
. %% -,. -- Os) ....
•.- .,. ,. Contributed Paper Submitted to ttle Conference on l'hysics and Chemistry ofl-inite Systems

Richmond, I/,4 - October 8-12, 1991

OPTICAL CIIARACTERISTICS OF Cu-NANOCLUSrI'ER LAYERS
ASSEMBLED BY ION IMPLANTATION

R. F. ItAGLUND Jr.(l), R. 1t. MAGRUDER 111(2),L. YANG(I),
J. E. WHq'IG(2) and _RYATZUHR(3)
(1)Department of Physics and Astronomy atm CONF- 9110 3 3 -- 4
(2)Department of Materials Science atm Engineering
Vanderbilt University, Nashville, TN37235 U.S.A. DE92 003515
(3)Solid-State Physics Division, Oak Ridge National Laboratory
Oak Ridge, TN 37831 U.S.A.

ABSTRACT. We have generated cluster layers in solid insulath_g substrates by implanting Cu ions into
fused silica, creating thin layers (,-, 150 nra) of nanoclusters over a diameter of order 2 cre. Transmission
electron microscopy shows that the size and size distribution can be controlled by the parameters of the ion
implantation. We report measurements of the optical properties and nonlinear index of refraction on these
unusual solid-phase cluster materials as a function of total implanted-ion dose.

1. Introduction and Motivation.

Metallic clusters of nanometer dimensions have many desirable characteristics as optical
materials: ultra.fast switching times, high resistance to bulk and surface laser damage, and
large third-order optical nonlinearities, t Recently we have made nanometer-size copper
clusters in dense, solid-phase layers by implanting Cu ions in glass substrates, z Apart
from the h_ewn nonlinear optical behavior of metal nanoclusters, we are motivated by the
fact that ion implantation is already a standard technology for modifying the properties of
semiconductors and fomaing optical waveguides in dielectric materials.

In this paper, we describe the creation of dense layers of nanometer-size clusters by ion
implmttafion, and show that total ion dose significm_tly affects the size and size distribution
of nanoclusters created by Cu-ion implantation in fused silica. We describe the optical
properties of these cluster-assembled layers, including absorption, index of refraction, and
nonlinear index, and consider briefly the physical origin of these optical properties.

2. Cluster I'reparation and Characterization

Ion implantation is a well-established technique for creating materials which cannot be gen-
erated by ordinary glass-forming processes which are constrained both by chemistry and
by the thermodynamics of d_e glass transition. "

As substrate materials we used optical quality silica (Spectrosil®) discs, 1mm thick x
20 mm diameter. The nominal cation impurity content of the Spectrosil® is less than 5
ppm by weight; the principal anion impurities are C1 (80 ppz,0 and eH (200 ppm). The
disks were implanted in a vacuum of 10.7 Torr with 160 keV singly-chm-ged positive ions
of Cu to doses of 6.1016 (on both faces of the disc) and 12-1016 ions.cre 2 (on a single
side). The ion beana was electrostaticzflly rastered to provide uniformity of implantation,
and the current density was set at 10 #.A.cm -2, holding the "global" temperature of the
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substrate below 50 °C. However, this does not preclude tile possibility of strong localized
heating in the implanted layer. Since these doses are above saturation, compaction effects
due to radiation dmnage were approximately the same for both samples.

The depth distribution of the implanted Cu was measured by He + ion backscattering
The total dose calculated from the backscattering measurements was typically 90% of the
integrated cunent measured during implantation, indicating minimal sample charging. The
volume concentration of the Cu-layer at peak density is of order 0.1. The backscattering
profiles of the implanted layers are bimodal: O_elarger of the two peaks is twice the size of
the smaller, and appears 85 nm below the surface, while the smaller peak is at a distance of
170 nm from the surface; the implanted layer was some 150 nm thick FWHM.
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Figure 1. TEM nficrograph of the layer Figure 2. TEM mlcrograph of the layer
implmUed to a dose of 6.1016 ions.cre, implanted to a dose of 12.1016 ions.cre.

The size and size distribution of fl_e Cu nanoclusters were characterized by transmission
elccuon microscopy (TEM). Smnples for TEM were prep,'u-ed by cutting a 3-mm-diameter
disc from the implanted wafers with a slurry drill, mechanically grinding the disc from the
back side to a thicknesss of about 150 t.tm, and dimple grinding to approxi_nately 50 bun
from the implm_ted surface. Electron transparency was achieved by backthinning with an 5
keV Ar ion gun while cryogenically cooling the smnples to nfinimize ion damage. The
samples were then examined in a Philips CM20/T scanning transnfission electron micro-
scope operating at 200 kV. The high dose samples were stable in the microscope; the
lower-dose samples, however, required carbon coating to eliminate charging effects.

