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Although electronics technologies have made great advances in device speed, optical
devices can function in the time domain inaccessible to electronics. In the time domain less
than 1 ps, optical devices have no competition. Photonic or optical devices are designed to
switch and process light signals without converting them to electronic form. The major
advantages that these devices offer are speed and preservation of bandwidth. The switching
is accomplished through changes in refractive index of the material that are proportional to
the light intensity. The third-order optical susceptibility, v(3), known as the optical Kerr
susceptibility which is related to the non-linear portion of the total refractive index, is the
non-linearity which provides this particular feature. Future opportunities in photonic
switching and information processing will depend critically on the development of improved
photonic materials with enhanced Kerr susceptibilities, as these materials are still in a
relatively early stage of development. Optically isotropic materials, e.g. glasses that have
inversion symmetry, inherently possess some third-order optical non-linearities. Although
this is quite small for silica-glasses at k"1.06 lm, the absorption coefficient is extremely
low, thereby allowing all-optical switching between two waveguides, embedded in a silica
fibre, simply by controlling the optical pulse intensity. Different glass systems are now under
investigation to increase their non-linearity by introducing a variety of modifiers into the
glass-network. The incorporation of semiconductor microcrystallites enhances the third-
order optical response. Metal colloids or nanoclusters, embedded in glasses, have also been
found to introduce desired third-order optical non-linearities in the composite at
wavelengths very close to that of the characteristic surface-plasmon resonance of the metal
clusters. Ion implantation is nowadays an attractive method for inducing colloid formation at
a high local concentration unattainable by the melt-glass fabrication process and for
confining the non-linearities to specific patterned regions in a variety of host matrices.
Recent works on metal-ion implanted colloid generation in bulk silica glasses have shown
that these nanocluster–glass composites under favourable circumstances have significant
enhancement of v(3) with picosecond temporal responses. The remarkable achievements in
developing such novel photonic materials seem to open the way for advances in all-optical
switching devices, e.g. in inducing metal-colloids into coupled waveguides acting as a
directional coupler. The present paper addresses the phenomena of optical non-linearities in
metal nanocluster–glass composites that are synthesized by ion implantation, and the
potential uses of these novel composite materials in photonics.  1998 Chapman & Hall
1. Introduction
Before the advent of lasers, transparent optical mater-
ials were assumed to be essentially passive, unaffected
by light travelling through them. The high powers of
laser beams made it possible, for the first time, to
observe that the effect of light on a medium can indeed
change its properties, e.g. refractive index or absorp-
tion. These are optical non-linear phenomena.
When this happens, the light itself also gets affected by
this change in a non-linear way; for example, the
0022—2461 ( 1998 Chapman & Hall
non-linear response of the material can convert the
laser light into new colours, both harmonics of the
optical frequency and sum and difference frequencies.

A currently active area of non-linear optics research
is concerned with all-optical devices that are designed
to switch and process light signals without converting
them to electronic form, thus eliminating the elec-
tronic ‘‘bottleneck’’ in the speed of electronics used for
switching, routing and signal processing. These devi-
ces are essentially based on the non-linear optical
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properties of materials, i.e. changes of the refractive
index caused by an intense optical beam or by an
applied electric field. Conceptually, the simplest type
of a photonic switch is a directional coupler in which
the optical coupling from one waveguide to the other
is achieved by only changing the intensity of the input
optical beam. The most mature technology for direc-
tional coupler switches is based on the well-known
linear electro-optic (LEO) effect in LiNbO

3
wave-

guides. In this, an applied voltage changes the refrac-
tive index of the material, thereby altering the optical
phase of the signals propagating within. In a LiNbO

3
2] 2 cross point (two inputs, two outputs) the coupler
length is typically 1 cm and the drive voltage is about
10V. Such devices are capable of providing extremely
high switching speeds and can increase the aggregate
transmission bandwidth. If the change in refractive
index, *n, per applied electric field, E, is small, a long
device-length is needed to accumulate the necessary
optical phase shift, p, in the waveguide. Comparing
the relative strengths of selected electro-refractive
effects for various materials at optical fibre-commu-
nication wavelengths (1.3—1.55lm) along with typical
switching voltage—waveguide length products, it has
been found that semiconductor waveguide struc-
tures like Al
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0.75
As/Al

0.2
Ga

0.8
As/Al

0.25
Ga

0.75
As

with a large optical non-linearity at 1.55 lm, provide
even more compact switches with lower switching
energies and speeds comparable to the established
LiNbO

3
electro-optic switches.

The effects have been found to be more pronounced
in band-gap engineered materials. As the dimensions
become reduced, from three-dimensional bulk semi-
conductors to two-dimensional quantum-well struc-
tures (and further to one-dimensional quantum-wires
or to zero-dimensional quantum-dots), the ratio of
index change to applied field in the active volume is
increased. However, the real difficulty with electronics
is that because electrons (fermions) are highly inter-
active, there occurs an inter-capacitance or stray
capacitance amongst the electrons in the electronic
signal before it reaches the gate of a transistor, thereby
limiting the speed and consequently the bandwidth,
and in effect, switching times of around (500 ps
can be considered to be high speed. Optical devices
can, however, function in the time-domain inacces-
sible to electronics. In the time-domain below
picosecond (say, femtoseconds), optical devices have
no competition.

The advancements in photonic switching and in-
formation processing will depend critically on the de-
velopments of improved photonic materials, which are
still in a relatively early stage of development. There is
presently an intense interest in the possibility of devel-
oping a computer, based on all-optical switches. Such
a switch could be feasible and competitive if switching
times of less than 100ps could be demonstrated at an
energy consumption less than 1 pJ [1]. The suggestion
was made [2] that the inherent small optical non-
linearities of glasses could be utilized for switches of
this type. It has been observed that semiconductor
(e.g. PbS, CdS

x
Se

1~x
, etc.) microcrystallites or metal

colloidal particles of dimensions typically in the range
2236
1—20nm, incorporated in transparent glassy materials,
enhance the third-order optical non-linearity of the
host matrices significantly.

The enhanced magnitudes of the optical non-
linearities of such nanocluster—glass composites and
the amazingly short temporal responses (in the time
domain below picosecond) of these non-linearities,
have unambiguously opened a new dimension in the
arena of photonics, bringing the scientific community
closer towards success in the realization of all-optical
switching devices [3].

2. Non-linear optical (NLO) phenomena
and their physical origins

Non-linear optics is traditionally introduced by not-
ing that the dielectric susceptibility can be expanded
in a Taylor series in terms of the oscillating optical
electric field. In an isotropic medium the general rela-
tion between the polarization, P (dipole moment per
unit volume), induced by the applied electric field E, is
expressible as a Taylor expansion involving only the
magnitude, because the direction of polarization
coincides with that of the field, namely

P"e(v(1)E#v(2)E#v(3)E3#2) (1)

where e is the dielectric constant of the medium. In
this expansion, v(1) is the normal or linear dielectric
susceptibility of the medium and contributes to all
the phenomena associated with linear optics, such as
reflection, refraction, interference, etc. It is generally
much larger than the non-linear coefficients v(2), v(3)

and so forth.
If the applied field has the form E

0
e~iut, the induced

polarization is

P"e(v(1)E
0
e~iutv(2)E2

0
e~i2ut#v(3)E3

0
e~i3ut#2)

(2)

That part of the polarization associated with second-
and higher-terms gives rise to the generation of optical
harmonics. These usually decrease rapidly in intensity
with increasing order. If the general relation between
P and E is such that a reversal of the direction of
E merely results in the reversal of the direction of P,
that is, if P (E) is an odd function, then the even terms
are all zero and there are no even harmonics. This is,
in fact, the case with isotropic media, e.g. glasses.

