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ABSTRACT

The linear and nonlinear optical properties of nanometer dimension metal colloids embedded
in a dielectric depend explicitly on the electronic structure of the metal nanoclusters. The ability
to control the electronic structure of the nanoclusters may make it possible to tailor the optical
properties for enhanced performance. By sequential implantation of different metal ion species
multi-component nanoclusters can be formed with significantly different optical properties than
single element metal nanoclusters. We report the formation of multi-component Sb/Ag
nanoclusters in silica by sequential implantation of Sb and Ag. Samples were implanted with
relative ratios of Sb to Ag of 1:1 and 3:1. A second set of samples was made by single element
implantations of Ag and Sb at the same energies and doses used to make the sequentially
implanted samples. All samples were characterized using RBS and both linear and nonlinear
optical measurements. The presence of both ions significantly modifies the optical properties of
the composites compared to the single element nanocluster glass composites. In the sequentially
implanted samples the optical density is lower, and the strong surface plasmon resonance
absorption observed in the Ag implanted samples is not present. At the same time the nonlinear
response of the these samples is larger than for the samples implanted with Sb alone, suggesting
that the addition of Ag can increase the nonlinear response of the Sb particles formed. The
results are consistent with the formation of multi-component Sb/Ag colloids.

INTRODUCTION

Sequential ion implantation of different elements has been shown to alter the composition of
the metal colloids that are formed, as well as to modify the guest host interaction, in metal-glass
composite optical materials. [1-4] Composition engendered changes in the electronic structure
of the metal colloids can result in changes to both the linear and nonlinear optical properties of
the composite that are not possible with colloids composed of single elements.[1-4]

The linear and nonlinear optical properties of these metal colloid-glass composites can be
described using effective medium theory for small non interacting particles in a dielectric.[5] An
increase in the nonlinear response of the composite near the surface plasmon resonance (SPR)
frequency is expected with increasing volume fraction of metal. This enhancement is due to
local field effects and is a consequence of dielectric confinement.

The linear response for colloids with diameters less than A/20, where A is the wavelength of

the incident radiation, is reasonably described by effective medium theory in the electric dipole
approximation{6] and is given by
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where a is the absorption coefficient, €(A) = €1 + i €2 is the dielectric constant of the metal, p is
the volume fraction of the metal particles, and nq is the index of refraction of the dielectric host.
The absorption is expected to exhibit a peak at the surface plasmon resonance frequency for

which the condition €;+2n% =0 is met. The surface plasmon resonance frequency depends on
the electronic properties of the metal colloids and on the index of refraction of the host dielectric,

nd. The third order nonlinear susceptibility, ng , can be expressed as
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and where f.(w) is the local field factor and xg) is the nonlinear susceptibility of the metal

colloids. The index of refraction and the intensity dependent term are related to the above
quantities by[7]

n = ny+myl and m= lr%’fkRe:[xfff , 3)
0

where n, is the linear index of refraction and nj is the intensity dependent component. From
equation (2), a potentially large enhancement of the effective nonlinear susceptibility and in turn
n is possible near or at the surface plasmon resonance frequency due to local field effects.

Here we report on the optical response of nanometer dimension metal colloids formed by
sequential implantation of Ag and Sb. Ag and Sb were chosen because of their fundamentally

different dielectric properties and their observed nonlinear response in metal nanocluster glass
composites.[8, 9, 10]

EXPERIMENT

First Ag and then Sb ions were sequentially implanted in Corning 7940 high purity silica
substrates at energies that overlaid the depths of implantation for each metal. The Ag ions were
implanted at 305 keV while the Sb ions were implanted at 320 keV, with substrate temperatures
of ~ 270° K and current densities of ~ 2 pamps/cm? for both ions. Doses were 3 and 6x1016
ions/cm? for the Ag and 6 and 9x1016 jons/cm? for the Sb implantations. The sequentially
implanted samples have a total nominal dose of 12x1016 jons/cm? with relative ratios of Ag to
Sb of 3/9 and 6/6. Single element implanted samples were also fabricated for comparison.
These samples were implanted to nominal doses of 3 and 6x1016 ions/cm? for Ag and 6 and
9)(1016 ions/cm? for Sb using the same experimental conditions as for the sequentially implanted
samples.

