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The microstructure and optical absorption of Au—MgF3 nanoparticle cermet films with different Au contents are

studied. The microstructural analysis shows that the films are mainly composed of the amorphous MgF2 matrix with

embedded fcc Au nanoparticles with a mean size of 9.8-21.4nm. Spectral analysis suggests that the surface plasma

resonance (SPR) absorption peak of Au particles appears at A=492-537nm. With increasing Au content, absorption

peak intensity increases, profile narrows and location redshifts. Theoretical absorption spectra are calculated based on

Maxwell-Garnett theory and compared with experimental spectra.

Keywords: nanoparticle cermet films, microstructure, optical absorption

PACC: 7865, 6860

1. Introduction

Cermet films that consist of metal nanoparticles
embedded in ceramic matrix have been extensively
studied because of their unique optical properties such
as photoluminescence, third-order nonlinear optical

(1=5] These novel properties

and photocatalytic effect.
caused by the quantum size effect show strong depen-
dence on the size, shape and surfacel® of the particles,
indicating that the volume fraction and microstruc-
ture of the embedded metal nanoparticles, together
with the dielectric constant of the matrix, are the
key factors that control the optical properties of the
films.[”~19 Recently, a number of studies have been
carried out: Chandonnet and Boivin '] have stud-
ied the influence of the microstructure and composi-
tion on the optical constants of Cu—-NaFy, Ag—NaF,,
Cu-PbCl,, and Ag-PbCl, cermet films; Evans (12 and

(13] have investigated the optical proper-

Granqvist
ties of Ag—SiO, films and the effect of composition
variation on Au-MgO as well as Au-Al,O3 films.
Gajdardziska-Josifovaka et all'¥l have measured the
void fraction of Ag—MgF, films with different composi-
tions by means of quartz crystal oscillation. Wang and
Zhao [*3! have studied the microstructure and optical

properties of Cu-CaF, cermet film. Chen et all'

have investigated the optical absorption and nonlin-
ear response properties of Ag—SiO5 cermet film. Shi
et all'" have studied microstructure and Raman spec-
tra of Ag-MgF, cermet films. Wang et all'8 have
investigated the morphology , element chemical state
and absorption spectra of (Au, Fe)/BaTiO3 nanocom-
posite thin films. Sun et all1%2% have carried out a
research on electrical properties of Cu—MgFy cermet

films and optical constants of Ag—-MgF'5 cermet films.

It is known that Au particles have a large
third-order nonlinear susceptibility and pico-second
near-resonance nonlinear response,l?!! which im-
plies their possible application in nonlinear optical
devices.[?2l The coarsening of Au particles increases
the third-order optical susceptibility and absorption

coefficient.[23]

MgF,, a typical material for optical
coatings, with interesting physical and chemical prop-
erties such as high hardness, good stability in hos-
tile environments, and a very low refractive index
(n=1.38),?4 is widely used in various optical appli-
cations. So, cermet films composed of Au nanoparti-
cles and MgFs matrix could be an attractive candi-
date for novel optical and optoelectronic devices. In
addition, this kind of ‘diffused’ structure made up of
metal nanoparticles diffused in the ceramic matrix is

an ideal system to verify various effective medium the-
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ories, which were established to interpret the optoelec-
tronic behaviour of a metal nanoparticles/dielectric
matrix system. Consequently, the investigation on
the microstructure and optical properties of Au—MgFy
cermet films can be of great significance for both the-
oretical and practical reasons. However, as we know,
so far little work has been done on Au—-MgF5 cermet
films. [2%]

In this paper, Au—-MgF; nanocrystalline cermet
films are prepared by radio frequency (rf) magnetron
co-sputtering, and the microstructure together with

optical absorption over 200-800nm is analysed.
2.Experiments

Au-MgF, films were prepared by rf magnetron
The Au-MgF, target was made by
sticking Au strips (99.99% purity) onto MgF, target
(99.99% purity). Cermet films of about 70, 200 and

450nm in thickness were deposited onto formvar foil,

co-sputtering.

