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Abstract
We report absorption, fluorescence and nonlinear optical properties of fused silica
implanted with Ti, Cu and Bi and doses of 1-1015 jons/cm? to 6-1016 ions/cm2 when
irradiated with 532 nm laser light. The fluorescence spectrum is a broad band around
640 nm and shows little variation for all ion species. Absorption as function of implanted
dose shows a threshold for Ti between 1-1016 ions/cm?2 and 6-1016 ions/cm2. The
nonlinear optical index is large, np > 10-5 esu. All measured quantities show a strong
dependence on the implanted ion dose. The source of the nonlinearity, whether electronic

or thermal, remains to be more completely determined.
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Introduction and Motivation

lon implantation has been used to alter electronic, thermal and mechanical properties
of substrates. During the last two decades, the growth of optical communications
technology has also motivated research on modification of the linear index of refraction of
dielectrics in order to make waveguides for optical carrier signals [1]. However,
significantly less attention has been paid to other optical properties of ion-implanted
dielectrics, even though this technology offers a number of advantages in control of
electronic structure and gross optical properties of the implanted region. In this paper we
present a number of results relevant to the possible use of ion-implanted fused silica in
active optical devices and circuits, including intensity-dependent absorption, laser-induced

fluorescence and ion-species-dependent nonlinear susceptibility.

Sample Preparation and Characterization

High-purity silica discs, 1 mm thick, 20 mm diameter, were used as substrates for
implantation. The manufacturer of the silica (Thermal American, Inc.) lists total cation
impurities as <200 ppm Hj by weight, all others <10 ppm. The principal anion impurity
is Cl, comprising about 80 ppm by weight. The surfaces of the discs were polished to
optical quality, then cleaned with ethyl alcohol and distilled water and dried in ambient
laboratory air prior to implantation. The disks were implanted with 160 keV Ti ions at an
average current of 2 pA/cm2. At this current density, the temperature of the substrate
remains below 350C. The concentration of ions as a function of depth in the substrate was
measured by Rutherford backscattering. For Ti and Bi it is approximately a Gaussian
function with the maximum at 120 nm below the surface and 140 nm full-width at half-
maximum. For Cu and doses >3-1016 ions/cm?, the depth profile is bimodal, with peaks
at about 90 nm and 170 nm. Some samples were implanted on both sides.

The electronic state of the implanted ions is less well characterized. For doses

>5-1015 ions/cm?, the fraction of Ti in the 3+ state, as measured by electron paramagnetic
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resonance and optical absorption spectroscopy, is >10%. The fraction decreases with
increasing dose {2]. Implanted Cu may be neutral, in the 2+ state, or aggregated as colloids
(3]. The implantation process also produces defects in the implantation zone. In silica the
most prominent defects are E' centers, non-bridging oxygen-hole centers and peroxy
molecular ions [4]. Concentration of these defects varies with implanted ion species [5,6].
In case of Ti the E' centers have the highest concentration of all defects for doses
>5-1015 ions/cm2. Since these defects also have a spectrum of optical transitions, it is

critical to understand the role they may play in the optical properties of the implanted zone.

Experimental apparatus

The light source was a mode-locked, frequency-doubled Nd:YAG laser (532 nm,
100 ps FWHM pulse width, 76 MHz pulse repetition rate, 1.8 W maximum average
power). At this wavelength Bi-, Ti- and Cu-implanted silica absorbs strongly.

Figure 1 a shows schematically the setup for z-scan and absorption measurements.
In position (1) power meter D1 measured the total incident power on the sample S, in
position (2) it monitored the power reflected from the beamsplitter BS while the sample
was irradiated. It was mounted on a self-centering base for accurate repositioning at
positions (1) and (2). Power meter D2 measured the transmitted power.

For absorption measurements lens L2 was mounted behind the sample to focus all
transmitted light on D2. The laser spot on the sample had about 0.5 mm diameter and the
total laser power was varied to measure absorption as function of intensity.