In the case of crystalline media, P and E are not
necessarily parallel. The polarization must then be
expressed as an expansion of the type

P"e(v(1)E#v(2)EE#v(3)EEE#2) (3)

where v(1) is the ordinary susceptibility tensor. The
coefficients v(2), v(3), and so forth, are higher-order
tensors. The non-linear part of the total polarization
can be written as

PNL"e(v(2)EE#v(3)EEE#2) (4)

If the impressed field, E, is a light wave of angular
frequency u, then the second-harmonic polarization,



P (2x), arises from the term ev(2)EE. Its components
can be written as

P
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+
k

v (2)
ijk

E
j
E

k
(5)

The amount of second-harmonic light that is pro-
duced depends critically on the form of the v(2) tensor.
In order for the v(2) tensor not to vanish, the crystal
must not have any centre of symmetry. This is also one
of the requirements for a crystal to be piezoelectric,
such as quartz, potassium dihydrogen phosphate
(KDP), etc.

The origin of the non-linear susceptibility can be
viewed classically as the response of an electron driven
by an electromagnetic field in an anharmonic poten-
tial well, resulting from the interatomic electric field,
E, in the crystalline solid. When a light wave propa-
gates through an optical medium, the oscillating elec-
tromagnetic field exerts a polarizing force on all of the
electrons comprising the medium. Because the inner
electrons of the atoms are tightly bound to the nuclei,
the major polarizing effect is exerted on the outer or
valence electrons. The intra-atomic field is of the order
of 10V nm~1 or \1010 Vm~1. For driving optical
fields, E, much weaker than that, the polarization
response is essentially linear. This produces a polar-
ization which is proportional to the electric field of the
light wave. For an intense optical field (i.e. comparable
to or greater than the intra-atomic field) enough to
drive the electron beyond the quadratic minimum of
the interatomic potential, the response becomes in-
creasingly non-linear. Based on the classical atomic
model of non-linearity [4] (considering the motion
of a one-dimensional anharmonic electron oscillator
with damping, driven by a laser field), the ratio be-
tween the magnitudes of non-linear polarizations of
successive orders can be expressed as

K
P(n`1)

Pn K+
eDED

mu2
0
r
+

eDED
eDE

!5
D

(6)

where x
0

is the oscillation frequency of the electron
and r is the radius of the equilibrium orbital of the
electron. (mx2

0
r is actually the expression for the linear

force which is equal to eDE
!5
D where E

!5
is the intra-

atomic electric field at a distance equal to the Bohr
radius a

0
.) Now E

!5
"e/a2

0
"5.15]1011 Vm~1. Fol-

lowing the expression for energy flux density of an
electromagnetic wave ("ecE2), the above value of
E
!5

corresponds to a laser power of 7] 1020 Wm~2,
where e (dielectric constant of vacuum)"8.8] 10~12

and c (speed of light)"3] 108, expressed in SI units.
At low light intensities, the optical fields are a

small fraction of the molecules’ total internal fields
(\5] 1011V m~1). At high photon intensities, the
induced fields become a significant fraction of the
total. This added internal field substantially modifies
the motions of the charges within the molecule and
alters the nature of the polarization within the mater-
ials. Also, this added internal field ‘‘anharmonically’’
modifies the light wave’s propagation, leading to re-
markable effects when they occur coherently, con-
structively. That is when a material’s properties (e.g.
the interaction length for a process and the strength
of the perturbation) are well-matched (i.e. phase-
matched) to the laser wavelength, second- and third-
order non-linear optical effects can drastically change
the colour content or manner of propagation of light.
Therefore, the non-linear phenomenon is evidenced by
the changes in optical properties as the intensity of
light is increased.

By 1965, all the basic non-linear optical frequency
conversion phenomena — second harmonic generation
(SHG), sum and difference frequencies and oscillation
— had been demonstrated. Practical applications, how-
ever, were hampered by the limitations of available
pump lasers and non-linear materials. The develop-
ment of improved non-linear materials paralleled the
evolution of improved pump lasers. A non-linear me-
dium must meet several basic requirements. A reason-
ably large non-linear susceptibility is, of course, a
prime consideration, but adequate birefringence for
phase matching is equally important. Particularly at-
tractive are the media that can be temperature-tuned
to deliver non-critical phase matching at the desired
wavelength. Because the second-order susceptibility
must vanish in inversion symmetric media, almost all
practical frequency-conversion is done with single
crystals that lack inversion symmetry. Extensive
materials research over the last decade has yielded
several suitable second-order non-linear crystals,
especially two ferroelectric niobates, LiNbO

3
and

Ba
2
NaNb

5
O

15
which have non-linear susceptibilities

an order of magnitude larger than KDP, or am-
monium dihydrogen phosphate (ADP) crystals that
were mostly used in early frequency conversion ex-
periments. Later, materials like ternary semiconduc-
tors, such as CdGeAs

2
[5], ZnGeP

2
[6], Tl

3
AsSe

3
[7],

etc., alternative to the conventional SHG crystals
(which absorb light in the mid-infrared region because
of their oxygen content), were suggested to convert the
frequency of the CO

2
laser operating at a wavelength

of 10.5lm, although these materials are not easy to
produce and sometimes they show a low damage
threshold. Recently, a new class of transparent mater-
ials for non-linear optical applications in the mid-
infrared region has been reported [8]. These are
ternary halides, such as Tl

7
Bi

3
I
16

, Tl
3
PbCl

5
, etc.,

which have been found to be chemically stable and
have properties like the absence of a centre of sym-
metry and the presence of birefringence, both neces-
sary for an effective SHG. The importance of second
harmonic generation lies in the fact that it is one of the
principal methods of effective conversion of infrared
radiation into visible and visible into ultraviolet.
Third harmonic generation (THG) is possible in ma-
terials which are centrosymmetric, i.e. having inver-
sion symmetry. The development of Q-switched lasers
made it possible to generate third-harmonics in crys-
tals [9], although the energy conversion efficiency in
such cases was found to be quite low.

The physical origins of NLO phenomena can be
categorized as either structural or compositional.
Here ‘‘structural’’ refers to light-induced structure
changes, such as a change of electronic density,
average interatomic distances, molecular orientation,
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phase transition, etc. These phenomena belong to the
intrinsic category. The ‘‘compositional’’ refers to light-
induced chemical composition changes which can be
classified as the extrinsic type. This phenomenon con-
sists essentially of light-induced chemical reactions
(such as molecular dissociation, polymerization etc.).
This can be either reversible or permanent.

Intrinsic non-linearity violates the principle of
superposition arising from a non-linear response of
the individual molecule unit-cell to the fields of two or
more light waves, while extrinsic non-linearity is re-
lated to changes in the composition of the medium
that result from the absorption or emission of light. In
either type of non-linearity, the optical properties of
the medium depend on the intensity of light and the
order of non-linearity can be classified according to
the power of the intensity involved. For example, in
the case of harmonic generation (HG), the intensity of
the nth harmonic is proportional to the nth power of
the intensity of the fundamental, and in the optical
Kerr effect the intensity of the Kerr signal is propor-
tional to the product of probe-beam intensity and the
square of the intensity of the pump-beam.

