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Antimony sulphoiodide (SbSI) is a semiconducting ferroelectric crystal. The ShSI possesses 
attractive properties, such as high pizoelectric constant, very high dielectric permittivity, and 
high electro-optic coefficient, but it is very difficult to grow a single crystal with bigger size. 
Currently, a method for synthesis of SbSI by liquid reaction bas been developed in our labo- 
ratory. Nanocomposites of SbSI dots in sodium borosilicate glass as well as in organic modi- 
fied silicate (ORMOSIL) matrix have been fabricated by the sol-gel technique. The dot size 
is controlled by processing conditions. The nanocomposites were characterized by x-ray dif- 
fraction and high resolution TEM. Quantum confinement effect was observed on optical 
spectra. Nonlinear optical property, the third order susceptibility x"'. of the SbSl dots-doped 
glasses was measured by four wave mixing method at 532 nm. The value of x ' ~ '  was found to 
be 6 x lo-" esu at this non-resonant wavelength. 

Keywordst semiconducting ferroelectric; antimony sulphoiodide(SbS1) dots-doped glass: 
sol-gel method; the third order susceptibility 

INTRODUCTION 
Nonlinear o p t i d  materials are rcquircd for a tancty 0 1  applicalitas including 

difrcrent electrtroptical deb iccs (such as directional couplcrs, guidcd-\r aic 
intcrfcrometcrs. and optical phl~sc shiftcrs, ctc.)"'. The third-order 

nonlincmt)- c\ists (third order susceptibilit) ~ ( 3 )  # 0)  in all c rysd l inc  and 
amorphous rnalerials. The r e I r a h e  inde\ oi' a ' ' ~ ( 3 1  niatenal" i s  inlensit)- 

dependent. Thc index changc An = n?l i s  prtxluccs b) a change i n  thc inlensit! 

of the optical ficld itsclr. That I S ,  lor a uatcgidc sui tch thc optical signal 

prtxtuccs its own phase shift and hencc dctcrmines i ts  own output channel. 
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depending o n  its power. One of the potential ad\ antages o l  xi3) materials is 

very fast optical response timc(in the ordcr o f  piccr or nano-second)'". An 

important sort o f  thc third-ordcr nonlincar optical matcrials is quantum 
confined scmiconductor materials, including multiple-quantum ucll structurcs 
(QWS) and quantum dots (QD) makrials'". Quantum-confincmcnt cffccl in 
scmiconductor micrtrcrystallitcs can rcsult in no\d optical properties, inaliing 
thcsc ncw matcrials attractivc lor applications in nonlincar optical dcviccs, such 
as strong-wak beam switching, optical data storage, and lasers . QWS 
and QD mntcnds arc grown by MBE or MOCVD'" mcthtxls and have been 
utilimd i n  low-threshold or high powcr GaASlAlGaAs QWS Iascrs. Prcsent 
QWS and QDs matcrials arc not transparcnt in visiblc rcgion that niakcs their 
limitation for applications. Current11 thc nonlincar optical propcrty o f  
scmiconductor QD-dopcd ~ I ~ S S C S  has bccn cnhanccd"'. Howcwr, thc 
rcfractive indcl changc An is not high cnough for practical dc\.ices. 

A thcory lor third-ordcr optical nonlincaritics in semiconductor 
microstructurcs was dcvclopcd"" and agrccd with many cspcrimental rcsulis. 
Bascd o n  thc thcory, thc rcfrxtivc indc\ change 

uhcrc I is thc inknsity 01 light bcam, rt3 i s  thc cn'cctivc Bohr radius of  thc 
e.icitcm, R is the dot size of  the scmiconductor micro-crystallitc, and (Rcx")] is 
thc rcal parts o f  thc "normali/d' third-ordcr susceptibility which dcpends only 
weakly o n  material paramctcrs. In Eq.( 1) 

where c I S  the dielcctric constant o f  thc scmiconducior, p* is thc rcduccd mass 
of clcctron-holc pair, E, is thc cncrgy gap, c i s  clcctron charge, h is Planck 
constmi, and c is light \cltxit\, in \acuum. The clIwti\.e Rohr radius o l  the 
cwi ton 

