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Abstract

Third･-Order opticalnon止nearity of glass-based materials

was me8LSured by thrd-harmomic generationand degenerated

four waveⅡlixing method･In nonresonanトtype non止near

glasses,third-Order non止nearityis basicany depending

on the refractiveindex.On the other hand,in resonant-

typeglassesthemagnitudeofx(3)isaslargeaslO-8esu,

whichis comparable the b山k semiconductor without slow

decay time.

Key words:OpticalnonlinearityJglass-based materials,

homogeneous glassesIrefractiveindexI
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1.Introduction

Semiconductor electromic devices are indispensable for the current

electronics systems･工ndustriesImarketsImaSS media and also our

dai1y 迫fe are e血ensively based on the devices,and thus we are in,SO

caned =electromics erall. Nowadays,eCOnOmicsIpOhics industries and

researches come to be borderless and information and various kinds of

data win be expected to be enormous･ To select and arrange the data

for the users,ultra fast processing must be required･ For electrd山c

devices,thelimit of the response timeis intrinsical1y n sec or sub n

sec order. To break thelimit,an Optical system should
be developed

since the responce time can be p or f sec order･ Further,pOSSible
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Parallelprocessingis also a significant advantage.These kinds of

an optical systemis caned as photomic system,and the development of

the new materials for photo血csis strongly demanded.

The electric field(E(w)dependent polarization(P(w))is ex-

恥)=ズ(1)(山)恥))+ズ(2)(山=里+山2)E(輿)恥2)+

ズ(3)(山=輿+り+り)E(里)恥2)E(里)+… 軋

where,X(1)is the血ear opticalsusceptibilityand x(2)and x(3)and
so on are the opticalnonlinear susceptibilities.x(1)relates to the

山1ear refractiveindexno as

ズ(1)=

no2-1

(2)

Among the nonlinear susceptibilities,X(2)and x(3)are quite

important from the magnitude and the functio血g.
x(2)causes second

harmOmic generation,Parametric m出ng and Pockels effect. x(2)in-
trinsical1y exists in the materials without inversion symmetricity. On

the other hand,X(3)can be seenin every materials,and resu比sin

tbird harmomic generationIRaman and Brユlouin scattering and various

WaVe m血1g prOCeSSeS including degenerate four wave miRing.In par-

ticularIOPtical Kerr
effectisimportant since the intensity dependent

refractiveindex results from the effect.The totalrefractiveindex

(n)is expressed using thelinear refractiveindex,nOnlinear coeffi-

cient(n2)andthetimeaveragesquareoftheelectricfield(<E2>)as

n=no+n2<E2>

emdn2(esu)relatestorealpartofx(3)(esu)(Rex(3))as

n2=-Reズ(3)1111←側:叫叫一山)
no

(3),

(4)

Using this effect,a number of all-Opticaldevices such as shutter,

self-mOdulator and rotator seem to be
realizable.x(3)itselfis

expressed as a complex form,

ズ(3)=Reズ(3)+巳mズ(3) (5)

The origins of Rex(3)are caned non-reSOnant tyPeand the others

are resonant-type. Among those,the effects with the fast response

timeand relaxation timeand thelarge x(3)are preferable.From t址s

requests,nOnlinear electron polarization for the non-reSOnant type and

Semiconductor band filling and exciton effect for the resonant type



Third-Order OpticalNonlinearity of Glasses
57

effect can be picked up･Currently,SeVeralkinds of materials are

carididates for
x(3)materials,Which

are organics,Semiconductors,

1iquids,gaSSeS and ceramics including glasses･ The general advantageS

of the glasses are high tranSparenCy,eaSe Of fabrication to fibers or

waveguides,thermaland chemicalstability and high mechanical

慧誓:崇ucごh:≡;.gla器芸eごer芸慧…e霊七三e霊m慧h｡:0≡諾alx嵩
materialsinnon-reSOnantand resonant type･