Si(111) and quartz substrates, separately. After depo-
sition, all the films were annealed in a high vacuum of
3x1073Pa for the purpose of crystallization. The Au
volume fraction of the film can be calculated by the

following formula:
gu = zmpppSup/(EmarppSyup + mppm),

.’L‘ZAM/AD, (1)

where gjs is Au volume fraction ; my; and mp are the
mol masses of Au and MgFs, respectively; pps and pp
are the densities of Au and MgFs, respectively; Spyp
is the ratio of Au sputtering yield to that of MgF,,
and its experimental value is 9.7; x is the ratio of Au
exposing area(denoted by Ajs) to that of MgFs (de-
noted by Ap). Figure 1 shows the sectional diagram
of Au—MgF, target, and detailed experimental depo-

sition conditions are listed in Table 1.

o
Sy

/

-

Fig.1. Schematic diagram of Au-MgF2 target.

Table 1. Experimental deposition conditions.

Parameters Values
Base vacuum /Pa 5.0x1074
Argon pressure /Pa 0.7
Sputtering power /W 60
Self-biased voltage /V ~ —580
Film depositing rate /(nm/min) ~8
Substrate temperature /K ~ 293
Target-to-substrate distance /mm 60.0
Au volume fraction /vol.% 6, 15, 25, 40, 50, 60
Annealing vacuum /Pa 5.0x1073
Annealing temperature /°C 350
Annealing time /min 40

A MAC MI18XHF-type x-ray diffractometer, a
JEM-100SX transmission electron microscope, and a
VG ESCALAB MK-II x-ray photoelectron spectro-
scope were employed to examine the microstructure
A Shi-

madzu UV-240 ultraviolet-visible spectrophotometer

and composition of Au—MgFs cermet films.

was used to analyse the optical absorption of the films
over 200-800nm.

3. Results and discussions

3.1. Composition analysis

To determine the composition of the prepared
Au-MgF films, the x-ray photoelectron spectroscopy
(XPS) was adopted. An XPS survey spectrum of the
nominal 60vol.% Au-MgF5 film on Si substrate is pre-
sented in Fig.2. Calibrating by Cls (binding energy
284.40eV), the binding energies together with atomic
percentages of Ols, Audf, Fls, and Mg2p photoelec-
trons are 531.15eV (12.17at.%), 83.95e¢V (40.63at.%),
686.40eV (26.17at.%) and 50.75eV (12.61at.%), re-
spectively. From the above data, a volume fraction
of 62.6% for Au content in the film can be calculated,

which approximates to the designed volume ratio.
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Fig.2. XPS of the nominal 60vol.% Au—MgF2 cermet film.
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3.2. Microstructure analysis

The XRD patterns of 6, 15, 25, 40, 50 and 60vol.%

Au—MgF; cermet films on Si substrates are shown in

Fig.3. The existence of both Au and MgF, diffrac-
tion peaks indicates that Au and MgFs contents in
the prepared films keep their crystal structures (fcc
and tetragonal).
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Fig.3. XRD patterns of Au—MgF films with different compositions.

With increasing Au content, the peak intensity of
MgF'; decreases, while that of Au increases. However,
only two weak diffraction peaks of MgFy can be ob-
served, suggesting that the MgFs content in the films
deposited on Si(111) at room temperature is mainly
amorphous.

From Scherrer’s formula
D =KX/Bcosb, (2)

where K is 0.9, X is 1.54056A, § is full width at
half maximum (FWHM) of diffraction peak and 6 is
diffraction angle, the value of Au average grain size
can be calculated from Fig.3.

From the Bragg function
2dsinf = ), (3)

d=a/Vh>+k+12 (4)

the value of the lattice constant of Au can be calcu-
lated, and the results are listed in Table 2.

Table 2. Microstructural parameters of Au particles in Au—
MgF2 cermet films.