' 3 .  41 

A d 1  = n2 = K(rl3/R)?[Rcx(')) ( 1 )  

K = (3n101'/XC)(h-'E')/(c'r*'E~~) (3)  

ri3 = rh'/.l;r'p*c' , ( 3 )  
From thc Qs.( I ) ,  (3 )  and ( 3 ) .  i t  is undcrsttwxl that thc change of thc optical 
indc\ Dn i s  niainl) proportional to the lactor o f  (ri3/R)I, and dielectnc 
conqtantr plays a \.cr\. important mlc. I t  IS clear that semiconductor matcnals 
~ i t h  largc Bohr radii ( 0 1  largc E) arc the bcst candidatcs lor strong 
nonlincantics. A possibilitq for incrcasing n? o f  a sciniconductor QD doped 
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SbSI DOTS-DOPED GLASSES [ 3 15111 3 

glass may bc that looking for a scmiconductor which has high Jiclccmc 
constant and doping it in a glass matrix LO form a ncu semiconductor quantum 

Antimon). sulfidc itxiidc (SbSI)'" ')' is thc best canhdatc. This V-VI-VII 

compound SbSl and its lamily including BiSI, BiSBr. cic., arc 
semiconducting fcrrtrlcctncs. Thcy havc relatively narrou cncrp! gap (c.g., 

E, - 1.9-7.0 cV, and absorption cdgc - 650-610 nm lor SbSI). 
Semiconducting lerrcxlcctncs SbSl ha\ c very high diclectnc constant, \cry 
high clcctrtroptical ctrfliclcnt, phottxonducti\ i t), light-lcrrtrlcctric domlun 
clfcct. photorcfractiw cffcct, ctc.. The structural symmetry of SbSl crystal 
belongs to point group mmm (prmlcctric phasc) abovc 22°C and point group 
2mm (fcrrtrlectnc phase) bclou 22°C. 

dots-dopcd glass. 

Thc objwtivc ol' this rcscarch I S  to dc~clop a ncH wmiw)nducting 
fcrrtrlectnc SbSl QD nonlincar optical matcnal which havc higher rclractivc 
indc\ chungc A n  to bc utili/cd lor barious nonlincar optical dc\lccs. 

MATERIAL FA BRlC AT1 ON 

SbSl crystal have gtwxi chcmical stability and thc melting point is 400°C. 

Howcvcr, largc si/c singlc cryshl o f  SbSl cannot bc obtained duc t o  its 
stronglj. anisotropic structurc. During pas1 ycars, various growth techniques 
haw bccn exploitcd to labricatc the SbSl crystal and thin film. By gas-phasc 
rcactlon")' wr). small nccdle-likc (with lcngth along c-axis) of ccstals with a 
bpical cross-scctional xca < I nun? and a Iciv mm in Icngth arc obliuncd and 
thcy arc ttx) smdl l o r  an) applications. Hot-prcsscd SbSl bulk ccramic \\as 

, but it cmnot bc uscd lo r  applications bccausc of thcir brittlcncss. 
SbSl thin films ~ c r c  dcptsitcd by clcctron-beam in Japan"" and b) \acuum 
thcrmal evaporation in USA' "I, Howc\ cr, thcsc thin films wcrc studied lor 
thcir clcclncal but not optical propcflics. On thc contrary to singlc bulk crytd 
g r w  th, synthcsis o f  \ 'cq small crytallitcs o f  SbSl is not dil'ficult. Recently, 
a mcthd lor sinthcsis 01. SbSl b! liquid rcaction wah dc~clopcd i n  o u r  
labora tory. UCLA. 

hcdl 10 I 
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Sb,& In ethanol 

Figure 1 A f l o w  chart lor fabrication oC SbSl dots-dopcd borosilicatc glass 

Thc sol-gel mcthoil ivas chosen for fabrication of the SbSl quantum dots 

cmbcddcd in thc sol-gel dcrivcd glasses. A Ilow chart is shown in Fig. I .  Thc 
prtxcssing for fabrication of SbSl dots-doped glass includes: 1 ) preparation of 

thc NazO-B?@-SiO? gcl matrix b) thc sol-gcl route prtwccds; 9 )  miking the 
N~~O-B~OVSIO:! \vet gcl with thc solution o f  antimon). tri-itxlidc Sbl3 in 
solien1 (c.g., C S ? )  and stirring the mivturcal50"C for f c ~  hours, Sbl3 dopcd 
a NazO-BzQ-Si02 wet gel is formcd; 3) casting or dipping the wct gels and 
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SbSI DOTS-DOPED GLASSES [3 17]/15 

aging thc samplcs 1 room krnpcrdturc b> 1 week and thcndrying thcm ai NPC 

for 3 wccks; 4) sulfidation of thc dried gcl in H?S at IHPC by 3 hours. By thc 
c h c m i d  rcitctions: 

