
Non-linear Glass Materials 

Yoshiyuki Asahara” 

1 INTRODUCTION 

There is ;i great deal of intcrest in developing 
high-speed and lob,-pon,er optical devices for 
future optical signal processing and optical com- 
munication 4ystw1s. These dcviccs make use of 
non-Iincur processes which generally occur in 
material\ a~. high optical intensities.’ The polar- 
i7ation CP) indimd in ;I medium by an external 
optical clcctric ticld (L+l is expressed h\ the 
pot+ t’i- seriw 

u hcrc c‘,, i5 the clcctric pcrmittivity in vacuum 
and 7.1 ’ ‘. x1.!’ ;,,,(j $1’ arc. respectively, the first-. 
second- and third-order susceptibilities. The first 
term in the c\prcssion expresses the linear opti- 
cal propertlcs. whereas the higher-order terms 
give rise to ;I larzc number of non-linear effi’cts. 
In ;III isotropic medium such as glass. the non- 
linearit\ is mainly caused by the third-order 
term of eqn ( I ), Since the polarization and the 
rcfractI\,c indes arc rclatcd to each other. third- 

order non-linearity is often csprcssed III terms of 
opticall) induced refracti\ c indc* 8~hangc and 
absorption change: 

where H(, and t/() arc the linear rcfracti\ c index and 
the absorption coefficient, rcspccti\el>. ,tnd I is the 
light intensit\. 11~ an d ^A? arc rclatcd to the thirci- 
order susccptibilit\ by 11~ zz (3 +,,I/,,~c)RL’x( ” and 
“A- (30 3c,,/l,,~c,~)ImX”‘. respectiveI>. where Rex”’ 
and Im$” represent the real part and the imagin- 
ary part 01’~ ‘I) A large index change. UOI- instance. 
may result in considerable non-llncar pha~ changes.’ 
The non-linear directional coupler and: the optical 
bistability device can be made on the basis of such 
opticall> induced phase changes. 

Recent.ly, composite glass material\ doped with 
nanometrc-sized microcrystallitc~ ha\ c hccome of’ 
current interest as non-linear materi~rl~ bccausc 
of their relatively large third-order non-lincarities 
and fast response time. Two tbpcx of‘ composite 
glass arc presently of interest and intcnscly studied. 
One is glass doped with \cmiconductor micro- 
crystallitcs and the other is glass doped \vith 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 susceptibilities 

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,2 and 
research was first concentrated on these glasses. 
They reported that the third-order non-linear sus- 
ceptibilities x(3) of these glasses were measured to 
be 1 OPy-1 O-8 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 xc’) was estimated to 
be 1.3x 1 Opy 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.4 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 (ue,h = 
/?&/r&h e2)? where t: is the semiconductor 
dielectric constant and me,h 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 xc”) 
can be given by the following equation:’ 

Jp) = { (Z~/n)4l~~~~~‘Q(o)4pR~}/{ h3(o - w.$} (4) 

where P,.,, is the dipole moment of transition, tzw, is 
the exciton energy, 4(O) is 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 

microcrystallites. 8 Recently, the third-order non- 
linearity of 1 x lop6 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 IO nm.6 The 
band filling effect qualitatively explains the non- 
linearities of these glasses well. In this case, the 
non-linear susceptibility x”) is given by the follow- 
ing equation:’ 

where /zo, is the lowest energy of the electron. 

Hiraga et al. I’ 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 x(“) on the order of 
1O-6 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 24.9.13 16 

2.2 Non-linear response time 

The response time of the glass doped with semi- 
conductor microcrystallites is usually limited to 
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Fig. 1. The third-order non-linearity ~“1 as ;f 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 susceptlbilitk Response time 
Dopant 

CdSSe 
CdSSe 
CUCI 
CdSe 
CdTe 
CuBr 
CdS 
CdS 
CdS 
CUCI 

Process 

[MHI 
[MHI 
[MHI 
[MHI 
[MHI 
[MHI 
[PPI 
[SGI 

;z:; 

x13’ (esu) 

1.3X10 9 
1.3rlO 8 
1110 6 
IrlO fi 

5x10 ’ 
7 

2.5*11: ” 
IO (i 

3qlO ‘” 
10 R 

[ MH]: Melt-cluench end heattreatment, [PP]: Porous process, [SG]: Sol-gel process 

