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Abstract: Two types of composite glass are of current nterest as non-linear
materials. One is glass doped with semiconductor microcerystallites. Their non-
tincaritics mainly originate from quantum confinement and band filling effects

and now arc on the order of 10 *esu as a result of the progress in new glass
fabrication technologies. The non-linear time response 1s Imited to 100 ps
because of the existence of trap levels in the microcrystallites. Photo-annealing
effects are now being mtensely studied for a modification of the response time.
The second type is glass doped with small metal particles. Their non-lineanties
ariginate from local field and hot electron effects in the metal particles. The non-
lincar response time is shorter than several ps. The non-lincar susceptibilities are
on the order of 10 ' esu. because of the very low volume fraction of the metal

particles. The non-linear optical properties of these composite glasses are

reviewed in this article. ¢

1 INTRODUCTION

There is a great deal of interest in developing
high-spced and low-power optical devices for
future optical signal processing and optical com-
munication systems. These devices make use of
non-lincar processes which  generally occur in
materials at high optical intensities.! The polar-
ization (P) induced in a medium by an external
optical clectric field (F£) is expressed by the
power scries:

Pooen oy Eb TR VE - ). (1)
where &, is the electric permittivity in vacuum
and " ¢ and 'Y are. respectively, the first-,
second- and third-order susceptibilities. The first
term in the expression expresses the linear opti-
cal propertics. whereas the higher-order terms
give rise 10 a large number of non-linear effects.
In an isotropic medium such as glass, the non-
lincarity is mainly caused by the third-order
term of eqn (1). Since the polarization and the
refractive index are related to each other. third-
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order non-lincarity is often expressed in terms of
optically induced refractive index change and
absorption changc:
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where 1, and «q are the lincar refractive index and
the absorption coefficient, respectively. and /7 1s the
light intensity. n> and % are related to the third-
order susceptibility by 2= (3 dey Rey'? and
27 (3w 2eony e ) Imy 3, respectively. where Rey™
and Imy“*" represent the real part and the imagin-
ary part of ¥'¥. A large index change. for instance.
may result in considerable non-lincar phase changes.
The non-lincar directional coupler and the optical
bistability device can be made on the basis of such
optically induced phase changes.

Recently, composite glass materials doped with
nanometre-sized microcrystallites have bhecome of
current interest as non-lincar materials because
of their relatively large third-order non-lincarities
and fast response time. Two types of composite
glass are presently of interest and intensely studied.
Onc is glass doped with semiconductor micro-
crystallites and the other is glass doped with small
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metal particles. The present paper reviews the non-
linear optical properties of these composite glasses.

2 GLASS DOPED WITH SEMICONDUCTOR
MICROCRYSTALLITES

2.1 Non-linear susceptibifities

One of the most famous glasses doped with semi-
conductor microcrystallites is commercially avail-
able as sharp cut filter glass. The present interest in
these glasses was initiated by Jain and Lind,? and
research was first concentrated on these glasses.
They reported that the third-order non-linear sus-
ceptibilities ¥*) of these glasses were measured to
be 10-°-1078 esu in a degenerate four wave mixing
(DFWM) experiment. Yumoto et al? observed
optical bistability switching in a sharp cut filter
glass with rise and fall times of 25 ps. The third-
order non-linear susceptibility ¥*) was estimated to
be 1.3x 1077 esu from this experiment.

In the fabrication process of sharp cut filter
glass, semiconductor materials (CdS and CdSe) are
added to the batch materials in the form of CdO,
CdS and elemental sulphur or selenium. The batch
is typically melted within the range of 1300-
1400°C and then formed using conventional cast-
ing techniques. Upon subsequent heat treatment,
the dopant forms microcrystallites of CdS.Se; .
with a typical diameter of 2R=10 nm inside the
glass matrix.* Two quantum confinement regimes
may be considered as origins of non-linear
enhancement of semiconductor in these glasses,
depending on the relative values of the sphere
radius R and electron and hole Bohr radii (a.;, =
h’ejmeyn €°),>° where ¢ is the semiconductor
dielectric constant and m,, is the electron or hole
effective mass.