Sblj + H2S ----> SbSl + Hz+ Iz(@~s) 
H2 + q i n  thc gcl malrir ) ----> H70(gas) 

a SbSI dots-dopcd NaZO-BZQ-Si@ dried gcl is formcd. Thc dried gcl 
samplcs arc hcat-trcatcd al 350°C undcr 0, Ilou for 13 hours, and thcn a1 

380°C in air for 12 hours. Finally, SbSl dots-dopcd glasscs (bulk or  thin 
film) arc oblilinat. Thc bulk materials arc dark brown color and transparcnt 
for red light. F a h a t i o n  o f  SbSl QDs-dopcd in an ORMOSILs (organic 
modi f id  silicates) matrix by thc sol-gcl techniquc is similar to thc prtrcssinp 
for SbSI QDlglass, c u c c p ~  diffcrcni starting chcrnicals for thc matriv and lower 
tcrnpcrdturc (around ?(X)"C) lor hcat-trcatmcnt. SbSI QDs dopcd ORMOSlIs 
materials in both bulk and film have been fabricatcd. 

lboo.00 I 

lrn.00 

c a 800.00 
0 

100.00 

0.00 

SbS1 QDs-Doped boroslllcate 

20 00 3000 40.00 
MIRHtk. u*2 tkb (ds) 

Figure 3 X-rdp diffncticm pattern of the samc SbSl do~s do@-glass in 
cornpanson H ith that of commcrcial SbSl p c ~ d c r .  
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ShSI DOTS-DOPED GLASSES 13 19]/17 

CHARACTERIZATION 

Figurc 2 shows the X-ra) dillraction pattcm 01- thc samc SbSl dots dopcd- 
glass in comparison with that ol  commcrcial SbSl poudcr. Both thc samples 
habc thc samc dil'lraction peaks c\ccpt strongcr amorphous background 
prcscntcd o n  thc pattcm o f  SbSI-doped glass. 

The micro-structurc ot thc SbSl dots(conccntration X wt% )-doped 
sodium borosilicatc glass ( w i t h  the composition o f  5 molc'ii Naz0-20 molc% 
B:@-75 molcg Si02) n as o b s m  cd bq high rcsolution transmission clcctron 
micrtwope (HRTEM). Figure 3(a) and (b) is thc HRTEM imagc o f  thc 
matenal. SbSl crysl;illitc\ w i t h  siic around 60 A are distributed in the glass 
matnx(a) and somc largc particlcs prcscnt lat~~cc fnnges(b). Elcctron 
diffraction pattcrn o f  thcsc particlcs arc matchcd with that 01. commercial SbSl 
cqsullinc powdcr. 

OPTICAL MEASUREMENTS 

Linear absorption spectra oi SbSl dots (X wtf%)-doped glasscs annealed at 

diffcrcnt tcmperaturcs wcrc mcasurcd by SHIMADZU UV-260 spcctrum 
Photometer. I t  was observcd that the absorption d g c  shifts from 530 to 350 
nm which wcrc corresponding to annealing tempenturc dccrcllsing lrom 380 
to 71x(PC. I t  can be understtxd that the lower annealing tempcraturc, the 
smallcr SbSl cqstallinc si/,c. and thc stronger quantum confincmcnt cl'lcct. A 
typical c\citon absorption peak at 3x1 nm was obsened(rcc Figure 4). 

Photolumincscencc cl.lcct lor SbSl dots-doped glasscs w s  nieasurcd 
with shinning of Argon ion law (a and 51.5 nm). Both bulk and lilm 
samplcs haw light-cmitting in a rangc from 520 t o  Q X )  nm with a niaumum o f  

intcnsity around fXX) n m .  Figurc 5 shows a typical photolumincsccncc- 
intensity spectrum lor a bulk sample. 

