J Mater Sci (2007) 42:7294-7298
DOI 10.1007/s10853-007-1606-x

Effect of ingredient on optical properties of Ag/Cu metal alloy

nanoclusters in silica glass

Y. H. Wang - C. Z. Jiang - F. Ren - Q. Q. Wang -
D. J. Chen * D. J. Fu

Received: 4 July 2006/ Accepted: 12 February 2007/ Published online: 10 May 2007

© Springer Science+Business Media, LLC 2007

Abstract Formation of Ag-rich and Cu-rich Ag—Cu alloy
nanoclusters in silica by Ag/Cu ion sequential implantation
has been studied. The formation of alloy nanocluster has
been evidenced by optical absorption spectra and trans-
mission electron microscopy (TEM). Fast nonlinear
refractive index and nonlinear absorption coefficient were
measured at 790 nm of wavelength for Ag—Cu alloy
nanocluster composites by the Z-scan technique. With
different Ag/Cu ratio, linear absorption and nonlinear
absorption are different in near infrared (NIR) region. It is
suggested that by changing the ingredient percentage of
metals in alloy, different optical nonlinearities could be
selectively obtained.

Introduction

Metal nanoclusters possess interesting linear and nonlinear
optical properties. Recently, there has been an increasing
interest in the third-order nonlinear susceptibility and the
photorefractive effect of noble-metal clusters embedded in
dielectric matrices [1-4]. The type and size of the
embedded metal clusters, the dielectric constant, thermal
conductivity and heat capacity of the dielectric matrices
influenced third-order nonlinearities of the metal/dielectric
composite materials. Amongst the nanoclusters studied by
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earlier researchers, nonlinear absorption and nonlinear
refraction were found to be higher in copper and copper
containing nanomaterials [2]. For silver, nonlinear refrac-
tive index y change from positive to negative upon clusters
growth [5]. The most conspicuous manifestation of con-
finement in optical properties of metal nanocluster com-
posite glasses (MNCGs) is the appearance of the surface
plasmon resonance (SPR) that strongly enhances their
linear and nonlinear responses around SPR wavelength [2,
3]. However, for optical applications it is important to have
an enhanced nonlinearity of composite materials at the
specific wavelength of practical using for optical signal
propagation. Therefore, application aspects of the material
should be most relevant. In this paper, we focused our
interest on analysising the formation and contrasting the
optical absorption properties of Ag—Cu alloy nanocluster
composites in the time range of fs at the NIR wavelength of
790 nm.

Experiment

Ag and Cu ions were implanted sequentially into silica
glass at room temperature using a MEVVA source im-
planter. The samples were named AgCul:1 and AgCul:3,
which means the ratios of dose for Ag and Cu ions were 1:1
and 1:3, respectively. The total doses of AgCul:1 and
AgCul:3 were about 1 x 10""ions/cm? and 2 x 10""ions/
cm? with the ion flux densities of Ag and Cu about 2 mA/
cm?. The acceleration voltages (43 kV for Ag and 30 kV
for Cu) were chosen to get the same projected range for the
implanted species. Optical absorption spectra were re-
corded at room temperature using a UV-VIS dual-beam
spectrophotometer with wavelengths from 900 to 200 nm.
Transmission electron microscopy (TEM) observations
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were carried out with a JEOL JEM 2010 (HT) microscope
operated at 200 kV. Selected area electron diffraction
(SAED), bright field (BF) and dark field (DF) imaging
techniques were used to determine the crystal structure,
size distribution, and shape of nanoclusters. The measure-
ments of third-order susceptibility 3 were carried out
using the standard Z-scan method at 790 nm with an
optical parametric amplifier (OPA) pumped by a self-
mode-locked Ti:Al,O5 laser regenerative amplifier. We
employed 150-fs laser pulses at 76 MHz repetition rate.
The peak intensity of 8.8 GW/cm? was selected for the two
samples.

Result and discussion

Figure 1 shows the optical absorption spectra of Ag/Cu
sequentially implanted samples. For comparison, the opti-
cal absorption spectra of Ag implanted sample with a dose
of 1 x 10" ions/cm® at an energy of 90 keV and Cu im-
planted sample with a dose of 1 x 10'” ions/cm?” at energy
of 60 keV are also shown in the figure. The SPR peak
positions are 442 nm and 558 nm for the AgCul:1 and
AgCul:3 samples, which lie in between that of pure Ag and
Cu nanoclusters (about 400 and 570 nm, respectively).
Therefore, it shows that intermetallic Ag—Cu alloy na-
noclusters maybe have been formed instead of two sepa-
rated Ag and Cu nanoclusters, which on the contrary would
give rise to a double-peaked spectrum. For the AgCul:3
sample, the peak position is 558 nm, near to that of Cu
nanoclusters. With Cu increase in Ag/Cu alloy, the SPR
peak band are red shifted significantly.
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Fig. 1 Optical density versus wavelength for Ag/Cu sequentially
implanted sample with total doses of 1 x 10'7 ions/cm” (Ag/Cu = 1)
and 2 x 10'7 ions/cm® (Ag/Cu = 1/3), Ag implanted sample with a
dose of 1 x 10" ions/cm” and Cu implanted silica with a dose of
1 x 10'7 ions/cm?