Standard bright field (BF) imaging techniques were used to characterize the implanted
layer. The BF images in Figures 1 and 2 show plane views of the ion-implanted layer.
TEM scans made while tilting the sample revealed that the round particles embedded in the
silica matrix are spherical in shape with random crystallographic orientation. An electron
diffraction pattern taken from a selected area within the displayed region exhibited the
polycrystalline ring pattern characteristic of an fcc metallic copper structure, superimposed
on the diffuse diffracted intensity from the amorphous silica matrix.
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An area of each micrograph containing approximately 200 particles was selected as file
basis for measuring particle size distribution, hldividu',.d particle diameters were measured
using a digital vernier caliper and tabulated; particles touching the boundary of the selected
area v,'ere weigl_ted by a factor 0.5. By ineasuring the boundary surface a_ld making use of
both the photographic and TEM magnifications, a surface area was calculated, lt was
assumed that the depth of the analyzed region was equal to the FWHM depth of the
implanted layer as measured by the ion backscattering profile, about 150 nm. This permits
extraction of a volumetric density of the clusters. The density extracted by this means is in
good agreement with the backscattering density for the 12.1016 ions.cre 2 sample. For the
6.1016 ions.cm -2 sample, the correlation is not as good, suggesting that a significant
fraction of the nanoclusters may have diazneters below the resolution limit of the TEM.
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Figure 3 Distribution of cluster sizes in Figure 4 Distribution of cluster sizes in
Cu:silica implanted to 6.1016 ions.cre. Cu:silica implanted to 12.1016 ions.cre.

3. Linear and Nonlinear Optical Properties of the Cluster Layer

The TEM measurements provide important clarification for a variety of optical properties of
cluster-assembled layers, including measurements of linear absorption, linear index of re-
fraction, axednonlinear index of refraction.

Optical absorptioi1 spectra were measured in a Cary dual-beam spectrophotonmter, us-
ing an unimplmlted sample as a reference. The optical absorption spectra in Figure 5 show
a peak at 2.2 eV whose amplitude is dose dependent. The absorption in the 2.4 to 4.0 eV
region increases with dose. In the 4 eV region the absorption per implanted ion is the same
for both samples, while above 4.5 eV, the absorption per ion is again higher for the higher-
dose sample. We attribute the larger absorption in the 2.4 to 4 eV region to the broader
distribution of particle sizes in the higher-dose sample, as evident in the histogram of Fig-
ure 4. The peak at 2.2 eV may be due to the bulk surface plasmon resonance peak.

Ellipsometric measurements were carried out on Cu-qmplanted silica at a wavelength of
633 nm using a manual ellipsometer. Samples implanted with Cu and several transition-
metal elements from the same row of the periodic table over a wide range of doses were ex-
amined to determine their complex refractive indices n = no + i k. The data showed a
sharp rise in index of refraction with increasing dose for the Cu-implar:ted silica, as shown
in Figure 6.3 h_ this region of the spectrum, the complex refractive index increases due to
optical excitation of the surface plasmon resonance of the Cu clusters. 4 Under these condi-
tions, the imaginary part k of the refractive index increases rapidly and largely determines
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the index. Incidentally, our recent infrared reflectance measurements 5 show a red-shift in
the location of the Si-O stretching mode peak with increasing ion dose. This behavior is
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consistent with breaking and reforamng of the S1-O bonds as the nanoclusters grow m size.
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Figure 5. Optical absorption curve, in units Figure 6. h_dex of refraction of Cu:silica
of optical density per implm_ted ion, for the layers as a function of implanted ion dose,
two samples analyzed by TEM from Figure measured by elfipsometry at a wavelength
1 and Figure 2. of 633 nm, near the surface plasmon

' r_sonance for Cu clusters.

We have measured the nonlinear refractive index of our samples in our first attempts to
assess the potential of optically bistable materials of this type in nonlinear optical devices.
The nonlinear index "[is defined in terms of its relation to the ordinary linear index no mad
the (complex) third-order nonlinear dielectric susceptibility Z(3) as follows:

n = no +T. I, T - 4_ 10-8.Re[)_(3)] (1)
3no

where n is the total index of refraction and I is the laser intensity. The nonlinear index may
arise from several mechatfisms: electronic excitation, the thenno-optic effect, electrostric-
tion, and ionic excitations. The mechanism which operates in any pamcular experiment
will depend on the choice of laser pulse length, pulse repetition frequency, and laser wave-
length in relation to the electronic structure and electron-phonon coupling hl the material.