Thc third ordcr nonlinear optical susccptibility 01. the SbSI dots-doped 
glasscs detcrmincd b) dcgcncratc lour ~ a i c  niiung (DFWM) at 531 
nmusing a frcqucnc! doublcd Nd:YAG law bcam with a pulscwidth 0 1  

around IOns (intcnsity 01. 100 MW/crn'. and repeating Irqucncy ol' I H i ) .  
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0.40 

oa 

L 
3M.W 400.00 5oo.m m.00 m0.m 

Wsvebngth (nm) 
Figure 4 Exciton absorption peak at 350 n m  of  SbSl dots-doped 

so0.W 600.00 7W.W m.00 m0.m 
Wavebngth (nm) 

Figure 5 Photolumincsccncc spcctrurn of SbSI dots-doped glass 

glass. 
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SbSl DOTS-DOPED GLASSES [32 1 1/19 

Three beams were sent  along three edges of a symmcinc 3-D pyrdrnidiizl and 
f~xuscd separdtely so that their lid points lay near the apcs of the pyramid. 
Whcn the samplc was placed at the apcx of thc pyramid, a beam wmc out 
along the fourth cdgc of thc p) rmid u hich could clcarly be sccn o n  a piece 01. 

ppcr. This b m  went auay uhcn any 01- thc thrcc bcams was bltxkcd, 
indicating nonlincar behavior. Thc signal was dctcclcd using a phottwficxlc 
conncctcd to a wmputcr for acquiring data. Thcn a CS2 cell and a CdS I’iltcr 
wcrc also put at the Samc psition and thc ralucs of thc nonlinear signals wcrc 
mcasurcd. Using thcsc compativc dad2’. Thc valuc of ~ ( 3 )  of 3 pn thick 
thin lilm of SbSl (8  wt%.)-dopcd glass samplc was found to bc h ~10.”  csu. 

Thc law frcqucncy was auay from thc resonant lrcqucncy of‘ thc c\citon lor 
the samplc. 

DISCUSSION 

I )  Bascd on thc opt id  absorption results, i t  is understcxxf that the e\citon 
pclik and absorption d g c  are strongly rclaled with cxintrolling annealing 
tempcriturc and the doping conccntrition. Obviously, if the crystdlitcs have 
uniform small sim and high conccntrilion. the maicrial will has bcttcr 

nonlinear optical propcrlics. 7) For our SbSl dots-doped glass samples the 
euciton absorption peak was observed at 354) nm, and the ~ ( 3 ’  was measured 
by the light at 532. nm. Thcrcfore, thc masurcd data rcprcsents that effect 
which worlicd in a non-resonant modc, and hcnce thc &to i s  certainly much 
smaller than that in a resonant mtxtc. 3) Sincc SbSl is a fcrroclcctric cryski, i t  
is c.ipccted that whcn an a.c. clwtricat field applied on SbSI dots-dopcd 

plasscs. thc dipolcs in thc dots will bc switchcd, which mwns that cwiton- 
rccombination \vill bc controlled by the field, and hcncc optical cmission cilll 
bc controlled by clcctriclll signals. 

CONCLUSION 

1) A ncn kind of quantum dots-dopcd glass, semiconducting lcrrtrlcctnc 
SbSl dots-doped glass waq succcssf‘ull~ labricatcd by liquid rcaction mcthtwf. 
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20/[322] YUHUAN XU et al. 

By XRD and TEM tcchniqucs, it was idcntificd that SbSI crystallitcs with s i x  
around 60 A were distributed uniformly in thc glass matrix. 2 )  Strong quantum 
mnfincmcnt cl‘fwt including csciton pcak, cdgc blue shift, and light cmitting 
wi~q obsen cd from optical absorption and phoiolumincsccncc cupcrimenb. 3) 
l’hc third ordcr nonlinear o p t ~ ~ . I  susccptibility. x‘~’.  \\as found to bc 6 x l 0  I 

csu. at 533 nm. This wavlcngth was away from the cxciion rcsonancc 
wavclcngth. 
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