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Large enhancement of the third-order optical susceptibility in Cu-silica
composites produced by low-energy high-current ion implantation
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Low-energy high-current ion implantation in silica at a well-controlled substrate temperature has
been used to produce composites containing a large concentration of spherical Cu clusters with an
average diameter of 4 nm and a very narrow size distribution. A very large value for the third-order
optical susceptibility,y(®>=10"7 esu, has been measured in the vicinity of the surface plasmon
resonance by degenerate four-wave mixing at 585 nm. This value is among the largest values ever
reported for Cu nanocomposites. Additionally, the response time of the nonlinearity has been found
to be shorter than 2 ps. The superior nonlinear optical response of these implants is discussed in
terms of the implantation conditions. ®001 American Institute of Physics.
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In recent years there has been a growing interest in comen?. A crucial condition of the implants is that they are ther-
posite glasses containing metal nanoclusters for their potefmally bonded to a water cooled sample holder and are main-
tial application in all-optical switching devices. These com-tained at a constant substrate temperature of 20 °C during the
posites show a large third-order optical nonlinear responsgnplantation process. The energy used was 50 keV, while the
associated to various phenomena, i.e. dielectric and quantui®n beam current was 544A for an ion beam size of 2.5
confinement.? The value of the effective third-order optical x5.1 cm (current density-42 wA/cm?). The sample holder
susceptibility of the compositey®, depends on the metal was scanned perpendicularly to the ion beam at a speed of 5
and the host, and also on several parameters like the size aoh/s in thex direction. There were also incremental steps in
shape of the clusters and the volume fraction. Values for théhe y axis between scans in order to produce a uniform in-
intrinsic third-order susceptibility'®), of Cu metallic nano-  plane implant profile.
clusters are in the range 19-10"7 esu®~’ Such high values The Cu profile was calculated using tls&SPRE code
could be approached for the effectiyé® of Cu composite which accounts for the significant sputtering taking place.
samples prepared with a high concentration of clusters.  The predicted profile is close to a step function with maxi-

lon implantation is a very attractive technique for pro- mum Cu concentration at the surface and an estimated full
ducing such nanocomposite materials with a high concentrawidth at half maximum(FWHM) of 40 nm. The implanted
tion of clusters since it can overcome the equilibrium solu-samples were characterized with grazing x-ray reflectometry
bility limits. In addition, it is a well-established technique to in the angle-dispersive mode, a technique that provides the
produce waveguides of very good quality in various materi-density and the thickness of thin filmfsA thickness value of
als including silica glassésCu-silica composites produced (41.0+0.3) nm was determined in good agreement with the
by ion implantation have already been produéstiowing a  predicted one. The samples were also analyzed by the small-
quite broad cluster size distribution agtf’ values typically —angle x-ray scattering technique under grazing incidence
in the 10°° to 108 esu range. The highest are reached for(GISAXS)."*** Figure 1 shows the measured GISAXS pat-
the largest cluster siz&5:%0In this article we report on the tern for a typical implanted sample. This figure displays a
production of novel Cu implanted silica samples having acentrosymmetric shape for the scattered intensity distribu-
high concentration of clusters of small size and a very nartion, indicating that the clusters are spherical. The intensity
row size distribution, showing a® value of 107 esuand a  can be integrated over a large circular sector, obtaih{ng,
response time below 2 ps. whereq is the scattering vector. The Guinier pf8tlog(q)

Fused silica substrates with a size of<Z5 mm by 1 =(fg®), gives a very well-defined linear part, leading to an

mm thick were implanted to a dose ofx80' Cu' ions/  average diameter for the clusters ¢t (4.0=0.4) nm, and
is consistent only with a very narrow size distribution.

2 o . . Optical transmission and reflection spectra were re-
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PCurrent address: |. Physikalisches Institute, Technical University ofCOrded in th_e \{'S'ble spectral region and are shown in Fig. 2.
Aachen, Sommerfeldstrasse 14, 52056 Aachen, Germany. The transmission spectrum shows a weak and broad absorp-
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TABLE |. Values of the third-order nonlinear optical susceptibility obtained
from DFWM measurements under picosecond pulses. The sample effective