The optical Kerr effect can be defined as either
light-induced double refraction or an intensity de-
pendence of refractive index. The intensity-dependent
refractive index, n, is usually expressed as

n"n
0
#n

2
I (7a)

where n
0

is the linear refractive index of the material
and is a function of v(1). Classical optics is concerned
with this term in the low light intensity regime. I is the
intensity of light averaged over a period and n

2
is the

non-linear refractive index of the material. The total
absorption, a, can similarly be expressed as

a"a
0
#bI (7b)

where a
0

is the linear absorption coefficient and b is
the coefficient characterizing the non-linear absorp-
tion and is known as the ‘‘two-photon absorption
coefficient’’. Intensity-dependent refractive index
(Equation 7a) and intensity-dependent absorption
(Equation 7b) are both manifestations of non-reson-
ant optical non-linearity. The non-resonant non-
linearity is smaller than the resonant non-linearity but
has a very fast response compared with the resonant
non-linearity. The term ‘‘resonant non-linearities’’ re-
fers to optical non-linearities at wavelengths close to
linear absorption. In semiconductors, resonant optical
non-linearities occur at wavelengths close to the
bandgap absorption edge. Associated with resonant
optical non-linearities are the transitions of electrons
from the valence band to the conduction band. The
electrons have a finite life time in the conduction band
and then return to the valence band, leading to a finite
recovery time for the non-linear optical effects. This
time can be of the order of nanoseconds for a good
quality semiconductor and is too slow in terms of
switch speeds. On the other hand, ‘‘non-resonant
non-linearities’’ refer to the optical non-linearities at
photon energies below the band gap energy, E

'
. It

is possible for the light with photon energies in the
range E

'
/2(hx(E

'
to be absorbed. A two-photon
2238
process is a process where two photons are involved
(either emitted or absorbed) per real transition of an
electron between the conduction and valence bands in
the material. It can be regarded as a process where the
electron, by absorbing one photon, makes a transition
to a virtual intermediate state and makes a transition
from the intermediate state to the final stable state
by absorbing another photon. It must be emphasized
that this transition cannot, in principle, be divided
into a temporal sequence of events. It should be
understood that both the photons are absorbed si-
multaneously, otherwise it would be equivalent to an
absorption of two single photons. The two main re-
quirements for the two-photon absorption are: (1) the
energy for lifting the atom to the excited level should
be double the energy of the exciting photon, and (2)
the initial and final states should have the same parity.
Two-photon absorption in an atomic system was
first observed [10] on exciting caesium vapour with
a ruby laser (\14 400 cm~1). Emission of a fluores-
cence line at a wavelength of 584.7 nm, corresponding
to the transition from 9D

3@2
(28 828.9 cm~1) to 6P

3@2
(11 735.49 cm~1) levels, indicated the occurrence of
two-photon absorption.

For all-optical devices, the non-linear index of re-
fraction and the two-photon absorption play critical
roles; the latter, however, severely limits all-optical
device performance [11]. The non-linear refractive
index, n

2
, and the two-photon absorption coefficient,

b, are related to the real and imaginary parts of v(3),
just as in linear optics the refractive index and absorp-
tion coefficient are related to the real and imaginary
parts of linear susceptibility, v(1), respectively. In an
amorphous material, e.g. glass, n

2
and b are related to

the real and imaginary parts of v(3), i.e. Re[v(3)] and
Im[v(3)], respectively by [12]

n
2
"

12p

n
0

Re[v(3)]

with

n
0
"(1#4pRe[v(1)])1@2 (7c)

b"
96p2x
n2
0
c2

Im[v(3)] (7d)

where n
2

and v(3) are in e.s.u.
There are different ways to classify NLO materials.

The criteria can be the order of non-linearity, the
nature of the NLO interaction involved, or some char-
acteristic of the material. Practically, the choice of a
research subject in NLO materials is complicated by
the fact that, for a given application, there are several
potential candidates and each material has a few
promising applications. In fact, there is a trade-off
between non-linear response, optical loss, response
time, laser power, device geometry, etc., disregarding
other factors, such as chemical, thermal, and mechan-
ical stabilities. Many simplifying, semi-empirical, self-
consistent models have been proposed by researchers
in high-power laser optics to predict the non-linear
index coefficient of optical crystals and glasses [13].
It has been found that in the long-wavelength limit



(far removed from resonances) the non-linear index
coefficient, n

2
, scales with the linear refractive index

[14]

n
2
"K

n
$
!1

m5@4
(7e)

where n
$

is the linear refractive index of the mate-
rial at the d-line of helium and m is the Abbe number,
which is the reciprocal of the wavelength dispersion
of the linear refractive index of the material at
this wavelength. Equation 7e involves a single con-
stant K("391) for which the calculated values of
n
2
(\10~13 e.s.u) were found to be in reasonably good

agreement with the experimental data over a wide
range of optical materials [14]. This model assumes
a single chemical component which determines linear
and non-linear indices. For oxide glasses, this com-
ponent is oxygen. The ability to predict n

2
empirically

is quite good for low-index materials, but becomes
more difficult when polarizable ions are present.

Much more extensive modelling of second-order
non-linearities has been accomplished over the years.
This non-linear process, i.e. second-harmonic genera-
tion, requires a crystal structure with lack of inversion
symmetry, whereas the isotropic materials, such as
glasses, have inversion symmetry and do not have any
long-range periodicity unlike crystals. Therefore, the
second-order contributions to the total polarization
are usually ruled out in the case of glasses.

In most multicomponent oxide glasses, there are
both bridging and non-bridging oxygens in the glass
network (i.e. for a silicate glass, Si—O`Na~). These
non-bridging ionic bonds possess larger n

2
than the

bridging oxygen of the more covalent Si—O—Si bonds.
A correlation between the non-bridging oxygen con-
tent and the non-linear indices was reported by Adair
et al. [15]. In silicates modified with transition metal
cations, optical properties are mostly determined by
the concentration of metal cations rather than by the
number of non-bridging oxygens, i.e. non-linearity is
dominated by the bond-polarizability of the metal—
oxygen bonds. Various kinds of glasses and their non-
linearities, at wavelengths in the range 1.06—2 lm,
were presented by Vogel et al. [16].

A distinction has to be considered as to whether the
frequency of the applied optical field is resonant or
non-resonant with an electronic transition in the ma-
terial. In the non-resonant case, which is applicable to
most of the glasses for wavelengths around 1 lm, the
optical non-linearity is of electronic origin. The elec-
tronic non-linear response of glasses is generated by
the electronic structure change due to the distortion of
the electron orbits about the nuclei (polarizability)
under the influence of a high intensity optical field.
However, the non-linearities in glasses are small and
require high optical intensities for switching. This
drawback can, however, be compensated by the ad-
vantages due to an extremely low absorption coeffic-
ient and the high optical damage threshold of glasses
for practical applications. As the origin of non-
linearity is electronic and off-resonance, they have the
fastest response times (of the order of femtoseconds),
whereas, in the resonant case applicable to many
semiconductors, GaAs/GaAlAs multiple quantum-
wells, semiconductor-doped glasses, polymers, etc., the
electronic structure change is due to the redistribution
of electrons at different electronic states. In this case,
non-linearities can be enhanced by several orders of
magnitude but at the cost of higher power dissipation
and slower responses. The response time in this case
depends on the relaxation time of the carriers that are
excited by the optical field.