For the z-scan lens L1 with f = 150 mm was mounted behind the beamsplitter and
the sample was mounted on a motorized railtable, so it could be moved parallel to the beam
axis through the focal point of the lens to vary the intensity on the irradiated area of the
sample. Figures 1 b, ¢ give a qualitative explanation of the z-scan method, details are

described by M.Sheik-Behae et al. [7]. Figure 1 b explains how the nonlinear index of

refraction, nj, leads to self focussing. The incoming plane wave has a Gaussian radial
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intensity profile, I(r) (r: distance from beam axis ). This causes a radial profile for the total
index of refraction, n(r), and speed of light‘, v(r), in the samiple (ng: linear index of
refraction; cy: vacuum speed of light; different from ref. [7] np in this work refers to the
nonlinear index independent of units):

n(r) = ng + '122— *1(r) , v(r) = H%

The speed profile distorts the plane wave approximately like a lens. Figure 1 ¢ explains
how the intensity on detector D2 changes as the self focussing sample, shown as lens, is
moved through the focal point of lens L1. In position (a) the sample increases divergence
of the outgoing beam, so the intensity on detector D2 decreases, in (b) it has no effect, in
(c) it decreases divergei. e, so intensity increases. For positions far from the focal point the
intensity on the sample itself is so low, that self focussing can be neglected and the
intensity on the detector is the same as in (b).

The laser induced fluorescence spectra were taken with a double grating

spectrometer designed for high rejection of stray light from the laser.

Results
Absorption of Ti-implanted silica

We observed a number of puzzling features in the absorption and reflectivity spectra
of the sample. Figure 2 shows that the absorption of Ti-implanted samples strongly
depends on the ion dose. Between 1-1016 and 6-1016 ions/cm? is a threshold for the dose,
where absorption jumps from about 15% to 30%. As shown below, above this threshold
also the first signs of self-focusing were observed.

At the power levels used (100 to 1300 mW), absorption for the high dose samples
is independent of the incident power. The low dose samples show saturation, absorption
drops from 17% to 12% as power increases from minimum to maximum. Measurements of

reflection, to be published elsewhere, show the onset of saturation more clearly.
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Laser-induced fluorescence (LIF)

A second potentially interesting property of these materials is that the ion-implanted
layer exhibits [.IF in a broad range, and is thus a prima fucie cundidate for tunable solid-
state laser material. In recent years, Ti3* doped crystalline sapphire has been intensely
developed as a laser host [8]; it exhibits a broad fluorescence in the near-infrared, a region
where laser dyes are either non-existent or have low gains.

We have observed moderately intense LIF for samples implanted with Ti, Bi and
Cu. Figure 3 shows a typical spectrum for Ti. Spectra for Bi and Cu implanted samples
look nearly identical, with the peak maximum shifted by 10 nm to lower wavelength for Bi
and by 30 rm to longer wavelength for Cu. The samples do not show fluorescence over
the full implanted area, but only a few spots on each sample of about 1 mm diameter emit
ligth. The mechanism leading to fluorescence is not clear yet. The similarity of the spectra
for these different ions indicates that processes independent of the type of ion lead to

fluorescence. Currently the role of defects like E' centers is being investigated.

Nonlinear index of refraction

Among the most striking phenomena observed in these materials is a dose-
dependent nonlinear index of refraction. Figure 4 shows the results for a Ti and a Cu
implanted sample (both 6-1016 ions/cm? each side). The intensity on detector D2 first
drops, indicating positive self-focusing or positive ny, and then rises steeply as the sample
crosses the focal point. The absolute value of n, can be calculated from the valley to peak
ratio [7] and is of the order 103 esu (or 10-11 m2/W/ng in MKS units) [9)].

The curve for the Cu implanted sample has a significant substructure on the leading
and trailing edge. We have two possible explanations for this, none of which can be ruled
out without further experiments. One is formation of colloidal copper; the particles in the

colleid have different sizes leading to nonlinear bleaching at different light intensities. The
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other is constructive and destructive interference between the two implanted layers on the
front and back side of the sample, but that leaves the question why the Ti implanted sample

does not show any structure.

Conclusions

We have shown that implanted layers exhibit a number of interesting active optical
properties in addition to the change in linear index of refraction which accompanies the ion-
induced densification of an implanted layer. These properties may well make ion
implantation a useful new way to madify silica for light sources and active optical elements.
However, the effects of radiation-induced defects must be thoroughly understood before
any such applications are possible. Finally, we note that it may also be possible to exploit
the nonlinear optical effects to study the interaction between the implanted ion and its
environment in ways which are inaccessible to traditional methods of radiation-damage

analysis, such as electron paramagnetic resonance.
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Figures
Figure 1, Experimental Apparatus and Explanation of z-Scan
Figure 2, Absorption of Ti Implanted Fused Silica
Doses (1:1015 jons.cm2): 0=60, A=60, +=10, x=3, *=1
Figure 3, LIF-Spectrum of Ti Implanted Fused Silica
The structures at the ends of the spectrum are frdm stray light of the laser

Figure 4, Results of z-Scan for Pure, Ti- and Cu-Implanted Fused Silica
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