100 ps hccausc of’ the existence of trap levels with 

long lifctimcs wilhin the gap. These trap levels, 

\\,hlch are most likely caused by surface ol- inner 
defects of the semiconductor microcrystalliteb. seem 
to affect the band-to-hand recombination process. 
The existence of such trap levels is known by the 
fact that the glass shows lerv intensive photolumi- 
nesccncc spectra caused by trap levels in the near- 
infrared reflo”. As shown in Fig. 3. the photo- 
luminescence speclrum consists of two features:” ii 
n;lrroM’ band near the absorption edge and a broad 
hand in the lon~cr-.wavelength region. The former is 
u~u;~ll~ ;issigncd to the direct recombimltion of the 

cscitcd carrier:; to the valence band and the latter 
to the radiative recombination via the trap le~~cls. 

Several groups have attempted to modif!, such 
trap levels. Hata ,.‘t (il. Ix have found that u,hen a 
CdSe-doped phosphate glass is treated with HZO, 
the broad phol.olilminescence band disappears and 
the narrow photoluminescence band near the 
ahscjrption edge increases. as shown in Fi_g. 3. This 
result indicates that, upon Hz0 treatment. H?O 
diffuses in the slash matrix ;IS OH- and neutralircs 
the trapping 4tcs such as SC tacancy at the micro- 
crystallite surface. The luminescence decay time is. 
hoMevet-. or Ihe order of IO ns and is longcr than 
that of the untreated sample 
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/ 

* 
‘1 

/ ‘\ \ 
‘Y, 

-L _ I- 1__~_._1__. _ 1.---l-- 

600 800 1000 

WAVELENGTH (nm) 

5 (s) Kefs 

25x10 ‘* 3 
2 
9 

100Y10 l2 4 
12 
9 

13 
14 
15 
16 

Ohmi c’t (I/.” have rccentl1 dcvclopcd glasses 
doped with ;I large amc)unt 01’ C’dTe micrn- 

crytalliles using the Cd0 ZnO P,Oi \>stem. The 
photoluminescence spectrum consists 01‘ only one 
narrow peak near the band edge. ;IS sho~,n in Fig. 
3. suggesting the absence of trap levels III this glass 

in contrast with the glass dopc~l with CdSSc 01 
C‘dSe microcrystallites. Figure 5 4101~s the phato- 
luminescence decay curve of C’dTc-doped glass 
compared with that of (‘JSe-doped &lss. 
Although the slow decay element (11s) disappeared. 
as expected from the results in I-ig. 4. the fast 
decay element (sub-ns) observed 111 the (‘rise-doped 
glass also disappcarcd. 

Another interesting effect for ;I m<~c.litication ol‘ 

response time is the “Photo-Anncalinlr (PA) Fffcct”. 
This effect causes ;i permanent decrcac ~II both x”’ 
and response time upon intense laher Irradiation. 
and is sometimes accompanied bv .I pcrnianent 
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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 et 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. I9 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 HzO-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,“’ 24 the 
energy level diagram proposed for CdSe- or 
CdSSe-doped glass is a three-level system including 

,ill,l,,l,,,,,,,i,,,,,1,,1,11- 
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Fig. 4. Photoluminescence spectrum of CdTe-doped glass 
(20CdO-30ZnO-50Pz05 + lOCdTe).‘* 

Fig. 5. Photoluminescence decay curves of CdSe- and CdTe- 
doped glasses. I 2 
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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 (ps). 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.” ” 
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 
level. 

trap 

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.25 

(a) CdSe-doped glass 
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(b) CdTe-doped glass 
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Most of the available literature on the silver and 
grjld colloidx report that the non-linear response is 
shorter than the laser pulse duration ot’ several 

p’.7i Js which appears to hc sufficient for USC as 
non-lineal, matcrialx. 