3. Choice of non-linear materials
The choice of non-linear materials for practical ap-
plications is, however, not easy because there is no
ideal material for all applications and as a result there
is no universal definition of the figure of merit of
materials for all applications. A good definition will
ensure the proper selection of materials and is possible
only after defining the application (e.g. generation of
a frequency or all-optical switching), the character-
istics of the device (e.g. dimension, geometry, accept-
able loss, response time, and non-linear conversion
efficiency), and the operation conditions (e.g. wave-
length, power, and CW or pulse).

3.1. Non-linear materials for all-optical
devices

NLO effects have important applications in optical
communications where optical switching and optical
signal processing devices are essential elements. The
use of optics is advantageous over that of electronics
because of the higher carrier frequency used, which
gives a potentially higher bandwidth. The realization
of optical circuit elements using NLO effects will over-
come the limitations of the electronic modulation
techniques to exploit the information carrying capa-
city of optical communication systems. The tremen-
dous success in the development of high-silica glass
fibres for light-wave transmission systems has stimu-
lated investigations of new photonic devices. All-
optical switching is based on either the spatial or
temporal non-linear responses of materials. Various
types of all-optical switching devices include non-
linear directional couplers, non-linear mode sorters,
non-linear distributed couplers, non-linear Mach—
Zehnder interferometer, distributed feedback grating,
etc. Each of the devices essentially uses some material
with inherent v(3) or high-intensity optical field-in-
duced v(3). A figure-of-merit is helpful in compar-
ing materials for all optical devices but it must be
formulated with a specific application in mind. A pro-
posed figure-of-merit for non-linear materials com-
pares the refractive index change created by the
non-linear coefficient, n

2
, with that caused by thermal

effects [2]. The figure-of-merit is defined as

F"
fast index change required to produce switching

resultant thermal index change

(8)

+

*n
4!5

qa
0
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TABLE I Properties of non-linear optical materials

Material n
2
(m2W~1) a

0
(cm~1) F

QW, GaAs/GaAlAs 10~8 103 102

Polydiacetylenes 10~15 10 104

Glass (Pb glass,
Ti glass) 10~18 10~2 105

where q is the response time or relaxation time of the
non-linearity, n

4!5
is the change in refractive index at

saturation and a
0

is the linear absorption coefficient.
It is clear that an ideal non-linear material would have
large non-linearity n

2
, fast response time and minimal

absorption in the wavelength range of interest. In
addition, these materials must have thermal relaxation
times which are sufficiently rapid so that there is no
build-up of heat, because this would produce an effec-
tive refractive index just due to the change in temper-
ature. This effective thermal non-linear index change
can be expressed [17] as [(dn/d¹) (a

0
s
1
/qC

1
)] (s/s

1
)

where dn/d¹ is the thermo-optic coefficient of the
material, q is the density, C

1
is the specific heat at

constant pressure and s
1

is the thermal relaxation
time. The above expression can be approximated as
qa

0
, as used in Equation 8.

The maximum operating speed of a device for serial
pulses is determined by the non-linearity response
time. Any non-linearity, even a thermal one, can be
turned on instantaneously. However, in order to min-
imize cross-talk, it is important that the non-linear
change in index induced by one pulse relaxes back to
zero before the next pulse arrives. Therefore, the non-
linearity relaxation time is a critical material para-
meter. Table I shows n

2
, a

0
and F for several classes

of materials [3]. Using this figure-of-merit, it is appar-
ent that many glasses have larger F than other mater-
ials with much larger non-linear coefficients. The
first ultrafast all-optical switch was demonstrated in
silica glass fibre [18]. Although the non-linear
index coefficient for silica at k"1.06 lm is small
(n

2
"3.2]10~20 m2W~1), the absorption coefficient,

a, is extremely small in silica fibres, thereby allowing
all-optical switching between two waveguides embed-
ded in the same optical fibre simply by controlling the
optical pulse intensity.

3.1.1. Nanoclusters as quantum dots
It has been demonstrated that the inherent non-linear
optical response of a dielectric host material, such as
glass, polymers, etc., may be enhanced by several or-
ders of magnitude by introducing small semiconduc-
tor or metal clusters within the host matrices. Glass
researchers have employed various techniques to
prepare nanocluster-doped glasses. These nanoclus-
ters are zero-dimensional particles (known as quan-
tum dots) with diameters much smaller than the
wavelength of light [19]. Electrons in quantum dots
(QDs) are confined between infinite potential barriers
[20]. The kinetic energy of such an electron in the case
of a sphere of radius a, based on the effective electron
2240
mass model (the particle-in-a-box model), is given by

E
/, l

"

h2

8p2ma2
a2
/, l

(9)

where m is the effective mass of the electron and
a
/, l

are the zeros of the lth spherical Bessel function.
This leads to the decomposition of bulk conduction
and valence bands into a set of discrete levels. Thus,
the oscillator strengths of many continuous states are
concentrated in a few discrete states. The non-linear
response of QD materials arises from saturable ab-
sorption at the excitonic levels. This effect drastically
modifies the quantum states of the electrons and their
interaction with applied optical fields; it is referred to
as quantum confinement.

Second, when the size of the nanoclusters is much
smaller than the wavelength, (k), of the applied optical
field (i.e. for clusters with diameters less than k/20), the
electric field that acts on and polarizes the free charges
of these clusters can be vastly different from the mac-
roscopic field outside the metal clusters in the sur-
rounding medium [21]. This polarization, in turn,
modifies the dielectric constant of the composite
medium. This effect is called ‘‘dielectric or classical
confinement’’. Owing to the difference in dielectric
constants between the QDs and the surrounding host
material, local field effects arising from dielectric con-
finement strongly influence the optical properties and
can produce major changes in optical response. The
local field factor depends on both the shape and the
dielectric constant of the particle relative to that of the
surrounding medium. Both quantum and dielectric
confinement effects alter the susceptibilities of the com-
posite, thereby modifying the linear and non-linear
refractive indices and the absorption coefficients.

3.1.1.1. Semiconductor nanocluster—dielectric compo-
site. For semiconductor nanoclusters with a dielectric
constant, e, embedded in a medium of dielectric con-
stant, e

0
, the effective dielectric constant of the com-

posite e6 is derived from effective medium theory [22]
in the self-consistent field approximation and is ex-
pressed as

(1!p)
e
$
!e6

2e#e
$

#p
e!e6
2e6 #e

"0 (10)

where p is the volume fraction of the particles, given by
the product of the number density of the particles in
the medium and the volume of each particle.

The fields inside, E
-0
, and outside, E

%9
, the particles

are related by the local field factor, f [23], and are
expressed as

E
-0
"fE

%9
(11)

f"C1#A A e
e
$
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where A (a geometry-dependent factor)"1/3 for
spherical particles, 1'A'1/3 for oblate spheroidal
shapes, 0(A(1/3 for prolate spheroidal shapes.

The electronic structure of a QD depends on the
number of atoms constituting the cluster, shape or the



surface area of the cluster and the surrounding envi-
ronment in the host medium. There is a lower limit to
the number of atoms composing the semiconductor
QD, if crystalline behaviour of the particle is to be
maintained. In practice, QDs are small crystalline
particles and are supposed to be chemically identical
to the corresponding bulk semiconductor. The most
studied semiconductor QD material is CdS which has
been embedded in various dielectric materials, such as
polymers [24], glasses [25], Langmuir-Blodgett (LB)
films [26], etc.