2.Experiments

2.1Non-reSOnant tyPe homogeneous glasses

x(3)of
the homogeneous glasses was evaluated by the third-harmon-

ic generation(THG)method･Various
homogeneous glasses were uSed for

the THG measurement.Those
were typical chalcogenides(As2S3,GeS3

and

90(mol%)GeS2･10(mol%)T12S),Chalcohalides(98(mol%)As2S3･2(mol%)Ⅰ),

tellurites(PbO-TiO2-TeO2,Li20-TiO2-TeO2),germanateS(Na20-GeO2),

silicates(Na20-SiO2,Li20-SiO2,K20-SiO2,Rb20-SiO2,Cs20-SiO2)and
cdO-COntaiAmg glassesIWhich were prepared from commerciany avaiL

able,analytical-grade
As,S,Ge T12S･Ⅰ,PbO,TiO2,TeO2,Li2CO3,

Na2CO3,K2CO3,Rb2CO3,Cs2CO3,CdO･GeO2 and SiO2 pOWders･After

weigI血g,the chalcogmide and chalcohande glasses were preparedin

evacuated and sealed silica ampoulesin an electric furnace from 850-

900｡c and quenchedin air to room temperature･For oxide glasses,

after weighing the raw materials were mixed and put into Pt-Au cruci-

bles for tellurites and Pt crucible for the others,and then me比edin

air from 850-900｡c for tellurites and from1450-15500c for the others

for aboutlh. The melts were subsequently quenched in air to room

temperature･The surfaces of the bulk glasses obtained were po止Shed

to e止minate surfacelight scattering･

The THG values of the glasses were meaSured using a pump WaVe｢

1ength ofl･9JLm generated from an H2 raman Shifter excited by a Q-

switched Nd:YAGlaser. The pump duration was 5･5ns,the repetition

rate waslOHz,and the peak power density was200MW/cm2･The
details

ofthe experiment can be found elsewhere【1]･

2.2ResonanttyPe Semiconductor microcrystal-doped glasses

semiconductor microcrystals dispersed in a transparent matrix can

exihibit a high resonant-tyPe third-Order nonlinearity･Even
as a

matrix,glasses
are suPerior to other materials such as orgamic poly-

mers because of thermal and chemical stabihty and excenent hardness

and rigidity･Microcrystals of severalsemiconductor such as CdTe,

cdSe,PbSIGaAs,Ge and Sidispersedin
SiO2glass thin films were

prepared by a conventional magnetron rf-Sputtering method･ Suitable

sputtering conditions depend on the semiconductor dopants,eXCept for
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the sputter gas(pure Ar)･the pressure(-10-2Torr),the target and

Substrate separation(50mm),Sputtering time,and the SiO2 target Of
lOcmin diameterlocated beneath the semiconductor chips.Forin-

StanCe,the mean diameter and size distribution of CdSe microcrystals

depend on the input rf power,the substrate temperature and the rela-
tive surface area of CdSe chps to that of SiO2target･Theinfluences

Of those parameters are shownin the Result section. The substrates

used were SiO2 glasses,KBr or single crystals of so-Caned offset Si

Which show nointense X-ray diffraction peak.

The mean Size and size distribution of microcrystals were deter-

mined by two methods･ One was the estimation from the fun width at

half
mabmum(FWHM)of the X-ray diffraction(ⅩRD)止nes and the sec｡nd

WaS the direct observation using transmission electron microscopy

(TEM)･ For the first method,films on offhSet Sicrystals were used.

The XRD patterns were recorded by Sbimadzu XD-610 diffractometer with

Nifihered Cu Kα radiation as a source･The patterns were obtained by

SteP SCanmig with O･050 steps and 40s accumulation time･ No sign廷i-

Cant fluctuation was found for the mean size evaluated from several

times scanming･ TEM measurements were performed with a mtachiH-800

microscope･ The semiconductor-doped films on KBr pe皿ets were soaked

in dist止1ed water to dissoIve the KBr substrates,and then the insolu-

bles were put on a copper mesh･No crystal growth during TEM observa-

tion was seen in tbis experiment. The size distribution was determined

from tens of pictures taken at the various points,and measurement

error was tO･5A･The opticalabsorption spectra were measured for

the films on SiO2 glass substrates with a Shimadzu UV-3100 spectrometer

at room temperature in air･ The reproducibi止ty of the spectra were

COnfirmed by several scannings. Film thicknesses were obtained from

SCanning electron microscope(SEM;HitachiS-2300)pictures.X-ray
photoelectron spectroscopy(ⅩPS;Shimadzu ESCA 750)was used to examine

Chemicalbonding statesand composition of the films.