Samples Lattice constant/A Average grain size/nm
6vol. % Au—MgF o — —
15vol. % Au-MgF» 3.998 5.1
25vol. % Au—MgF2 4.008 6.5
40vol. % Au—MgF2 4.024 7.6
50vol. %0Au-MgFs 4.061 10.2
60vol. % Au-MgF2 4.074 21.2
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When Au volume fraction increases from 15% to  tice constant of Au content in the film is smaller, which
60%, the average grain size of Au particles increases could be caused by the small size, large specific sur-
from 5.1 to 21.2nm, while the Au lattice constant face area and high surface energy of Au particles in
increases gradually from 3.998 to 4.074A. Compared  the Au-MgF, cermet films.
with the standard value (4.079A) of bulk Au, the lat-
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183 particles counted — . — vol%=25%
. 20 M . 20 215 particles counted " 25 — 223 particles counfled
R 1R 3 a 3
B] — 3] ) -
2 £ £ 20
5 15 ] 15 g
=} A (=%
s is St
° 10 ° 10 8
S ] s 10
4 Z Z.
5 5 5
0 0 0
4 6 8 10 12 14 16 18 4 6 8 10 12 14 16 18 5 7 9 11 13 15 17

Au-MgF J—
12 vol% =g40%% 18 Au-MgF,
113 particles counted 16 1 vol%=50%
LE 10— i é 14 ] 91 particles counted
£ 8l H £ 12
g 2 10
S e 2
o 5 8
IS} 4 s 6
“ Z
9 4
2
0 0
5 9 13 17 21 25 29 7 15 23 31 39 47

D/nm D/nm

Fig.4. TEM micrographs and histograms of particle size distribution of Au-MgF films.
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Figure 4 presents the transmission electron mi-
croscopy (TEM) bright-field micrographs and the par-
ticle size distribution histograms of 6, 15, 25, 40 and
50vol.% Au—-MgFs films on formvar foils. As shown
in the TEM micrographs, dark-coloured Au particles
are roughly spherical in shape and embedded in the
MgFy matrix. With increasing Au content, the par-
ticle distribution density increases and the films tran-
sit gradually from the discrete state to the network
one. Particle size distribution analysis suggests that
the mean size of Au particles increases from 9.8 to
21.4nm with Au volume fraction increasing from 6%
to 50%, and the details are listed in Table 3.

Table 3. Mean size of Au particles in Au—MgF» films.

Samples Mean particle size/nm
6vol. % Au-MgF5 9.8
15vol. % Au—MgF 2 10.2
25vol. % Au—MgF, 10.5
40vol.%Au-MgF2 18.1
50vol. % Au-MgF 5 21.4

3.3. Optical absorption properties

The optical absorption spectra over 200-800nm
of 6vol.%—50vol.% Au-MgF5 cermet films on quartz
substrates are shown in Fig.5. Owing to 5d to 6sp
interband transition by absorbing photons of energy
higher than 2.76eV,[26 the films exhibit an increas-
ing absorption in short wavelength region (<450nm).
The SPR absorption peaks of Au particles for 15, 25,
40 and 50vol.% Au-MgF, cermet films occur at 492,
510, 522 and 537nm, respectively. Moreover, with in-
creasing Au content, the SPR peak intensity increases,

profile narrows and location redshifts.
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Fig.5. Experimental optical absorption spectra of

Au-MgF3 cermet films.
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Fig.6. Theoretical optical absorption spectra of Au—

MgF2 cermet films.

The SPR absorption caused by an induced charge
density oscillation exists in a dispersed system com-
posed of metal particles embedded uniformly in a di-
electric matrix. For such a dispersed system, assum-
ing: 1) the interaction of particles can be neglected;
2) particles are spherical shaped; and 3) particles have
the same size and space distribution, we can obtain
the effective dielectric constant e.g by using Maxwell-
Garnett formulal?”]
€t =(em (1+29) +2e4 (1 - q)) - ca/(em(1 —q)

+ed(2+q)) = ecq +iely, (5)

where ¢, is the complex dielectric constant of metal
particles, €4 is the dielectric constant of matrix, and
Within

the optical range, the relationship between the effec-

q is the volume fraction of metal particles.

tive dielectric constant .4 and the complex optical

refractive index N is
N =n+ ik = /ees, (6)

where n represents the refractive index which stands
for the dispersion of the system, and k represents the
extinction coefficient which characterizes the absorp-

tion of the system. Using Eqgs.(5)—(6), we can obtain

k=y/(leert|l — elg) /2, (7)

The absorption coefficient @ of the system then

can be obtained from the following formula
a =4nk/A, (8)

where A is the wavelength of the incident light.