3.1.1.2. Conductive nanocluster—dielectric composite.
In a conductive particle—dielectric composite, the field
outside the conductive particle is the applied field plus
the induced dipole field, while inside the particle the
local field drives the optical non-linearity of the me-
dium. In the case of spherical particles much smaller
than the wavelength of light, embedded in a dielectric
medium with a low-volume fraction p (p;1), the effec-
tive dielectric constant, e6 , of such a composite medium
in the long wavelength limit, neglecting interactions
among particles, is given by [27]

e6 !e
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e6 !2e
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e
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$
e
.
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(13)

where e
$
, real, is the dielectric constant of the host

medium, and e
.
, complex, the dielectric constant of

the metal particle [e
.
"e@

.
(k)!ie@@

.
(k)]. The dielectric

constant of a small particle is not necessarily the same
as that in a bulk metal due to the quantum size effect.
When the volume fraction of the particles p;1, one
obtains
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The optical Kerr effect in such a composite is charac-
terized by a change of the effective dielectric constant,
de, resulting from a change de

.
of the dielectric con-

stant of the metal particles, as given by [28]
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de
.

is related to the Kerr susceptibility v (3)
.

of the
metal, in the case that only electrons contribute to
de

.
, as given by the expression
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where E
-0

is the local field acting on the metal particles
and is easily derived by the electrostatic theory. E

-0
is

related to the external field, E
%9

, as

E
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where f
1
(x)("3e

$
/(e

.
#2e

$
)) is the local field en-

hancement factor describing the first-order suscepti-
bility near or at surface plasmon resonance (SPR) of
the metal particles. x is the angular frequency of the
incident light wave. Equation 15 can be written as

de6 "12ppf 4
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v(3)
.

E2
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(18)
and the corresponding polarization is given by
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.
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The local field factor, f
1
(x), appears in the fourth

power and greatly amplifies P(3)
NL

under SPR condi-
tions [29]. Effective medium theory [30] predicts that
the composite susceptibility, v(3)

%&&
, is related to v(3)

.
of

the metal clusters by

v(3)
%&&
"pf 4

1
v(3)
.

(20)

Equation 20 shows that v(3)
%&&

is proportional to the
volume fraction and v(3)

.
of the metal particles and to

the fourth power of the local field factor, determined at
a frequency close to SPR of the metal particles. Non-
linear response is enhanced in such composites from
each non-linear region because the optical field can be
concentrated in both the interior and the exterior
neighbourhoods of the particle. The Kerr suscep-
tibility, v(3)

.
, of the metal clusters includes contri-

butions from intra-band, interband and hot-electron
transitions.

(a) Optical absorption of metal nanoclusters in glass.
The effect of sample-size on the electronic properties
of metals can give insight into the transition from
separated metal atoms to bulk metal. A previous study
[31] of the optical absorption of small gold particles
showed that in one wavelength region, where the op-
tical properties of the metal are determined by inter-
band transitions of the electrons, these properties are
unchanged down to particles containing only a few
atoms. At longer wavelengths the optical properties
of particles below a critical size behave as if they
are determined by free electrons, although interband
transitions and other unknown processes dominate in
larger particles and bulk metal at these wavelengths.
In silver, on the other hand, the optical properties of
the bulk metal appear to be determined entirely by
free electrons in the visible region [32].

If the optical properties of a metal are determined
by free electrons, the following equation is valid for its
dielectric constant under the conditions of interest
here.

e
.
"e

0
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4pN
%
e2

(2pc)2m Dk2!iC
4pN2

%
e2

(2pc)3m2r D k3 (21)

where e
0

is the frequency-independent part of e
.
, r is

the d.c. electrical conductivity, k is the wavelength,
c is the velocity of light, and N

%
, m and e are the

number density, mass and charge of the free electrons,
respectively.

Fig. 1 shows the plots of the real and imaginary
parts of e

.
for silver particles in glass, as measured by

Otter [33], as a function of wavelength squared. The
e@
.

values are proportional to k2 above a wavelength
of about 0.40 lm; substantial deviations appear only
below about 0.35 lm. Extrapolation of e@

.
to shorter

wavelengths was based on the functional dependence
of e@

.
upon k found by Ehrenreich and Philipp [34] at

these wavelengths. The e@@
.

values are proportional to
k3, except for a few scattered points above about
0.46 lm; below this wavelength, the values of e@@

.
in-

crease sharply, presumably because of the onset of
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Figure 1 Optical properties of silver, as measured by Otter [33].
(s) e@

.
, (h) eA

.
/k, (n) e@

.
from absorption bands of particles.

interband transitions [32]. The line for e@@
.
/k at shorter

wavelengths was estimated from the measurements of
Schulze [35]. The slope of the e@@

.
/k versus k2 line,

drawn in Fig. 1, in the free-electron region agrees with
Equation 21, using the bulk d.c. conductivity for r.

The silver particles were formed [32] in a glass of
composition (in weight per cent): 71.5% SiO

2
, 23.5%

Na
2
O, 4% Al

2
O

3
, 1% ZnO, 0.02% CeO

2
and 0.002%

Ag. The glass was held molten for several hours at
1400 °C, and then cooled rapidly to room temperature
to prevent reduction and precipitation of the silver.
Silver particles were nucleated by irradiation of glass
samples at room temperature with ultraviolet light,
and grown by heating at higher temperatures, usually
at 580 °C. The optical absorption measurements were
made for these silver particles in glass [32] at room
temperature as well as at higher temperatures. A sharp
absorption band was found to appear with a peak at
0.406 lm only at high temperature and the glass be-
came yellow. With higher annealing temperatures the
band was found to become sharper but the peak
position remained fixed. Without silver in the glass no
such band was found to develop. A similar band was
found by Yokota and Shimizu [36] for a silver—glass.

The optical absorption coefficient, a, of a collec-
tion of uniform spheres, very small compared to the
wavelength, j, of light and embedded in a medium of
refractive index n

$
, is well described by the Mie scat-

tering theory [37] in the electric dipole approximation
and is given by
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Equation 22 can be approximated as follows
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where e
.
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.
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.
(k)] is the frequency-

dependent dielectric constant of the metal spheres,
and p is the volume fraction of the spheres in the glass.
The particles must be far enough apart so that there is
no multiple scattering and they scatter independently.
The critical (upper-limit) diameter of the sphere
for the present conditions is roughly 10 nm, as cal-
culated from the more complete equation of Mie
[37]. The absorption coefficient has a maximum at
the surface plasmon resonance frequency, x

41
, where

e@
.
#2n2

$
"0. (Surface plasmons are the quanta of

surface charge density oscillations. The same termin-
ology is used for collective oscillations in the electron
density at the surface of a metal. From a macroscopic
electrodynamic point of view, surface plasmons are
a type of surface wave, i.e. waves that propagate along
metal surfaces and which decay in a normal direction
from the surfaces.) The surface plasmon resonance
frequency depends implicitly on the metal-particle size
through the dielectric constant of the metal particles
which is modified if the mean free path of the conduc-
tion electrons exceeds the cluster size [36]. Equation
22 shows that the plasmon band has a peak at
e@
.
"!2n2

$
; the peak wavelength of the band depends

on the dielectric constants of the matrix and the metal
particles.

If the optical properties, shown in Fig. 1, are sub-
stituted into Equation 22, a band with maximum
absorption at 0.396 lm results. Therefore, it seems
reasonable to attribute the band found experimentally
to very small, spherical silver particles in the glass.
If the particles were not spherical (or equiaxial), the
absorption band would be at longer wavelengths and
would gradually shift to lower wavelengths as the
particles became more spherical.