For the resonant-type glasses,THGis not available,and thus x(3)
and delay time were measured by the degenerate four wave mixing(DFWM)
technique at the 532nm second harmomic generation of a Nd:YAG laser.

The detailcanbe found
elsewhere[2].

3.Results

3･1Non-reSOnant type homogeneous glasses

As pointed out in theIntroductionImOre Orless every homogeneous

glasses have Rex(3) To develope glasses withlarge Rex(3)several
Semiemprical rules are very useful･ Fori∫1StanCe,Miller,s rule,Wbich

is quite conve血entin designhg a glass composition with high Rex(3),
is

Rex(3)=(x(1))4Ⅹ10-10(esu) (6).
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x(3)andrefractiveindexofsome山ghrindexglasses

Glass composition x(3)(esu)
Refractive

index

(633nm)

Chalcogenide glasses

As2S3

NOG-1(Ge-S)

NOG-2(GerAs-S)

NOG-3(Ge-TAs-S)

NOG-4(GerAs-S-Se)

NOG-5(As-S-Se)

Tellurite glasses

20Li20･5TiO2･75TeO2

10Li20･10TiO2･80TeO2

10PbO･10TiO2･70TeO2

25PbO･10TiO2･65TeO2

20PbO･5TiO2･75TeO2

10Nb205･10TiO2･80TeO2

15Ⅳb205･10TiO2･75TeO2

TeO2

Gdlate glasses

67PbO･33GaOl.5

10TiO2･60PbO･30GaOl.5

RN

Germanate glasses

GeO2

20Na20･80GeO2

Silicate glasses

SiO2

1ead si止cate glasses

NbO5/2-TiO2-Na20-SiO2

Thus,glasses with

Reズ(3).Tbe ズ(3)

tabulatedin Table

tivelylarge values,

esu)and
As-S-Se

high refractive

values obtained

l.In paticular,

and the largest

(1.4Ⅹ10-11esu)

7.2Ⅹ10-12 2･53

2.0Ⅹ10-12 2･05

3.7Ⅹ10-12 2.22

4.6Ⅹ10-12 2.35

7.0Ⅹ10-12 2.36

1.4Ⅹ10-11 2.55

4.3Ⅹ10-13 2.1

8.0Ⅹ10-13 2･2

2.8Ⅹ10-12 2.20

3.7Ⅹ10-12 2.27

3.6Ⅹ10-12 2.13

1.2Ⅹ10-12 2.18

9.6Ⅹ10-13 2.27

1.4Ⅹ10-12 2.239

7.7Ⅹ10-13 2.260

8.5Ⅹ10-13 2.301

4.2Ⅹ10-13 2.30

1.0Ⅹ10-13 1.645

1.3Ⅹ10-13 1.678

2.8Ⅹ10-14 1.45

4.4-7.5Ⅹ10-14
1･7-2･02

0.7-5.8Ⅹ10-14･1･54-1･95

59

index are expeCt･ed to have high

for various bighindex glasses are

chalcogenide glasses have rela-

-12
can be seen for As2S3(7･2Ⅹ10

glasses,Whichis over 200 times
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Fig.3.DependenceofCdSemicrocrystalssizedistributionon

thesubstratetemperature.

Fig･1･XRDpatterns6fCdTe-dopedSiO2glassthin丘Ims

Preparedbyrf-SputteringmethodwiththeCdTesurfacearea

Of(a)3.1%,(b)4.2%and(c)6.3%,Jocatedonthecenterof
thetarget,and(d)2.0%located3cmawayfromthecenterof
thetarget.
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Fig･4･Microcrystalssizedistributionof(bottom)commercial

filterglassand(top)sputteredfilmsafteroptimization.