In the weak confinement case, which corre-
sponds to the conditions of radius R larger than
Bohr radius, the Coulomb interaction is retained
and the exciton is confined. In this case, discrete
sub-bands of the exciton with lower energy levels
are formed, and the space filling effect is the origin
of non-linearity. The non-linear susceptibility x®
can be given by the following equation:’

1 = {vV2/m 1Pl a0y R} o~ 0} @)

where P, 1s the dipole moment of transition, Aw, is
the exciton energy, ¢(0) 1s the wave function of the
exciton at an origin, and R and p are the radius
and volume fraction of semiconductor micro-
crystallites, respectively. Appropriate examples are
provided by the glass doped with CuCl or CuBr
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microcrystallites.® Recently, the third-order non-
linearity of 1x107° esu was measured for the glass
doped with CuCl microcrystallites with a radius in
the exciton confinement range.’

In the strong confinement case, microcrystallite
radius is smaller than Bohr radius, and both elec-
tron and hole confinement were assumed to be
dominant relative to the Coulomb interaction.'”
This results in a splitting of both the valence and
conduction band into a series of sub-bands. This is
appropriate for glasses doped with CdS or CdSe
microcrystallites with a radius of 10 nm.® The
band filling effect qualitatively explains the non-
linearities of these glasses well. In this case, the
non-linear susceptibility ¥ is given by the follow-
ing equation:’

X3 = {3p|1>(,v|4}/{47rR3 h3(a)*w1)3}, (%)

where ho; is the lowest energy of the electron.
Hiraga et al.'' have recently doped a large amount
of CdSe microcrystallites into the zinc-phosphate
glass matrix. As shown in Fig. 1, the third-order
non-linear susceptibility %* on the order of
107 esu was obtained for these glasses.

The investigation for new fabrication tech-
nologies of non-linear glass materials has also pro-
ceeded at a rapid pace over the last few years. The
precipitation process in porous glass, sol-gel pro-
cess, and physical or chemical vapour deposition
process have been applied successfully to the
preparation of semiconductor-doped glasses with
a significant quantum sized effect. Table 1 sum-
marizes the non-linear characteristics of various
glasses made by these new glass fabrication pro-
cesses, 2491216

2.2 Non-linear response time

The response time of the glass doped with semi-
conductor microcrystallites is usually hmited to
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Fig. 1. The third-order non-linearity ¥ as a function of
CdSe microcrystallite concentration.'’
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Table 1. Non-linear characteristics of semiconductor-doped glasses made by new fabrication processes

Non-linear susceptibility

Response time

Dopant Process 1 (esu) T(s) Refs
CdSSe [MH] 1.3%x10 ° 25x10 12 3
CdSSe {MH] 1.3%x10 8 2
CuCl [MH] 1.10 © 9
CdSe [MH] 1%10 © 100x<10 12 4
CdTe [MH] 5-10 7 12
CuBr [MH] 10 7 9
CdsS [PP] 25«10 13
Cds [SG] 10 © 14
CdS [SG] 3<10 17 15
CuCl [SG] 10 8 16

[MH]: Melt-guench end heat treatment, [PP]: Porous process, [SG]: Sol-gel process.

100 ps because of the existence of trap levels with
long lifetimes within the gap. These trap levels,
which are most likely caused by surface or inner
defects of the semiconductor microcrystallites. seem
to affect the band-to-band recombination process.
The existence of such trap levels 1s known by the
fact that the glass shows very intensive photolumi-
nescence spectra caused by trap levels in the near-
infrared region. As shown in Fig. 2. the photo-
luminescence spectrum consists of two features:!'” a
narrow band ncar the absorption edge and a broad
band in the longer-wavelength region. The former 1s
usually assigned to the direct recombination of the
excrted carriers to the valence band and the latter
to the radiative recombination via the trap levels.

Several groups have attempted to modifv such
trap levels. Hata ¢z «/."™ have found that when a
CdSe-doped phosphate glass is treated with H-O,
the broad photoluminescence band disappears and
the narrow photoluminescence band near the
absorption edge increases. as shown in Fig. 3. This
result indicates that, upon H-O treatment. H-O
diffuses in the glass matrix as OH™ and neutralizes
the trapping sites such as Sc vacancy at the micro-
crystallite surface. The luminescence decay time is.
however. or the order of 10 ns and is longer than
that of the untreated sample.
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Fig. 2. Photoluminescence spectrum of CdSe-doped glass
(R =20 nm) (50Zn0O 50P-Os+4CdSc (mol%u)).