A qZ length is 40 nm and its refractive index=2.4. For the reference we use a
value for the CSof y{&) =2x10"*? esu.
s Xi(jsk)l(_w-wvé”v_w) s
X (€5 Xxy (€U Xyz (esy
Cu: silica  1.6:0.5)x10°7 (5+1)x10°8 (1.2+0.5)x10°8
Cs, 2x10 12 (2.7+0.3)X10° 8 (1.4+0.2)x10 12
1 -1 mm focal length. The use of half-wave plates in the beams
nm allowed independent selection of their polarizations so as to

measure the different components of the third-order optical
nonlinear tensoi () (— w;w,»,— ). The conjugated sig-
nals were measured for different pump intensities for both
the samples and a GS®ell was used as a referent®eCS,
FIG. 1. GISAXS pattern of‘a Cu _implanted silica sample. The pIoF shows ingave the expected cubic dependence of the conjugated signal
2&@323?&2 Sacn"’gtgfﬁ;nvtvzr\];'fgr)]ﬁrzl;ﬁ; iT;ﬂﬁ%heree's e across the whole pumping intensity interval studied’(td
10% Wicn?). For the Cu-silica composites the dependence of
the conjugated signal on the pump intensity showed some
tion band at ~580 nm, typical of the surface plasmon reso- degree of saturation for pump intensities above 18’ W/
nance(SPR of Cu clusters. The dependence of this absorp<n®. In order to determine the values o} | by compari-
tion band on the mean cluster diameter has been reporte@pn with CS, we selected the data corresponding to the low
and it has been shown that the band becomes noticeable apdmp intensity region. The values obtained for the modulus
sharpens only when the diameter is larger than about Sf the different components of®® under ps pulses are col-
nm."*® The Cu cluster sizes estimated from the absorptioriected in Table | and were obtained using the effective re-
spectra are thus consistent with the values obtained frorffactive index and absorption coefficient of the composite.
GISAXS. These measurements also allow one to determindote the remarkably high values obtained for this Cu com-
the refraction indexd=n-+ ik of the composite, values of  posite, wherey3),,= 10”7 esu, which is at least one order of
=(2.4+0.1) andk=(0.25+0.02), both parameters showing magnitude larger than the earlier reported values for Cu
a large increase with respect to those of the silica matrix. implants®®1°
The nonlinear optical characterization of the samples The time evolution of the conjugated signal was mea-
was carried out by degenerate four-wave mix{RFFWM). sured for the particular case of the response associated to the
The laser source used was a cavity-dumped, synchronous)gg&f,’xy component. This corresponds to the use of two parallel
pumped, mode-locked Rhodamine 6G laser, tuned at a waveolarization, temporally overlapping beams, and one cross-
length of 585 nm. The laser system provides 13 ps lasepolarized, time-delayed beam. This configuration allowed the
pulses in the 10 nJ/pulse level, at a variable repetition ratdoest signal-to-noise ratio. Under picosecond pulses, the
The repetition rate used was 400 kHz, low enough to miniDFWM signal closely follows the shape of the exciting
mize long term thermal effects, and giving a good signal-toulses. In order to explore the response time in the subpico-
noise ratio with the standard phase lock-in detection techsecond time scale, a single stage fiber-grating pulse compres-
nique used. The DFWM experiment was set up in thesor was used’ The 13 ps pulses from the dye laser were thus
forward (BOXCARS) schemé&® with three parallel incoming compressed down to 450 fs as determined by means of a
beams overlapped at the focus of an achromatic lens of 8standard background-free second harmonic autocorrelation
trace. The time evolution of the conjugated signal can be
seen in Fig. 3. The signal has a rise time that follows the
leading edge of the pulse and decays more slowly than the
06 pulse, giving rise to an asymmetric response curve with a
FWHM of 1.4 ps.[Notice that the signal for negative delays

[l >

-% 04 2 and long positive one$>2 p9 is due to the presence of
g ® relatively large uncompressed side wings in the plilse.

o © When comparing the present Cu composites to those re-
@ 04f = 402 ; . ) .

= ported earlier there are clear differences both in the implan-

tation conditions and the final results. All earlier works re-

02 . . - 0.0 i i i
200 o 80 0 a0 port Iarger clustgr sizes, ranging from 5 to 25 nm depgndmg
Wavelenath on the implantation current and energy used. Size distribu-
avelength (nm) tions are also broader. The energies used were higher, from

O ‘9 .

FIG. 2. Transmission and reflection spectra measured for a Cu impIante@0 keV1 _tO 160 ke\ﬁ Under low Curren_t Cond't'ons_ the

silica sample(light beam incident on the implanted sjde cluster size has been observed to increase with the
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(x'®)~¢~3) has also been claimed to occur for small Cu

1.0 ' ' ' ' ]
- - nanoclusters?® The high volume fraction reached combined
o 08 . ' with the small size of the clustdip=4 nm) and their very
T 06 '_ ] narrow size distributions are most likely responsible for the
k=) . high performance achieved.
; 0.4 '. 1 In summary, the use of low-energy high-current Cu im-
< - plantation in fused silica at well-controlled low temperature
al 021 atn M allows one to synthesize novel Cu nanocomposites having a
0.0 , . . > high density of small clusters with very narrow size distribu-
s 2 4 0 1 2 3 tion, which show a very largg‘® value (10”7 esy and a
Delay (ps) response time below 2 ps.
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