Fig･2･VisibletransmissionspectraofthefilmsshowninFig.

1withthesamenotation,andwithabu)kCdTecrystal(e)for

COmparison.
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1arger thanthat of SiO2glass･Among oxide glasses,X(3)of
tenurite

glaises,eSpeCial1y PbO-TiO2-TeO2 glasses,islarger than that of the

Other oxide glasses.

3.2Resonant tyPe Semiconductor microcrystal-doped glasses

Fig.1shows the XRD patterns of as-deposited tI血 films prepared

from the target with relative CdTe surface area
of(a)3･1%,(b)4･2%,

(c)6.3%,located directly on the center of the target,and(d)from the

target with the relative surface area of 2･0%located 3cm away from the

center of the target･ One can see three peaks which are ascribed to

the CdTe(111),(220)and(311)diffractionlines･

are the broadest among the four films,and the mean

microcrystals was estimated to be 22 A･As seenin

sharpness of each peak was significantlyinfluenced

surface area or the location of the cbips. The mean

microcrystals were estimated to be 27A for(b),41A

Allpeaksin(a)

diameter of the

this figure,the

by the relative

diameter of the

for(c) and 62A

for(d).

Fig.2depicts the visible transmission spectra of the filmsin

Fig.1with a bulk CdTe crystal(e)for comparison･ Compared with the

of the crystal(e),the curve(a)containing microcrystals with the

mean diameter of 22A exhibited a blue sIl迂t of about O.15eV. Similar-

1y,blue shifts were observed for the other films and the shiftin-

cresed
as microcrystal size decreased･ This tendency estab止shes the

quantum size effeft on the electronic energylevels of dopants,and

thus the CdTe microcrystals in the films can be considered as quantum-

dots. From XPS observation,nO detectable oxidation during the sput-

tering process of any semiconductor can be seen･

Sputtering conditions influence the microcrystal size distribution

as we皿 as the mean Size. The influence of the substrate temperature

on the distribution for CdSe-doped glass film is shown in Fig･3･As

one can notice,the distribution becomes narrower as the temperature

increases,although tbis tendency depends on the dopants･ Fig･4 com-

pared an optimized distributionin the films with that of a commercial

bu禁filter glass･The sizeis mostly distribute㌔in
the range of40.

80A for the films,and･in the range of 50-150A for the bulk filter

glass･ The differenceis made more obvious in Fig･5･ After the opti-

mization,the standard deviationis almostindependent of the mean

diameter of the microcrystals,andis nearly hdf of that of the com-

mercialfiher glass.

The average DFWM signalas a function of the probe deley time,Td,

for CdSe-doped films from the several times measurementis shwn in

Fig･6･A coherent spike can be seen at delay time Td=O since the

polarizations of the three beams are paranel･ The DFWM signal as a

function of Td Shows biexponentialbehavior with a fast decay component

and a slow decay component.The fasr and slow decay time(Tfand Ts)
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arelO and 60土5 ps,reSPeCtively,and strength of the fast decay

COmPOnentis l.4 times larger than that of the slow one. From these

data,Ix(3)]canbecalculatedtobel.3xlO-8esu.

4.Discussion

4.1Non-reSOnant tyPe homogeneous glasses

Fig.7shows x(3)of various glasses as a function of the refrac-

tiveindex.One canSay that
x(3)depends

on the rafra.ctiveindex as

expectedbyEq.(6),althoughasiglendoes･tumiquelydetermine･X(3･)
To design glass composition withlarge x(3),an understanding of

the contribution ofeachion orion group to
x(3)isindespensable･

Assuming that x(3)is caused by hyperpolarizabinty of the constitu-

ents,the dipole moment of anindividualion can be expressed as【3]

p(t)=α(1)Eloc(t)+(α(3)/6)(Eloc(t))3 (7),

where pis theinduced dipole moment of theion,α(1)is the polariza-

bility
oftheion,α(3)isits

hyperpolarizability,Elocis thelocal

delectric field on theionsand tis the time.For glasses,X(3)is
re

latedtoα(3)by[3]