Ohmi ¢r «l.'" have recently developed glasses
doped with a large amount of CdTe micro-
crystallites using the CdO- ZnO- P-Os system. The
photoluminescence spectrum consists of only onc
narrow peak near the band edge, as shown in Fig.
4. suggesting the absence of trap levels mn this glass
in contrast with the glass doped with CdSSc or
CdSe microcrystallites. Figure S shows the photo-
luminescence decay curve of CdTe-doped glass
compared with that of CdSc-doped glass.
Although the slow decay element (us) disappeared.
as expected from the results m Fig. 4, the fast
decay element (sub-ns) observed in the C'dSe-doped
glass also disappceared.

Another interesting effect for a modification of
response time is the “"Photo-Anncaling (PA) Effect™.
This effect causes a permanent decrease in both y
and response time upon intense laser irradiation,
and 1s sometimes accompanied bv a permanent
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Fig. 3. Photoluminescence spectra  of  C'dSe-doped
before and after H-O treatment. '™
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decrease in transmission. Figure 6 shows photolu-
minescence decay curves of CdSe-doped glass
before and after 30 min. irradiation. The lumines-
cence decay time decreases upon laser irradiation.
Mitsunaga er al. found that the decay time of
DFWM signal intensity of a sharp cut filter glass
(HOYA R64) is on the order of 1 ns immediately
after laser irradiation.'® This component is, how-
ever, reduced dramatically with irradiation time
and it becomes almost completely suppressed after
3 h of irradiation. The ultimate recombination time
was estimated as 7 ps, which is 200 times shorter
than in an unirradiated sample. An important
advantage of this effect is that the decay time of the
non-linear response decreases by one to two orders
of magnitude, whereas x*’ decreases by one third.

The PA effect is not well understood and more
experiments are needed to explain it. This effect
was first explained as saturation or elimination of
trap levels upon laser irradiation, based on the fact
that luminescence via the trap disappeared after
laser irradiation.?® This interpretation is, however,
inconsistent with the decay behaviours of CdTe-
doped glasses or H,O-treated glass upon laser
irradiation. Furthermore, as shown in Fig. 7, pho-
toluminescence decay is slow for these trap-free
glasses and no changes in the decay behaviour have
been observed upon laser irradiation.?! Tomita et
al.* recently attributed the PA effect to the crea-
tion of a new non-radiative decay route of the
carriers from the trap levels upon laser irradiation.
Malhotra et al.>* also proposed a model in which
some of the electrons in the trap levels are re-excited
by a high-intensity beam to states created in the
glass host matrix and relax non-radiatively.

As has been reported in several studies,”” 2 the
energy level diagram proposed for CdSe- or
CdSSe-doped glass is a three-level system including
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Fig. 4. Photoluminescence spectrum of CdTe-doped glass
(20CdO-30Zn0O-50P,05 + 10CdTe)."?
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the valence band, the conduction band and the
trap level, as shown in Fig. 8. Excited carriers in
the conduction band will either relax directly down
to the valence band at a relatively slow decay rate
(ns) or will decay to the trap level non-radiatively
at a fast decay rate (sub-ns) and then return to the
valence band at a slow decay rate (pus). The PA
effect has been explained by the creation of a dif-
ferent kind of trap opening an additional channel
for non-radiative recombination of the excited
carriers, or by the creation of a new non-radiative
decay route of the carriers from the trap level.?! 3
The relatively slow decay rate of CdTe-doped glass
is probably caused by the absence of fast non-
radiative decay from the valence band to the trap
level.?! Upon laser irradiation, no change in the
decay behaviour has been observed in the CdTe-
doped glass, suggesting that the PA effect could
well be interpreted as the creation of a new channel
for non-radiative decay of carriers from the trap
level.