Rutherford backscattering (RBS) with 2.3 MeV He*+ ions at 160 degrees was used to
measure the depth profiles of the implanted species. Samples for transmission electron
microscopy (TEM) were prepared in a planar configuration using conventional techniques
reported in prior work.[1] Standard bright field (BF) imaging was used to observe the implanted
layer and selected area electron diffraction was used to analyze the structure of the metal colloids
formed in the silica wafers.

Linear optical absorption measurements were made at room temperature in air from 900 to
200 nm using a dual beam spectrometer (Cary 5). All samples were measured using an
unimplanted sample in the reference beam. Absorption spectra were measured at three different
positions on each sample and the scatter in the absorption coefficient at these different positions
was less than 2 %. The nonlinear index of refraction was measured at 596 nm using the Z-scan
method described previously. The laser used for these experiments was a cavity dumped tunable
dye laser with a ~ 6 ps pulse duration operated at 3.8 MHz. The average power was 250 mW in
the TEMgo mode and the peak irradiance for a focal spot 25mm in radius was ~4.5x108 W/cm?2.

RESULTS

From RBS measurements of the sequentially implanted samples the metal depth distribution
as a function of distance from the surface was found to be skewed gaussian in shape with a
shoulder at ~ 0.07 microns and a peak in the distribution at ~ 0.14 microns. The RBS spectra for
the single element implantations are approximately gaussian in shape with the peaks at ~ 0.13
microns for the Ag and ~ 0.15 microns for the Sb samples. The full width at half maximum

(FWHM) is ~ 0.2 microns for the Sb implanted sample and ~0.09 microns for the Ag implanted
sample.




Fig. 1a Plan view TEM image | Fig. 1b Plan view TEM image | Fig. 1¢ Plan view TEM image
of 6x1016/cm? Ag sample | of 6x1016/cm? Sb sample. of 6x1016/cm2 Ag + 6x1016
showing spherical particles. /cm2 Sb sample.

Bright field images for the 6Ag and 6Sb single element samples are shown in Figure 1a,b.
The 6Ag sample has spherical particles, while the 6Sb sample forms smaller colloids that are
irregularly shaped and only approximately spherical. A plan view TEM image for the 6Ag/6Sb
sample is shown in Figure 1c. In this case the implanted ions again form colloids that are
approximately spherical with irregularly shaped surfaces. An increase in colloid size is observed
for an increase in the amount of implanted Ag.

Selected area diffraction patterns from the Ag samples reveal distinct metallic crystal
structures in the implanted layer. The features in the polycrystalline ring patterns are
representative of the face centered cubic (FCC) Ag lattice. For the Sb implanted samples
selected area diffraction patterns indicate that the colloids formed are amorphous in nature.
Calculated d-spacings for the 6Ag/6Sb sample are inconsistent with those expected from single
element colloids of gither Ag or Sb. Calculated d-spacings for the 6Ag/6Sb sample are 2.58,
2.27, 1.43, and 1.32 A. The colloids formed in the 3Ag/9Sb sample are amorphous.

6Ag/6Sb

460 800
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Fig. 2 Optical density as a function of |Fig. 3 Optical density as a function of
wavelength for samples with 6x1016 Ag and | wavelength for samples with 3x1016 Ag and
6x1016 Sb ions/cm?2. 9x1016 Sb ions/cm?2.




Figures 2 and 3 show the optical absorption spectra as a function of photon wavelength for
each of the sequentially implanted samples and their respective single element counterparts. The
absorption in both the 3Ag/9Sb and the 6Ag/6Sb samples increases with decreasing wavelength
and shows no distinguishing features.