By combining Egs.(5)—(8), the absorption coeffi-
cients of 6, 15, 25, 40 and 50vol.% Au-MgF5 cermet
films over 200-800nm can be calculated and are plot-
ted in Fig.6. Compared the theoretical (Fig.6) and
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the experimental spectra (Fig.5), the following points
can be obtained:

1) In the theoretical spectra, for 6, 15, 25, 40 and
50vol.% Au-MgF, cermet films, the SPR absorption
peaks of Au nanoparticles appear at 524, 528, 540,
580 and 630nm, respectively, while in the experimen-
tal spectra, the peaks appear at 492 (for 15vol.%), 510
(for 25vol.%), 522 (for 40vol.%) and 537 (for 50vol.%).
A red shift of the peak location exists both experi-
mentally and theoretically, which is attributed to an
increase in the Au particle size with increasing Au con-
tent. The experimental peak location together with its
red-shift amount, however, is different from the the-
oretical one, which could result from the small size
effect on dielectric constants of Au nanoparticles in
the films.

2) Obviously, in the experimental spectra, the
SPR peak intensity is weaker and its profile is wider
than in the theoretical spectra, especially for 6vol.%
cermet film, the broadening of the experimental peak
is large enough to make the SPR peak absent. In fact,

(27] assumes all the metal par-

Maxwell-Garnett theory
ticles have the same size; however, a size variation
of the Au nanoparticles in the prepared films does
exist (according to the particle size distribution his-
tograms), which can lead to the broadening of SPR
absorption peak, for different-sized particles have dif-
ferent SPR frequencies.

3) The theoretical calculation assumes that all
particles in the film are spherical shaped, but not all
Au particles in the prepared films are spherical (ac-
cording to the TEM micrographs), so the shape and
space variation of Au particles exists, which has an im-
portant influence on the location, intensity and width
of the SPR peak of a cermet film.?8] Moreover, the

existence of voids in Au-MgFsy cermet films, which
will influence the dielectric properties of the system,
actually makes the film a three-phase system, but the
Maxwell-Garnett theory can only be valid for a two-
phase system. So, further detailed work is necessary,
for a more accurate interpretation on the unique pho-

toelectronic behaviour of a cermet film.
4. Conclusions

1. The 6vol.%—60vol.% Au-MgFs nanoparticle
cermet films were successfully prepared by rf mag-
netron co-sputtering. Microstructure analysis shows
that the cermet films are mainly composed of the
amorphous MgFy matrix with embedded fcc Au
nanoparticles with average sizes of 9.8-21.4nm. XPS
analysis of nominal 60vol.% Au-MgFs cermet film
suggests that Au volume fraction is 62.6%, which ap-
proximates to the designed volume ratio.

2. The experimental optical absorption spectra
of the films over 200-800nm show that the SPR ab-
sorption peaks of Au nanoparticles for 15, 25, 40 and
50vol.% Au-MgF5 cermet films appear at 492, 510,
522 and 537nm, respectively. The interband transi-
tion absorption of Au begins when the wavelength is
shorter than 450nm. With increasing Au content, the
SPR peak intensity increases, profile narrows and lo-
cation redshifts.

3. The theoretical optical absorption spectra have
been calculated based on Maxwell-Garnett theory.
The theoretical results are quantitatively consistent
with the experimental ones, and the discrepancy be-
tween them is attributed to the existence of particle
size distribution, particle shape and space distribu-
tion, as well as voids in the prepared Au—MgF5 cermet

films.
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