The TEM and SAED images of as-implanted AgCul:1
and AgCul:3 samples are shown in Figs. 2 and 3. Spherical
clusters are formed during the implantation process. Se-
lected area electron diffraction pattern for the Ag/Cu
implanted samples are shown in Figs. 2(b) and Fig. 3(b),
which can be indexed according to a single face-centered-
cubic (fcc) phase with lattice constants asgcyr:1 = 0.396 =
0.002 nm and apecyr:3 =0.369 = 0.002 nm. They lie in
between the lattice constants of Ag (aa, = 0.408 nm) and
Cu (acy = 0.3608 nm), indicating that Ag-rich and Cu-rich
Ag—Cu alloy has been formed. The formation of alloy is
related to the enhanced diffusion of Cu in small Ag clus-
ters, just like adding Cu to Ag by the heat generated by the
implantation that gives rise to high local temperatures [6,
7]. Molecular dynamic simulation on the displacement
cascade has suggested that during the thermal spike of the
cascade formation, the temperature in the cascade core can
be extremely high and atoms inside the displacement cas-
cade may achieve a ‘liquid-like state’ [8]. As the cooling
rate of collision cascade is sufficiently high (10'* K/s),
Ag—Cu metastable alloy formed [9]. For the Ag—Cu alloy,
there is no ordered phase, so these nanoclusters are an
Ag—Cu solid solution.

The third-order nonlinear susceptibility can be written as
}5(3> = fRe® + 1Y@, Whose real part is related to the
nonlinear refractive index coefficient y, and the imaginary
part is related to the nonlinear absorption coefficient 3, and
can be calculated as follows. Equation is valid only for
op/2k < 1, og is linear absorption coefficient, in our
experiment o = 1.5 um‘l (for Ag/Cul:1) and o =2.8
pm™ (for Ag/Cul:3), so it works.

I = 2enicy (1)
3
0 = (enic®B) Joo 2)

f and y can be determined by the Z-scan measurements
with open- and close-aperture. When |flyLes| < 1, the
theoretical relationship between 7T and z for the open-
aperture configuration is given by [10].

1 q0
@) =1 2V2(1 +22/33) )

where gg = PlyL.sr, 1o is the intensity of the laser beam at
the focus (z =0), L. is the effective thickness of the
sample. If the nonlinear medium exhibits nonlinear
absorption, the closed-aperture data must be divided by the
open-aperture data in order to obtain the purely refractive
index. When |BloLesr| < 1, |f/2ky| < 1 and |[Ady| < 1, the
theoretical expression of the divided Z-scan transmittance
can be written as [10]
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Fig. 2 TEM bright-field (a) and
SAED (b) images of the Ag/Cu
1:1 implanted silica

Fig. 3 TEM bright-field (a) and
SAED (b) images of the Ag/Cu
1:3 implanted silica

4A(I)0x
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(4)

where x = z/z9, A®y = 2 ploLegs.

For the AgCul:1 sample, Fig. 4 shows the normalized
nonlinear transmittances versus the sample position mea-
sured with an open-aperture (a) and the value from the
closed-aperture data divided by the open-aperture data (b).
Nonlinear absorption and nonlinear refractive index of
AgCul:3 sample are shown in Fig. 5(a) and (b). As it can
be seen from Figs. 4(a) and Fig. 5 (a), the open-aperture
data are symmetric with respect to the focus and reveals
positive nonlinear absorption coefficient which indicates
the reverse saturable absorption (RSA). Obviously, with
the increase of Cu ratio in Ag—Cu alloy, the RSA increased.
The two samples exhibit different nonlinear refractive
characters.

