 10.4236/oalib.1103909
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Table 3. Plasmon peak position, size and dielectric functions of the surrounding medium
of the sample as-deposited and heating at different temperatures.
Samples Number

A1

A2

Temperature (˚C)

SPR(nm)

Particle size (nm)

as deposited

---

--

300˚C

500

2.01

400˚C

500

2.02

500˚C

500

2.04

as deposited

500

2.01

300˚C

501

2.1

400˚C

501

2.1

500˚C

503

2.3

plasmon absorption is damped and blueshifted with decreasing particle size, in
the case of gold clusters in the size range 2 - 4 nm, embedded in alumina matrix
grown by co-deposition technique using pulsed laser ablation.

4. Conclusions
The effect of substrate temperature (ambient and 400˚C) and thermal annealing
on structural and optical properties of Au/SiO2 nanocomposite films, prepared
by RF-sputtering technique, have been investigated. The results of the present
study lead to the following conclusions:
For the nanocomposite films grown at room temperature, formation of small
gold nanoclusters with size below 2 nm inside the silica matrix was confirmed by
XRD and optical absorption measurements. After annealing, the size of AuNPs
is slightly larger than the critical size and the plasmon band peak position of
gold clusters is around 500 nm.
As the substrate temperature increases to 400˚C, the SPR absorption band begins to appear at 500 nm wavelength indicating formation of gold nanoclusters.
After annealing, the size of AuNPs increases slightly and the plasmon band peak
position redshifts from 500 nm to 503 nm.
These experimental results show the ability to create and control very small
gold clusters inside dielectric films, by a combination of the sputtering deposition parameters and subsequent heat-treatment.
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