The larjgc third-order susceptibility x’ ‘) c>f these 
gl~scs is attributed to local field enhancement 
near the ?,uri‘acc plasmon resonance of the metal 
particles b! Hachc and co-workers.2h.‘7 The local 
elc%ctric ticld L, inside the particles. which usually 
differs from the applied ticld I?(,, is given by the 
\vcll-kno\zn formula:” 

I.‘, .3,,, (,,I/:‘,, ‘{~-,,,i~~~I - 7P,,(W} = /,lw)E,,. (6) 

L\zlicrc t‘,,, cl,,, *+it.“,,, is the dielectric constant of 
t tic metal p~irticlcs. F,~ is the dielectric constant of 
rhc matrix material and /,((I)) is defined as the local 
tield factor The non-linear susceptibility x”) of 
4uc.h a composite can be written as: 

1: - /‘l/,icui,~f~(w)~~~‘. 171 

where 1’ is the \.olume fraction of metal particles in 
the compohltc materials and x,,,(” is the optical 
non-tincar \usceptibilit?, of ;I metal particle itself. 

;I) filter glass 

-__- _~ _-_- i I,) ( ‘tl I‘e-doped glass 7 

L- LJI1.I 
(1 10 20 

Time (ns) 

Fig. 7. Photolul~7inescence decay curves of CdTe-doped glass 
hefclrt anal after 30 min. irradialion.” 

Since the local field factor /,((!)I enters into the 
expression for x “) to the fourth power. a large 
enhanccmcnt is expected in the non-lincar SLISCC~- 

tibility near the plasmon resonance frequency (11, 
for which: 

Another essential contribution to the non-linear 
suscepr.ibility is xl,, (‘) There are three mechanisms 
that can contribute to the non-linearit!: intraband 
transition. interband transition and the hot clec- 
tron effect.li :’ Based on the fact that there is no 
substantial sire dependence of y,,,,’ I’. the non-tincar 
response of metal particles is thought to be caused 
by noncquilibrium electron heating (hot electron).” 
The pump pulse energizes the conduction clec- 
trons, resulting in high electronic temperature 
while the lattice remains cool. This electron heatins 
leads to Fermi smearing. which aff-ccts the trunsi- 
tion probability of the d-band electrons to the 
conduction band energies nc;~r the F’ermi le~cl, 
leading to changes in the rcflcctivity ;II the surface 
of the mctat. The hot electron gas cools to the 
metal lattice through electron phonon \cattcring in 

2 3 ps. The value of x,,,(~) meacured h! Rtcard PI 
U/? is 1.5x IO ‘) esu for gold particles and 
3.4x IO ” csu for silver particles Dcspitc these 

encouraging results. the value of y,(” tbr the com- 
posite glasses arc on the order of‘ IO ” esu. 
because of the very small volume f‘ractlon p on the 
order of 10 (I. 

Recently the investigation of nc~ fabrication 
technologies offers high non-linear >usccptibilitics 
of composite glasses doped witlh metal particles. 
Table 2 summarizes the non-linear characteristics ot 
\,arious composite glasses made by these new glass 
fabrication processes.2i.27,3(’ ” Lchida (‘f (I/. have 

also recently developed glasses containing a higher 
amount of thermally developed copper and silver 
metal particles.3x Glass was prcparccl by melting 
and heat-treatment processes. A transmission clec- 
tron micrograph of ;I Cu-doped glass after treat- 
ment is shown in Fig. 9. Most of the metal particles 

CdS.CdSe C d T e 

IO I 

Fig. 8. Energy level diagrams 01‘ gla5~es doped with semi- 
conductor micrc~crl/stalt~te\.” 
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Table 2. Non-linear characteristics of metal-doped glasses made by new fabrication processes 

Metal 

Au 

kl 

CU 

a-P 
Sn 

Process 

[MHI 
[MHI 
[SW 
[IMP1 
WI 
W’TI 
[IMP1 
[IMP1 
WV 
WI 
[SW 
[MHI 
[MHI 
[MU 
WTI 
[IMP1 
SMPI 
[IMP1 
[IMP1 

Non-linear 
susceptibility 

xt3) (esu) 

5.5x10-” 
1.3x10-7 
1.2x10-7 

7.7x10-9 
3.5x10-9 
2.5x10-” 

1.7x1o~‘o 
-10m7 

2.5x1 0m8 

9x1o-8 
1.3x10-7 

4x10-9 
8.4~10-‘~ 

-IO-@ 
5x10-” 
3x10-6 

Response 
time 

z (PS) 

28 
5 

35 

Non-linear susceptibility 
of metal 

Xm(3)(esu) 

1.5x10-8 
5x10-8 

8~10~~ 
6~10~~ 
3x10.9 
7x10-8 

Refs 

5-20x 1 O-@ 
2.4x1 O-’ 