In our experiments, the minimum value of the beam
radius waist @ is calculated to be about 4 pm. The solid

Ag/Cu=1/3

curve in Figs. 4(a) and 5(a) are fitted by using Eq. (3) with
the experiment parameters and the nonlinear absorption
coefficients were obtained f;.; =~ 1.0 X 10 c/W and
P13~ 22x% 107 co/W. Fitting the Z-scan data of the
closed-aperture with Eq. (4), we get values of y;.; ~ -
3.8 X 1072 cm*W and Y13 &= 4.3 X 1072 ¢cm*W. There-
fore, the absolute values of third-order nonlinear suscep-
tibility for AgCul:1 and AgCul:3 samples are:

3 3 3
7 = [0 + ()1
=[(4.1 x 107°)2 + (6.5 x 10°)?]'/2
~ 7.7 x 107 (esu).

3 3 3
13 = [0 + G2
= [(4.4 x 107> + (1.4 x 107%)?]'/2
~ 1.5 % 1078 (esu).
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Comparin yg with yfn) of two equations, nonlinear

refractive xffe has weak influence for ' than yfn) in two
samples, the major causation for > comes from nonlinear
absorption. Local field enhancements in metal nanoclusters
are known from electro-magnetic theory. In the quasi-static
limit the local field inside a spherical particle, E,, is re-
lated to the applied field E, as [11]

3em(w)

Eoc = em(®) + 2¢q(w)

Eo :f(w)Eo (5)

where ¢, is the complex dielectric response of the metal
cluster, &4 is the dielectric constant of the host material, and
flw) is defined as the local-field factor. When e/ (w,)+
264 = 0, the SPR occurs, the resonance is known as the
collective oscillation of the conduction electrons, and the
local field factor has maximal value. Ag and Cu have large
real dielectric constant and small imaginary dielectric
constant, when nanoclusters are irradiated by laser pulses,
the SPR band gets excited, which leads to the dipole and
higher order oscillations. These oscillations can couple
with the applied electric field. Consequently, SPR fre-
quency of excited atoms differs from that of unexcited
atoms. The excited electrons are free carriers possessing a
whole spectrum of energies. SPR band cannot further ab-
sorb in the original SPR band region. This leads to the
ground-state plasmon band to bleach or reduce in intensity
[12]. Bleaching of the absorption, which occurs in ultrafast
timescale, is accompanied by the appearance of broad
transient absorption on a wide side of the bleached region.
A part of the excited electrons will be pumped to the even
higher energy levels, causing excited-state absorption. The
rest of the excited electrons have an energy higher than
Fermi energy and get thermalized by dissipating excess
energy through successive processes of electron-electron
scattering, electron-surface scattering and electron-phonon
scattering [13]. Exact timescales of all these processes may
vary according to the type and environment of nanoclus-
ters. Heat energy transferred to the surrounding medium.
This excess thermal energy will increase the temperature of
surrounding medium, which in turn influence the SPR. Full
recovery of plasmon bleach is delayed and the transient

absorption is occured till the thermalization of hot electrons
is complete. The electron—electron scattering is very fast
and occurs in femtosecond timescale. The broad transient
absorption may consist of two components of Ag/Cu alloy
and silica because of different timescales. During this
transient period, aggregation may also result in the for-
mation of large nanoclusters with very broad plasmon
band. The RSA of the samples become more opaque on
exposure to high photon fluxes due to the absorption from
the excited state.

The use of high-repetition-rate lasers for Z-scan exper-
iments also may trigger heating of the samples, giving rise
to thermo-optical nonlinearities. In our experiment, com-
paring ;{](Se) with ,(g in two samples, the nonlinear refrac-
tive yx. weak influence for the % in two samples, thus the
thermal effect has minor influence for result in our exper-
iment.

For Ag—Cu alloy nanoclusters in silica, the large volume
fraction may also be a plummy factor for the result. Earlier
reports on individual Cu and Ag nanoclusters of sizes in the
range of 3—10 nm, measured with picosecond-pulsed lasers
[14, 15] have shown a positive nonlinearity. However, in
our case of Ag—Cu alloy nonoclusters, the cluster size
varies from 15 to 40 nm, L.y for AgCul:1 and AgCul:3
samples are 57 and 46 nm, respectively.

Conclusion

In summary, Ag-rich and Cu-rich Ag—Cu alloy nanoclus-
ters in silica have been formed by sequential ion implan-
tation. The nonlinear optical properties were investigated
by the Z-scan technique. The Ag/Cu metastable alloy na-
noclusters in silica exhibits the peculiarity of linear and
nonlinear absorption. With the increase of Cu content in
alloy, linear absorption and nonlinear absorption increased
in NIR region. We also think the high-volume fraction is
one of factors leading in giant enhancement of the optical
nonlinearities. With different Ag/Cu ratios, the alloy may
lead to different optical nonlinearities. This is useful in
fabrication of optical devices by control ingredient per-
centage of metals in alloy.
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