ズト姉御1,山2,山3)

L(山)L(山1)L(山2)L(山3)

24

=Niα(3)i
i

(8),

where the subscript,i,Stands for the contribution from constituentiI

Niis the number ofiions and L(w)is related to thelocalelectric

fieldand frequently taken to be the Lorentz correction factor:

L(山)=(no2+2)/3 や),

whichis exactly correct for a perfectionic cubic crystalline solid

[3].
Fig･8 shows the composition dependence of x(3)for Na20-GeO2

glasses which show the well-known t,germanatelanormaly,一･Justlike the

refractiveindex,X(3)shows
a mabmum at15mol%Na20･In the Na20-

GeO2 glasses,GeO4,GeO6 and GeO3+NBO(NBO stands for non-bridging

oxygen)areknown
to ejd_St.The contribute of each group to x(3)can

be calculated using Eqs.(8)and(9),and α(3)is2･03xlO-35esu cm3for

theGeO4un比,4･87xlO-35esu cm3for the GeO6umit andl･96xlO-35esu

cm3fortheGeO3+NBOmit･

In alkalisilicate glasses,NBO depends on the content of alkali

lOnS.Itis mathematicanyimpossible to differenciate the
α(3)values

of NBO and that of alkaliions since the ratio of NBO to alkanions is

unchangeable. Thus,itis neceassary to vary the ratio by adding other

components to evaluate the contribution of eachion separatively･In
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alka止 aluminosincate glassesIanJuion consumes one NBO to form an

Al04tetrahedron,WOrking as network former･When A1203<1【4】･In

additon･the values of x(3)andα(3)ofAl203are quite close to those

Of SiO2【5】,and thus the contribution of Alto x(3)canbe quite simi-

1artothatofSi･Inspecific･X(3)ofα-A1203and SiO2glassare

㌫0ニ:i監禁謳4c::uと:器㌫;…ヲ･｡:崇,tニh:a::f…::n芸£
Silicate and alkalialuminosilicate

glasses,theα(3)of each chemical

COnStituentwas calculatedto be(inesu cm3)

a乱〕-Si(叫=0･43Ⅹ灯35,

α監｡-=0･60Ⅹ10~35,

α蛇･=0･6Ⅹ10~35,

α炉=1.0Ⅹ10~35,

α親･=2･2Ⅹ10~35
From the

results,it can be noted that
α(3)of NBOis aboutl.4 times

larger than that of bridging oxygen･ Further,the ernargement of the

ion radius of alkaliion positively contributes to the enlargement of

α(3)and x(3)The values ofα(3)of
Na+is comparable with that of

NBOand those of E+ and Rb+ are evenlarger･Considering the bond

naturein the glasses,theionicityis thelowestin the bridging

OXygenS and the highest in alkanions. The valence electron distribu-

tion can be considered to be mostly sphericalin highlyionicions,

While they are mainly directional in highly covalent bonding. There-

fore,the electrons of alkaliions may easily be distorted by the

StrOng electromagnetic field compared with NBO and bridging oxygens.

Further,the higheriomicity of non-bridging oxygen oxygens may result

in】止gher
α(3)thanthe bridging ones･Among alka止ions,thelarger

ionsare morepolarizableand could havelargerα(3)
Fom above calculation,tO design thelarge x(3)oxide glasses,the

formation of the higher coordination state and the introduction of the

higblyiomicions are found to be effective.

4･2Resonant tyPe Semiconductor microcrystalーdoped glasses

The change Of the energy gap depending on the microcrystal radius

by the quantum size effect can be dividedinto two
categories[6].

When the radius,R,is muchlarger than the Bohr
radius(rB),R/rB>4,

exciton confinement occurs.In this case,the band gap shift(△E)can
be written as

△E=伍/2M)(方/R)2

and Mis the tranSlationalmass as

(10),
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M=me+mh (11),

65

Where五=h/27C;meand mh are the effective mass of an electron and a

hole,reSPeCtively･ When R/rBく2,elecron-hole confinement takes place

and △E canbe expressed as

△E=伍2/2〟)(方/R)2

andJL is th reduced mass as

l/〟=(1/me)+(1/mb)

(12),

(13).