The width of the calculated absorption band was
found to be about ten times smaller than the nar-
rowest band measured in the study of Doremus [32].
This discrepancy can be understood by considering
the effect of the particle size upon the mean free path
of the electrons, because the particles are much smaller
than the mean free path of electrons in bulk silver
(\52 nm) at room temperature.

If the complete expression for the dielectric constant
of a metal, when it is determined by free electrons, is
substituted in Equation 22, the result is as follows [38]
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r/c. Equation 24 gives a band of

Lorentzian shape: if the band is narrow, its width, w, at
half maximum absorption (FWHM) is k2
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The d.c. conductivity, r, is given by [38]
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Figure 2 (s) Measured and (—) calculated absorption band for
silver particles of about 10nm diameter, suspended in glass [32].

where R is the particle radius, u
F
["(2E

F
/m)1@2]

is the electron velocity at the Fermi energy
E
F
("(3n/8p)2@3(h2/2m)), and N

%
is the number of elec-

trons per unit volume.
Therefore, the experimental result of constant band

position is reasonable, because k
.

does not depend
upon the conductivity, r, which is determined by the
mean free path of the electrons and therefore, upon
the particle size. Alternatively, Equation 25 shows that
the dependence of bandwidth upon particle size,
i.e. wJ1/R, as obtained from Equations 25 and 26,
results from the changing mean free path of the elec-
trons. In Fig. 2, the experimentally measured absorp-
tion band for silver particles of about 10 nm diameter,
suspended in glass, is compared to that calculated
from Equation 24, using the measured k

.
and band-

width [32]. The agreement between these curves
confirms that the absorption results from the free
electrons in the silver particles. The slight increase
in absorption at lower wavelengths probably results
from the ultraviolet irradiation of the cerium present
in the glass matrix [32].

The area under the absorption band is proportional
to the total amount of silver in the particles. The
average radius of the particles is proportional to the
cube root of this area as long as the size distribution
of the particles is narrow. To compare Equation 25
quantitatively with the experimental measurements of
the bandwidth, it is necessary to know the size of the
particles. Above a certain particle size, the absorption
band begins to shift to longer wavelengths because
additional magnetic-dipole terms appear in Equation
22 for larger radii particles. This critical diameter for
the present conditions is roughly 10 nm, as calculated
from the more complete equations of Mie [37]. The
d.c. conductivity for a silver particle of radius 5 nm,
as calculated from Equation 26, is 6.07]1016
(taking N

%
e2/m"1.70](10)31 from Otter’s data and

u
F
"1.40]106 ms~1). Using this value of r, together

with n
$
"1.5 (for glass) and e

0
"4.9, in Equation 25
Figure 4 Optical absorption spectra of three samples: as-implanted,
annealed in oxygen at 900 °C, and annealed in a mixture of argon
and 4% H

2
at 1100 °C [39].

Figure 3 Mie extinction coefficient of silver colloids of various radii
as a function of wavelength of the incident light. R (nm): (—) 2.5,
(— — —) 5, (— )—) 10, () ) )) 25, (— ) )—) 35, (— — ) — —) 45.

gives a bandwidth of 22.5 nm which is close to the
experimental value (Fig. 2). Therefore, within the error
of estimating the particle size, the bandwidth calcu-
lation follows the simple assumption that the mean
free path of the electron is equal to the particle size.
Fig. 3 shows the calculated Mie extinction coefficient
of silver colloids of various radii as a function of
wavelength. Constancy in the band position for vari-
ous cluster sizes and the diminishing bandwidth for
increasing cluster size (up to the critical size of 10 nm
diameter), as seen in Fig. 3, agree with the expected
results obtained from Equations 25 and 26.

Fig. 4 shows the optical absorption spectrum for
gold-implanted SiO

2
samples [39]. The peak at the

calculated value of 2.4 eV is due to the surface plas-
mon resonance (SPR) of gold nanoclusters occurring
at that incident energy. The cluster diameter, esti-
mated for the ‘‘as-implanted’’ sample, is(5 nm while
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that in the implanted samples clusters have diameters
in the 5—30 nm range. The roughly linear increase in
absorption between 2 and 4 eV is consistent with the
1/k dependence in Equation 22. The overall increase
in absorption upon heat treatment could be due to an
increase in volume fraction of gold colloids contribu-
ting both to the SPR and to the 1/k background term.
Clusters smaller than 1 nm in size do not contribute
to the SPR absorption peak, whereas the SPR peak
becomes more distinct and increases in amplitude
with increasing cluster size.

The electronic non-linearity in the case of small
metal particles may originate from three processes.

(i) The intraband transition of electrons in the con-
duction band. The intraband electron contribution
vanishes in the bulk. The free electrons (i.e. the con-
duction electrons) show non-linear behaviour in par-
ticles due to the quantum-size effect [40].

(ii) The saturation of the interband transition,
which occurs between the d-levels and the conduction
band. This process is a resonant and size-independent
one, corresponding to the saturation of the two-level
transition between the bands. The saturation leads to
a modification of the linear properties [41].

(iii) The creation of hot photo-excited electrons
due to the strong absorption near the surface plasmon
resonance, which, in turn, depends on the particle size,
leading to a change in the Fermi—Dirac distribution
and hence in the interband transition [42].

Of these three contributions, the first one is strongly
size dependent. The size dependence occurs because
the nearly free-electron wave functions characteristic
of the bulk metal are modified by confining the elec-
trons to a small volume with dimensions much smaller
than the characteristic electron mean free path in the
bulk metal. Because the Debye screening length for
electrons in the clusters is very short (\0.1 nm), while
the penetration of the electron wave functions into the
surrounding silica is necessarily extremely small, it is
reasonable to treat the valence or conduction elec-
trons of the metal nanoclusters as independent par-
ticles confined in a spherical potential well. In
addition, the level spacing of the electronic states is
so large, even at cluster sizes as big as 10—12 nm in
diameter, that the optical transitions may be viewed as
transitions between pairs of discrete levels. These two
facts, taken together, allow the susceptibilities to be
calculated, as if one were dealing with independent
particles in the two-level approximation. The confine-
ment of the conduction electrons, which can be classi-
cally described in terms of limited mean free path gives
rise to an expression for v(3) varying roughly as 1/R3,
if R is the radius of the metal sphere. Therefore, we
expect to see this term contributing primarily for the
smaller nanoclusters.

For metal particles embedded in a dielectric me-
dium, the absorption becomes a limiting factor in
raising the volume fraction content. The enhancement
of non-linear response is accompanied by an increase
of absorbance. In the vicinity of the surface plasmon
resonance, such composite materials have v(3) of the
order of 10~8 e.s.u. obtained from DFWM experi-
ments, with response times of the order of picoseconds
2244
[30]. The surface plasmon resonance frequency, x
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,
can be shifted by varying the shape of the metal
particle and for a mixture of particles of various
shapes; the total v(3) is the sum of contributions from
each shape weighted by its volume fraction. The con-
trol of the shape, size of the particle and the choice of
the dielectric host medium are important for the
optimization of NLO properties of the composite.