For the single element implantations the absorption spectra for the Ag implanted samples are
dominated by an absorption peak at ~ 400 nm that increases in magnitude and red shifts with
increasing nominal dose. The 6x1016 Ag sample has an absorption peak centered at ~ 420 nm
and a shoulder at ~ 520 nm. For the Sb implanted samples the absorption increases with
decreasing wavelength. The absorption in these samples has qualitatively the same dependence
gn photon wavelength as the sequential samples, and increases in total absorption with increasing

ose.

Readily observable is that none of the sequentially implanted spectra match the spectra
observed for Ag single element implanted samples. The peak at ~ 400 nm and shoulder at 520
nm are not observed in any of the sequentially implanted samples.

Table I lists the linear and nonlinear optical coefficients for all samples measured at 596 nm.
These coefficients were calculated using a thickness of 0.15 microns. The nonlinear coefficients
were calculated using the formalism of reference [11].

For the sequentially implanted samples, the absorption and n3 at 596 nm increase with
increasing Ag dose. Similar behavior is observed for the Ag implanted samples. For the 6Ag

sample a saturated nonlinear absorption is observed, as indicated by the negative sign for the

value in the table. The values of ny for the Sb implanted glasses also increase with increasing

dose. However neither the Sb nor the Ag/Sb samples have a measurable nonlinear absorption at
this wavelength.

Table I
Linear and Nonlinear Optical Coefficients @ 596 nm
Sample Absorption ny B
Coefficient (cm-1) (cm2/W) (cm/W)
3Ag/9Sb 1.82x104 1.3x10-9 N.D.
6Ag/65b 2.45x10% 1.5x10-9 N.D.
3Ag 0.14x104 N.D. N.D.
6Ag 3.38x104 0.9x10- -0.2x104
6Sb 0.56x104 0.4x109 N.D.
98b 1.40x104 0.9x10-9 N.D.
DISCUSSION

For the single element implants the Sb has a broader ion distribution than the Ag. The
projected ranges of the Ag ions, 0.146 microns, and Sb ions, 0.143 microns, from TRIM
calculations agree reasonably well with the results observed in the implanted samples. While
each of the sequentially implanted sample ion distribution profiles is slightly different from the
other, as well as from the single element ion distributions, the majority of the two different ions
species overlap in the sequential samples.

Crystalline colloids are formed in the 3Ag and 6Ag samples, while amorphous particles are
formed in the Sb implants. In the sequentially implanted samples the structure of the colloids
depends on the ratio of Ag to Sb. The theoretical d-spacings for the mineral dyscrasite (Ag3Sb)
are 2.60, 2.29, 1.36, and 1.30 A. This agrees, within error, with the calculated d-spacings of the




6Ag/6Sb sample. The RBS measurements for the single element implanted samples show that
the FWHM is approximately twice as large for the implanted Sb as it is for the Ag. The resulting
difference in concentration could account for the formation of dyscrasite in the implanted layer.
For the 3Ag/9Sb sample the colloids are amorphous, suggesting that the Sb dramatically changes
the nature of the previously implanted Ag, which forms FCC metallic colloids in the single
element implantations.

While part of the absorption in the ultraviolet may be attributed to defect centers [12, 13],
based on prior work we expect that the absorption due to this mechanism will be dominated by
the presence of the metal colloids.[1-4]

The optical spectra of the glasses implanted only with Ag exhibit characteristic absorption
due to the surface plasmon resonance of nanometer dimension Ag colloids. [4, 14] We attribute
the peak at 400 nm in the Ag implanted samples to Ag colloids < 20 nm in diameter, and the red
shift of this peak with increasing Ag dose to an increase in size of these Ag colloids.[4, 15] We
attribute the shoulder at 520 nm in the 6x1016 Ag ions/cm? sample to an additional higher order
absorption term in Mie theory, i.e., the quadrupole term.[15]