In the case of CuCトdoped glasses(rB=6･8Å),△E should fo止ow Eq･(10)

because of the sman exciton radius,and actuany the behavior satis-

fies Eq.(10)[7].However,the present dopants have a muchlarger

exciton Bohr radii. For instance,the Bohr radius of CdSe is 50A,and

thus it should fol10W he electron-hole confinement theory. Fig.9 shows

the plots of △E versus the reciprocal square of the mean microcrystal

radius･1′R2,for CdSe-doped SiO2glass t鮎n films with the theoretical

CurVeS Of Eqs.(10)and(12). The experimental･Values including datain

the 止terature[8]clearly deviate from both curves. Thus we use the

equation proposed by Eayanuma[9],

△E=竺(ヱ)2-1･786--0･248R;
e2

2〟R どR

R/A

(14),

8 1 ‡ 3

1/Rリ10~3A~2

Fig.9.Plotsofthebandgapshift,AEg,aSafunctionoftheFig･10･PlotsofAEgasafunctionofl/R2withKayanuma's

reciprocalsquareofthemeanmicrocrystaldiameter,1/R2,theoreticalcurveusingvariousvaluesof∈from3to6･
with the theoreticalcurves.0,PreSent data;△,datain

literature
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Where E is dielectric constantand

R;is effective
Rydberg energy･

When rBISlarge enough compared with the polaron radius,E=Eo(eois
the static dielectric

constant)･
Otherwise,E=Eb｡ (e｡<】 is the optical

dielectric
constant). The electron and hole polaron radii are estimat-

ed to be 33･8A and lO･3A,reSPeCtively,based on the angular frequen-

Cy Of thelongミヒudinalopticalphonon･Thus,e Should be eco since rB

for CdSeis 50A The plots of the curves obtained by varying E from 3

to6based on eco of2･1for SiO2and6･23 for CdSe,reSPeCtively,Can

be compared with the experimentaldatain Fig.10.

From this figure,it can be said that E Values between 3 and 5

yield good agreement with the experimental dataIbut the E appearS tO

depend on crystal radiusIR･ Therefore,the Haken potential relating

the dependence of E On particle sizeis used[10]

1 1 1 1

--(---)Ⅹ(1-
ど(r*)ど

･ど ど0

exp(-r*/pl)+exp(-r*/p2)
(f5),

Where
plandf2.are

the polaron radiiofanelectron and ahole,repeC-

tively.and r lS the mean distance between electron and hole.

r*=0･69932R was usedin the present calculation･Fig.11shows the

CurVeS for EtJ=6･23(CdSe)and2･1(SiO2)･As

agreement of theory with the experiment can be

imp止es a significant role of the matrix on the

Semiconductor microcrystals with large exciton

microcrystals).

5.Conclusion

The third-Order non止nearity of

glasses of non-reSOnant tyPeand

resonant tyPe WaS meaSured.From the

results,fo皿owing points are clarified.

With respect to non-reSOnant tyPe

homogeneous glasses.

1)x(3)basicallydependsonthe

refractiveindex of the glasses.

2)The coordination state andio山city

influenceα(3)

3)Thelargestx(3)areintheorderof

lO-11esu.

With respect to resonant type semicon-

ductor microcrystal-doped glasses

=

ミ=
＼

｣｣J

句l=

One Can nOtice,the good

Seen When j的=2･1･It

quantum size effect for

radii(1arger than the

R/A

l川5¢40 30 25 20 !8

! 3

1/Rリ10~3A~2
Fig･11･PlotsofAEgasafunctionofl/R2withKayanuma,s
theoreticalcurveuslngtheHakenpotential.
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1)Quantum Size effectis seenin band

畠ap of doped semiconductor micro-

CryStd5.

2)The size distributionis controlable

by prepatation conditons･

3)The sign迂icantinfluence of the matrix on the quantum size effect

lS Seen.
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