We measured the nonlinear index of refraction "),of Cu-implanted silica by observing
variations in the far-field intensity of laser light transmitted ttu-ough the sample as a function
of laser intensity. 6 The laser was a continuous-wave, mode-locked, frequency-doubled
Nd:YAG laser producing 100-ps pulses at a wavelength of 532 nm and a pulse-repetition
frequency of 76 Mltz. Peak irradiance in the focal spot was of order 1011 W-m -2, below
the tlueshold for thermal damage insofar as that could be observed by visible microscopy.
The intensity was varied by tra_slating the sample ttu-ough the focal plane of a 150-mm
focal length lens on a nficromneter-driven translation stage. The transmitted intensity was
monitored by a power meter located behind a bezun-limiting aperture 90 cm from the focal
plane, and normalized to the signal from a beamsplitter located before the focusing lens.
Slow thermal drifts were compensated by averaging forward and backward scans. For a
material with a positive nonlinear index of refraction, moving the sample towm-d, and then
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away, from the focal spot causes an initial decrease in the normalized far-field intensity,
followed by a crossing through unity at the focal spot and then an increase in intensity.
However, file s,'unples became warm to the touch after a few minutes of laser irradiation.
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Figure 7. Far-field intensity as a function Figure 8. Far-field intensity as a function
of sample dist,'mce from the foc',d plane for of sample distance from the focal plane for
Cu:silica (6.1016 ions.cm -2, two sides). Cu:silica (12.1016 ions.cre -2, one side).
The smooth curve drawn through the data The smooth curve drawn through the data
is calculated from Eq. (2). is calculated from Eq. (2).

Experimental results for the far-field intensity of laser light transmitted through the two
Cu:silica samples are shown in Figures 7 and 8. For the thin, highly absorbing layers pro-
duced by ion implantation, the intensity-dependent change in refractive index "7= An/l is
extracted from the Z-scm_ measurement, a.nd for moderate intensities turns out to be

Imax-Imin n°_ n_ (2)
Y = Im._x+I . " zolo------L' z° = ?,.mm

where Imax mid Imin are the maximum and minimum intensities recorded in the Z-scan; Io
is the laser peak intensity at the focal spot, ro is the radius of the Gaussian beam profile at
the focal plane, L is the thickness of the implanted layer, and Zo is the diffraction length.
Note that the difference AI = Imax - Imin for the low-dose sample implanted on both sides
(to a dose of 12.1016 ions.cre -2) is almost identical to that for the high-dose sample
implanted on one side (to a dose of 12.1016 ions.cre-2), if one accounts for the Fresnel
reflection at the two additional interfaces in the two-side-implantext sample.

We calibrated our results by measuring the nonlinear index of CS2, and obtained the
accepted value for its thermo-optic coefficient. By fitting the results of the measurements in
the implanted samples to Eq. (2), we find that 7 = 1.8.10 .7 cm2/W. Because the extracted
values for T are similar for our implanted samples and because the nonlinear index thus
seems to be correlated with the total amount of implanted Cu, we conclude that the
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refiactive part of the optical nonlinearity measured for these relatively long, high-repetition-
rate pulses is probably also thermo-optic in character.

4. Discussion

The large values of T measured in d_ese experiments are almost certainly due to tile thermo-
optic effect resulting from the absorption of laser light in the implanted layer, in which the
small-signal absorption is of order 104 cm -1. However, noble-metal colloids - in particu-
lar, the gold colloids responsible for the beautiful colors of the ruby-gold glasses - are
known to have large, ulwafast optical nonlinearities, v Measurements and calculations of the
electronic Kerr nonlinearity in Au nanoclusters suggest that the electronic nonlinear sus-
ceptibility is dominated by hot-electron absorption, with Z(3) of order 10-7.esu. This
would correspond to a nonlinear index n2 = 10-7 esu, or T = 10-10 cm2"W-1, far smaller
_an the thermo-optic _'measured in these particular experiments. Thus, there is every rea-
son to suspect that degenerate four-wave mixing (DFWM) measurements now in progress
will reveal an electronic nonlinear susceptibility in these dense nanocluster layers.
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