2-4x1 o-9 

1 1-2x10-s 

4-50x10~9 
5 

25 
27 
30 
31 
32 
33 
33 
34 
35 
36 
37 
25 
38 

38.39 
40 
41 

42,43 
44 
45 

[MH]: Melt-quench and heat treatment, [SPT]: Sputterint, [IMP]: Ion implantation, [SG]: SoILgel process. 

appear as dark spheres of roughly 100 A diameter. 
Figure 10 represents the dependence of xc3) on the 
pumping wavelength together with the absorption 
spectrum. The value of xc3) exhibits a peak at 
almost the same wavelength as the plasmon reso- 
nance wavelength. The maximum value of ~(~1 is on 
the order of lo-’ esu, which is surprisingly large 
compared with values in metal-doped materials 
reported in other publications. The numerical esti- 
mation of xrn (3) for copper particles was 2- 
4x 10e6 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:27*37,46 

Fig. 9. TEM image of 50P205-50BaO-6SnO glass doped 
with 6Cu20.-‘s 

Fig. 10. The dependence of xc3) on the pumping wavelength: 
50Pz05-50Ba0-6SnO glasses doped with ~CU~O.~~ 

where &j is the refractive index of the matrix 
material. By using the expression for absorption 

(10) 

the materials figure of merit, x(“)/cr, can now be 
written as:46 

5 rr-3 (3) 
N %&, xm 

In contrast, the size dependence of E; 

E;(R) = &Lb + A(w)/R. 

(11) 

is given byL4’ 

(12) 

where E$,, is the imaginary part of dielectric con- 
stant of bulk metal and R is the particle radius. 

$7000 
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C 

(a)cu 
I 

R.T. I 
-Heat-Treated at 

440°C for 65hr 

480 580 680 

Wavelength (nm) 



3X1 

1 p 

E 
z 
Q) 

e 10-l' 
. . - 

0 

x 
- 

10-l* 

- 
I r 

(a) Cu R.T. 
h: 565-580nm 
D.F.W.M. (7ns) 

lOOkW/cm* 

t9 

- I 

10 100 

Radius ( A ) 

From this cxprcssion. a large figure of merit is 
cxpccted by increasing particle radius or bq 
Increasing refractive index of the matrix material. 
The matcriali figure of merit. ~‘~‘,‘cr. is rough11 
Independent ot absorption coefficient 2, but 
increases with increasing particle radius and 
reaches 2r 10 ” for R = 500 A, as shown in Fig. 
II 7x The znlargcment of ~(~‘/a owing to the 
enlargement of refractive index of the matrix 
material has observed for Au-doped SrTiOi and 
HaTiO: thin films”’ and for Cu-doped glasses with 
high refractive indices.4” 

3.2 Non - l;near response time 

Tokizaki (,I rrl.“’ showed that the plasmon reso- 
nance peak was broadened upon intense pump 
pulse irradiation. Time response of optical density 
change at rhe plasmon resonance peak is negative 
\sith a time constant of 1 ps, followed by change 
with a longer delay time. The slower component is 
- 150 ps ad depends weakly on the metal particle 
radius. The fast cl.>mponent is most likely the result 
of the relaxation dynamics of hot electrons from 
the non-equilibrium heating state through the 
electron--phonan interaction. The slower compo- 
nent can bc explained by diffusion of heat from 
metal particles to the glass matrix.“” 

4 SUMMARY 

Non-linear optical properties of composite glass 
materials doped with nanometre-sized micro- 
crystallites are reviewed. The non-linearities of the 
glass doped with semiconductor microcrystallites 
mainly originate from quantum confinement and 
band filling effcc1.s and arc now on the order of 

IO " esu as a result of progress in new glass 
fabrication technologies. Photo-annealing effects 
are now intensely studied for a modification ot 
the response time. The non-linear susceptibilities 
of the glases doped with small metal particles 
originate from the local field effect and non- 
equilibrium electron heating efTect. and arc on the 
order of IO.-’ esu. The non-linear response is 
shorter than I ps. 

A part of the work reported in this revlew was 
performed under the management ‘of‘ the Japan 
High Polymer Center as a part lot‘ the R and D of 
Nonlinear Photonics Materials supported by 
NED0 (New Energy Industrial Technology 
Development Organization 1. 
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