3 GLASS DOPED WITH SMALL METAL
PARTICLES

3.1 Non-linear susceptibilities

Composite glass doped with small metal particles
(10 nm diameter) is also a very attractive optical
non-linear material for optical switching and com-
puting because of its ultrafast non-linear response.>
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Fig. 5. Photoluminescence decay curves of CdSe- and CdTe-
doped glasses.!?
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Most of the available literature on the silver and
gold colloids report that the non-lincar response is
shorter than the laser pulse duration of several
ps.”> 2% which appears to be sufficient for use as
non-linear materals.

The large third-order susceptibility 3 of these
glasses 15 attributed to local field enhancement
near the surface plasmon resonance of the metal
particles by Hache and co-workers.”®>7 The local
clectric field £, mside the particles, which usually
differs from the applied field £, is given by the
well-known formula:™

Eoo- 3eqg by Hemiwy = 2eg{w)} = fitw)Ey. (6)

<, e’y 1s the dielectric constant of
the metal particles. ¢4 1s the dielectric constant of
the matrix material and fi(w) is defined as the local
ficld factor. The non-linear susceptibility % of
such @ composite can be written as:

where ¢, -

5

s ) )X (7)

where p is the volume fraction of metal particles in
the composite materials and y,,*" is the optical
non-lincar susceptibility of a metal particle itself.
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Fig. 6. Photluminescence decay curves of CdSe-doped glass
betore and after 30 min. irradiation !
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Fig. 7. Photoluminescence decay curves of CdTe-doped glass
before and after 30 min. irradiation.”’
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Since the local field factor fi(w) enters into the
expression for ' to the fourth power. a large
enhancement is expected in the non-lincar suscep-
tibility near the plasmon resonance frequency o,
for which:

J S
‘Lm(w*)J’—“"l 0. 8

Another essential contribution to the non-linear
susceptibility is x,,". There arc threc mechanisms
that can contribute to the non-lingarity: intraband
transition, interband transition and the hot elec-
tron effect.>> 27 Based on the fact that there is no
substantial size dependence of ¥,,'*'. the non-lincar
response of metal particles is thought to be caused
by noncquilibrium clectron heating (hot electron).”®
The pump pulsc energizes the conduction clec-
trons, resulting in high electronic temperature
while the lattice remains cool. This electron heating
leads to Fermi smearing, which affects the transi-
tion probability of the d-band clectrons to the
conduction band energies ncar the Fermi level.
lcading to changes in the reflectivity at the surface
of the metal. The hot clectron gas cools to the
metal lattice through electron phonon scattering in
2 3 ps. The value of y,,*” measured by Ricard er
al> is 1.5x10 Yesu for gold particles and
2.4x10 “esu for silver particles. Despite these
encouraging results, the value of ' for the com-
posite glasses arc on the order of 10 '* esu.
because of the very small volume fraction p on the
order of 10 °.

Recently the investigation of new fabrication
technologies offers high non-linear susceptibilities
of composite glasses doped with metal particles.
Table 2 summarizes the non-linear characteristics of
various composite glasses made by these new glass
fabrication processes.> 2" % Uchida ¢r /. have
also recently developed glasses containing a higher
amount of thermally developed copper and silver
metal particles.®™ Glass was prepared by melting
and heal-treatment processes. A transmission clec-
tron micrograph of a Cu-doped glass after treat-
ment is shown in Fig. 9. Most of the metal particles

CdS.CdSe CdTe

10ns 10ns

Fig. 8. Enecrgy level diagrams of glasses doped with semi-
conductor microcrystallites.”!
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Table 2. Non-linear characteristics of metal-doped glasses made by new fabrication processes

Non-linear

Response Non-linear susceptibility
susceptibility time of metal
Metal Process 13 (esu) 1 (ps) 1> (esUu) Refs
Au [MH] 28 15x1078 25
[MH] 55x10° 1" 5x10°8 27
[SPT] 1.3x10°7 30
[IMP] 1.2x1077 8x10°8 31
[SG] 7.7%x10°° 6x10°8 32
[SPT] 35x10°8 3x10°8 33
[IMP] 25x10 M 7x10°8 33
[IMP] 1.7x10-10 35 34
[SPT] ~1077 35
[SG] 25x10°8 36
[SPT] 5-20%10-8 37
Ag [MH] 2.4x10°° 25
[MH] 9%x10-8 2-4x10-° 38
Cu [MH] 1.3x10°7 1-2x10-% 38,39
[SPT] 4x10°° 40
[IMP] 8.4x10°1° 4-50x10° 41
[IMP] ~10-8 42,43
a-P [IMP] 5x10-" 44
Sn [IMP] 3x10°¢ 45