3.1.1.3. Ion implantation and synthesis of nanoclusters
in glasses. Because the incorporation of semiconduc-
tor or metallic nanoclusters in dielectrics enhances the
third-order optical non-linearity, it would be desirable
to use a method in which the non-linearity could be
confined to specific patterned regions in order to pro-
vide effective designs of integrated optical devices.
This clearly calls for the use of ion implantation.
Although several other methods, such as ion-exchange
[43], sol—gel [44], electrolytic colouration, etc., also
exist for introducing the metal into the insulating
substrates, the ion implantation has the advantage of
being a generally applicable process; it can be per-
formed at an ambient temperature; it has no side-
diffusion problems. Moreover, it offers an accurate
control of the total number of ions being added to the
target and a predictable depth distribution in the
target matrix determined by the incident ion-beam
energy. Ion implantation in glassy structures yields
in the precipitation of metal colloids at a reasonably
higher local concentration because of the large specific
volume and more open structure of the glassy state
relative to that of the crystalline counterpart.

Nanocluster formation in metal-ion implanted sil-
ica and glasses has been studied by using different
techniques. Optical absorption measurements and
transmission electron microscopy (TEM) give in-
formation on cluster shape, size and crystalline state.
Cross-sectional TEM measurements give the details of
colloid size distribution as a function of depth [45].
Rutherford backscattering spectroscopy (RBS), and
secondary ion mass spectrometry (SIMS) can be used
to obtain the depth distribution of the implanted
species. X-ray photoelectron spectroscopy (XPS) and
Auger electron spectroscopy (AES) determine the
chemical state of the implanted ions. Degenerate four-
wave mixing (DFWM) [28] and Z-scan [46] methods
have been used for measurements of v(3) of the metal-
doped glasses. Fig. 5 shows the RBS spectra of copper-
implanted silica, showing the bimodal distribution of
the concentration of copper atoms as a function of
depth for two different ion fluences [21]. The height of
the larger peak is approximately twice that of the
smaller one and located nearer to the surface. The
bimodal distribution has also been observed in case of
other implants in silica.

Ricard et al. [28] were the first to measure the
non-linear properties of such colloids (silver, gold)
in bulk silica and other workers [39] extended these
measurements. The optical Kerr susceptibility was
found to be two to three orders of magnitude greater
than that of the bulk metals. The non-linear index, n

2
,

of 160 keV copper-implanted silica, at a fluence of



Figure 5 RBS spectra of a Cu`-implanted silica for two different
ion doses, showing the distribution (bimodal) of copper atoms as a
function of depth. The larger peak is approximately twice the size of
the smaller one and located nearer to the surface [21].

1017 ions cm~2, was determined [47] using the Z-
scan method and was found to be around
4]10~14 m2 W~1. Fig. 6 shows v(3) of such a com-
posite as a function of wavelength near the 2.2 eV
peak in the optical absorption spectrum and the mag-
nitude of v(3) is found to be \10~8 e.s.u. The apparent
maximum in v(3) at SPR suggests that the excitation of
the surface plasmon resonance contributes to the non-
linear response in the composite. The maximum value
of v(3) at maximum optical absorption is also under-
stood from Equations 20 and 23, taken together. The
main contribution to the electronic non-linearity near
SPR in this case is attributed to photoexcitation of
electrons in the conduction band.

More recently, the formation of various metal collo-
ids (copper, silver, gold, lead, tin, iron, phosphorus,
etc.) in silica glasses by ion implantation under various
conditions and measurements of v(3) values in these
cases, have been reported [48—52]. The highest value
of v(3) (3]10~6 e.s.u.) was obtained, so far, for tin-
implanted (2]1017 ions cm~2 dose) silica glass [52]
at a wavelength of 500 nm; corresponding to SPR of
tin. Metallic tin microcrystallites of diameters in the
range 4—20 nm, distributed in the region between 10
and 200 nm from the surface, were observed by TEM.
Figs 7 and 8 show the TEM image and the X-ray
diffraction (XRD) pattern of the microstructures, re-
spectively, in such a composite [52]. The implanted
ions, as shown in Fig. 7, form spherical nanoclusters.
From the magnified image of Fig. 7 (not shown), each
particle was seen to be of a single domain. The inset
in Fig. 7 shows the electron diffraction pattern of the
cross-section of the implanted sample. The crystal-
linity of the nanoclusters is evidenced by the peaks in
XRD (Fig. 8). All the XRD peaks are identified as
those of metallic tin crystallites and relative peak
Figure 6 v(3) and absorption coefficient of 160keV, 1017 ions cm~2

copper-implanted silica composite as a function of wavelength. The
apparent maximum in v(3) near 2.2 eV suggests that the excitation of
the SPR contributes to the third-order non-linear response of the
composite [47].

Figure 7 (a) Transmission electron micrograph of the microstruc-
ture in a Sn`-implanted silica—glass, showing the precipitation of
spherical nanoclusters of tin in the host matrix [52]. (b) The electron
diffraction pattern of the cross-section of the implanted sample.

intensities confirm that there is no evidence of pre-
ferential orientation of the microcrystallites. These
results indicate that almost all the particles are crystal-
lized, which is consistent with the fact that tin crys-
tallizes below room temperature. From the RBS
measurements of such a composite [52], an average
volume fraction of the microcrystallites was also esti-
mated and was found to be 28%. The measured non-
linear refractive indices (\10~6 e.s.u.) for these tin
microcrystallite-doped glass composites compare well
to that of II—VI semiconductor-doped glasses and are
much larger than that of colloidal melt-glasses. For
a metal cluster with a cubic symmetry, the fourth-rank
tensor v(3) has four independent components. Of these,
v(3)
xxxx

includes contributions from both thermal and
electronic processes. The v(3)

xxyy
component, on the

other hand, is sensitive only to electronic processes.
The enhancement in the electronic component of v(3)
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Figure 8 The X-ray diffraction (XRD) pattern of the microstructure
of the same sample, as discussed in Fig. 8. The crystallinity of the
nanoclusters is evinced by the peaks.

Figure 9 Transmission electron micrograph of a sequentially Ag`-
and Cu`-implanted silica. Smaller clusters exist in the near-surface
region while the larger clusters are located deeper in the implanted
region [53].

due to the increased volume fraction (\30%) of the
nanoclusters in the composite is obviously an impor-
tant consideration from the point of view of non-linear
optics, but achieving such a high concentration of
dopants is a non-trivial materials problem. A volume
fraction of such magnitude, obtainable by ion im-
plantation only, cannot be made in a melt-glass
because of the constraints of chemical and thermodyn-
amic equilibrium. This points to one major advantage
of ion-implantation as a technique for synthesizing
nanocluster—glass composites. Fig. 9 shows a trans-
mission electron micrograph of the sequentially silver
and copper implanted silica [53]. The implantation
energies (300 and 160 keV for silver and copper ions,
respectively) were such that the depth of implantation
for each species should overlap. As seen in this figure,
smaller clusters exist in the near-surface region while
the large clusters are located deeper in the implanted
region.
2246
Figure 10 Comparison of a variety of electronic and photonic
materials with respect to switching energy and switching speed [54].

3.1.1.4. Magnitude and temporal response of s(3) in
nanocluster—glass composites. Progress in non-linear
optical materials is the key to creating functional
photonic devices for optical communications, sensing
and computing. Understanding the correlation be-
tween materials processing and optical non-linearities
is critical to the development of advanced non-linear
materials for photonic devices. Optical switching at
tetrahertz frequencies requires non-linear optical ma-
terials with the following properties: picosecond or
shorter response times, low-power switching thres-
hold, high thermal stability, low two-photon absorp-
tion, wavelength tunability, and a high threshold for
laser-induced damage.