For the single element Sb implanted samples there are no indications of any surface plasmon
resonance absorption in the optical absorption spectra. We attribute the increasing absorption
with decreasing photon wavelength in these samples to the formation of Sb nanometer dimension
colloids. The wavelength dependence is qualitatively the same for all the Sb samples, and the
magnitude of the absorption increases with increasing dose. The increase in absorption with
increasing dose is due to an increase in metal volume fraction. Both of these observations are in
accord with equation (1) and prior results.[8] The dielectric properties of the Sb nanoclusters are

such that the condition £1+2n3 =0 is not satisfied[9, 10] and therefore these samples do not
exhibit a distinct surface plasmon resonance absorption feature. However the spectra do exhibit

the approximate 1/A dependence and the increase in optical density with increasing metal volume
fraction that are expected from equation (1).

The optical properties of the sequentially implanted samples are clearly altered from their
single element counterparts. The presence of the absorption due to the surface plasmon
resonance of the Ag colloids is no longer observed. From equation (1) the volume fraction of the

metal present and the dielectric function, e(A)= €1+€2 , of the metal clusters are expected to
impact the absorption explicitly. Equation (1) predicts an increase in the absorption based on
the increase in the volume fraction of metal ions. This is not observed in the 6Ag/6Sb sample.
We have increased the volume fraction of the metal ions by a factor of 2 over the single element
implanted 6Ag sample, yet the linear absorption decreases significantly. For non-interacting
colloids we would expect, from effective medium theory, that the absorption would be a simple
superposition of the absorption from the 6Ag and 6Sb samples. This assumption yields
absorption that is a factor of 1.6 larger than what is actually observed for the 6Ag/6Sb sample.
The sequentially implanted samples have a wavelength dependence similar to the Sb implanted
samples, but as noted above, behave differently than the superposition of the individual
components. These differences indicate that the presence of these two ions produces unique
multi-component colloids whose characteristics depend on the Ag/Sb ratio.

We can conclude from the TEM and optical measurements that the multi-component colloids
formed have a significantly different electronic structure than the elemental colloids. This
difference results in the changes observed in the linear optical properties.

The nonlinear index of refraction, n3, at 596 nm increases with the sequential implantation of
Ag with Sb. The value of nj for the 6Ag/6Sb sample is ~ 4 times greater than nj for the 6Sb
sample and ~ 70 % greater than that for the 6Ag sample. Nonlinear absorption is no longer
detected, and the linear absorption decreases ~ 25% compared to the 6Ag sample. Significantly,
this increase in ny occurs without the presence of a detectable surface plasmon resonance and
with a decrease in total absorption. As observed in the preceding paragraphs, the volume
fraction of metal ions has increased, but this cannot account for the changes in the nonlinear
response observed. In addition, nonlinear absorption is no longer detectable in the 6Ag/6Sb
sample. This is the opposite of what would be expected if the volume fraction of metal ions was
the dominant factor. In the case of the 3Ag/9Sb sample the value for nj is ~ 50 % larger than
that for the 3Ag and the 9Sb samples. These results indicate that the electronic structure of the




multi-component colloids formed has resulted in significant changes in €(A) and xg) of the
colloids.

A significant problem with metal colloid-glass composites for device applications is that both
the linear and nonlinear absorption in general increase near the surface plasmon resonance
frequency. This increase in absorption has deleterious effects on the figures of merit for devices
operating near the SPR frequency for these materials.[16, 17] Even away from the SPR
frequency, linear and nonlinear absorption can limit device potential. In this paper we have
shown that the properties of the metal nanoclusters formed can be significantly altered by
sequential implantation of multiple elements. In particular, ns can be increased while both the
linear and nonlinear absorption are decreased in comparison to single element colloids. This
ability to form unique metal colloid-glass composites that have larger nonlinear responses, while

at the same time exhibiting smaller absorption losses, could significantly improve the feasibility
of these materials for optical devices.
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