[MH]: Melt-quench and heat treatment, [SPT]: Sputterint, [IMP]: lon implantation, [SG]: Sol-gel process.

appear as dark spheres of roughly 100 A diameter.
Figure 10 represents the dependence of ¥® on the
pumping wavelength together with the absorption
spectrum. The value of x® exhibits a peak at
almost the same wavelength as the plasmon reso-
nance wavelength. The maximum value of ¥ is on
the order of 10~7 esu, which is surprisingly large
compared with values in metal-doped materials
reported in other publications. The numerical esti-
mation of yx, for copper particles was 2-
4x107% esu and roughly independent of particle
size. This value is larger than those of the other
noble metals, which may be because of the differ-
ences in the hot electron contribution and inter-
band contribution to the plasmon resonance.

Near the plasmon resonance frequency o, the
local field factor becomes:?7-37:46

Flex) = 3ea/ey, = 3my /ey, 9)

Fig. 9. TEM image of 50P,0s-50BaO-6SnO glass doped
with 6Cu,0Q.%

where nyq is the refractive index of the matrix
material. By using the expression for absorption
coefficient:?’

a = plw)|fi e, (10)

the materials figure of merit, ¥®/a, can now be
written as:%0

X ~ ngs;;dxfg). (1)

In contrast, the size dependence of €’ is given by:4’
p mliS 8 y

en(R) =&l + A(w)/R, (12)

m

where ¢/, is the imaginary part of dielectric con-
stant of bulk metal and R is the particle radius.
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Fig. 10. The dependence of x® on the pumping wavelength:
50P,05-50Ba0-6Sn0 glasses doped with 6Cu,0.38
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Fig. 11. Figure of merit, ' 2. as a function of particle size.

From this cxpression, a large figure of merit is
expected by increasing particle radius or by
increasing refractive index of the matrix material.
The materials figure of merit. ¥/, is roughly
independent of absorption coefficient x, but
increases  with increasing  particle radius  and
reaches 2x10 ' for R=3500 A, as shown in Fig.
11.% The cnlargement of /o owing to the
enlargement of refractive index of the matrix
material was observed for Au-doped SrTiO; and
BaTiO: thin films*” and for Cu-doped glasses with
high refractive indices.*¢

3.2 Non-linear response time

Tokizaki ¢r al showed that the plasmon reso-
nance peak was broadened upon intense pump
pulse irradiation. Time response of optical density
change at the plasmon resonance peak is negative
with a4 time constant of 1 ps, followed by change
with a longer delay time. The slower component is
~ 150 ps and depends weakly on the metal particle
radius. The tast component is most likely the result
of the relaxation dynamics of hot electrons from
the non-equilibrium heating state through the
clectron-phonon interaction. The slower compo-
nent can be explained by diffusion of heat from
metal particles to the glass matrix.*

4 SUMMARY

Non-lincar optical properties of composite glass
materials doped with nanometre-sized micro-
crystallites are reviewed. The non-hnearities of the
glass doped with semiconductor microcrystallites
mainly originate from quantum confinement and
band filling effects and are now on the order of

RhE|

[0 ®esu as a result of progress in new glass
fabrication technologies. Photo-anncaling effects
are now Intensely studied for a modification of
the response time. The non-linear susceptibilities
of the glases doped with small metal particles
originate from the local field effect and non-
cquilibrium electron heating effect. and arc on the
order of 1077 esu. The non-linear response is
shorter than 1 ps.

A part of the work reported in this review was
performed under the management of the Japan
High Polymer Center as a part of the R and D of
Nonlinear Photonics Materials supported by
NEDO (New Energy Industrial Technology
Development Organization).
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