There are many materials with high third-order
non-linearities, although only a large value of v(3) is
not sufficient. The key issue for light-wave technology
is to optimize performance of third-order materials in
real device geometries under realistic operating condi-
tions. Moreover, the long-term mechanical, thermal
and optical stability of potential waveguide devices
can only be tested accurately in actual device geo-
metries. Thus the results achieved with metal nano-
cluster composites made by ion implantation are
significant because of their potential for making a
high-performance non-linear material using an estab-
lished ion-implantation-based waveguide fabrication
technology [53].

Fig. 10 compares a variety of electronic and photo-
nic materials with respect to two crucial device para-
meters of switching energy and switching speed [54].
As shown in the hatched area, nanocluster composites
of Au : SiO

2
and Cu : SiO

2
have faster switching speeds

than any material, except para-toluene sulphonate
(PTS), which, however, suffers from long-term photo-
chemical damage. The shaded area in the figure indi-
cates the range of switching energies projected from
theoretical estimates for metal nanocluster composites.

While no single material exhibits all the character-
istics of an ideal optical switch, metal nanocluster
composites do seem to offer an attractive combina-
tion. However, both for the demonstration of device
potential and for studying optical physics in these



Figure 11 Schematic drawing of a cross-channel waveguide made
by a two-stage ion-implantation process. The light guide is provided
by a helium-implanted channel; the non-linear element is made by
implanting a section at the centre of the cross with noble metal
ions. Such a device would be appropriate for a four-wave mixing
process [21].

interesting non-linear materials, it may be advantage-
ous to carry out the non-linear studies in actual
waveguide geometries. For example, because two-
photon absorption, which is proportional to the imag-
inary part of v(3), arising not only from the clusters but
also from the defects created by ion implantation,
severely limits all-optical device performances, a fun-
damental understanding of its origin and relation to
size, shape and density of the clusters in the waveguide
is crucial. In optical switching devices and waveguide,
a key-parameter is the non-linear index of refraction,
proportional to the real part of v(3).

Measurements of the magnitude and the temporal
response characteristics of v(3) are the most important
part of the experiments. One can measure v(3) at
wavelengths both on and off the SPR by forward
DFWM in the geometry of Fig. 11 [21]. In a guided
wave geometry, it is possible to use a CW mode locked
laser for four-wave mixing studies with counter-
propagating pump-beams. In DFWM configuration,
three different light fields, E

1
, E

2
and E

3
, of the same

frequency are incident on the non-linear optical ma-
terial to produce a fourth beam, E

4
. It is also called

phase conjugation or real-time holography. Two dif-
ferent types of volume holograms, i.e. reflection and
transmission holograms can be constructed. In either
type, the third beam is used as the reading beam and
the fourth one is the result of the diffraction of the
hologram, making E

4
conjugate to E

3
. The third-

order NLO susceptibility is given by [55]

v(3)"
8c2n2

$
e
0
ag1@2

3xI
1
(1!¹)

(27)

where n
$

and a are linear refractive index of the
host matrix and absorption coefficient of the nano-
cluster—glass composite, respectively, both measured
at the same frequency, x, of the optical signal close to
the SPR of the composite, I

1
is the pump intensity, c is

the velocity of light in vacuum, ¹ is the transmittance
of the medium at x, and g is the diffraction efficiency
of the holographic grating.

DFWM experiments also give important informa-
tion on the switching speed. v(3) for gold nanoclusters
Figure 12 Intensity of the phase-conjugated beam in a DFWM
measurement with cross-polarized pump-probe configuration as
a function of pump-probe time in picoseconds [39].

in glass was measured by Magruder et al. [39] by
DFWM using a mode-locked Q-switched, frequency-
doubled Nd:YAG laser at a wavelength of 532 nm
with a pulse repetition frequency of 10 Hz and a nom-
inal pulse width of 35$5 ps. This wavelength is near
the SPR of gold (530 nm). The two forward-going
pump-beams and a weak probe-beam were arranged
to intersect in the composite-layer containing the
metal clusters. The probe was delayed with respect to
the two pump beams using a computer-controlled
optical delay line. The pump and probe beams inter-
acted coherently via the third-order non-linear suscep-
tibility to produce a phase-conjugated signal, detected
in a photomultiplier. Identical measurements were
carried out on unimplanted samples; no measurable
DFWM signal was observed. Fig. 12 shows the inten-
sity of the phase-conjugated signal as a function of
pump probe delay time [39]. The symmetric shape
of the time spectrum indicates that the third-order
response is no longer than that of the pulse width
(\35 ps). The measured values of v(3) were found to be
1.0]10~10 and 1.7]10~10 e.s.u. for this nanocluster
composite layer without and with heat treatment,
respectively.

For gold nanocluster—glass composite, with n
2
"

0.0395v(3)n2
$
, the figure-of-merit F for waveguide devi-

ces (F"*n
4!5

/qa where *n
4!5
"n

2
I
4!5

)\0.04 [39],
which is an order of magnitude smaller than Cd

x
Se

1~x
quantum-dots in glass. However, the figure-of-merit
can be made more attractive by shifting the wave-
length slightly off the surface plasmon resonance [47]
or by choosing a proper ion—target combination.

In a waveguide, planar or channel or fibre, the light
beam is confined in one- or two-dimensions to values
of the order of the wavelength of light. The propaga-
tion lengths are typically millimetres to centimetres
in integrated-optics waveguides and metres to kilo-
metres in fibres. Taking into account the non-linearity
2247



of relaxation time, we can see from the considerations
of the figure-of-merit that organics and glasses are more
suitable for all-optical processing applications. For
a given switching power, the smaller non-linearity can
be compensated by longer interaction length, ¸, with
the limit A/a, where A is the acceptable loss and a is the
attenuation coefficient [56]. As glasses have the lowest
a and n

2
, they can be used as fibres, whereas organics

have reasonably low attenuation and relatively high
non-linearity, and therefore they are potentially useful
for channelled integrated-optics applications.

All-optical devices, however, require some kind of
laser source as well as non-linear optical elements, in
combination. Recent research works demonstrating
harmonic generations in ion-implanted single crys-
tals like KNbO

3
[57], laser actions in systems like

chromium-doped LiNbO
3

[58], rare-earth element
(erbium)-doped crystals and glassy materials [59, 60],
etc., seem to be quite encouraging in this respect as
the possible coupling of such laser light sources with
non-linear optical waveguides can lead to success in
realizing complete photonic devices.

4. Conclusion
The main impediment to the practical exploitation of
non-linear optics is the difficulty in understanding and
developing materials that can be engineered to match
device needs. New device concepts and materials de-
velopments are two key factors for future success. The
criteria used to define the figure of merit are condi-
tional and so the selection of material is crucial. The
best material for one application may be the worst
for another. For example, materials possessing large
photorefractive effect and optical Kerr effect are useful
for optical switching. As these two effects are compet-
ing processes for harmonic generation, the corre-
sponding materials are excellent for optical switching
but poor for harmonic generation, whereas the rela-
tively long relaxation times of semiconductors are
disadvantageous for serial optical switching.

The enhanced non-linear optical properties of
metal colloids in silica glasses, obtained by ion
implantation and their fast temporal responses (i.e. in
sub-picosecond time domain) suggest that the ion-
implantation technique plays an important role in the
production of non-linear photonic materials. Thus,
from these recent achievements, together with remark-
able advances in semiconductor materials fabrication
technology, one can see the movement of optics into
the electronic switching fabric and the beginning
of hybridization between electronic and photonic
switching technologies.
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