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Folded Acoustic Phonons Studies in 
Si/Ge,,.Sii -.,. and Ge/Ge,,Sii-, Superlat tices 

Ra.mail scaii.criiig froin folclecl acoust2ic phoiioiis is proposecl as a.11 a.lt.crilative method to  
x-ray dilfract.oirict,ry for st,riict,ura.l cl~aract~erization of supctrlattices. A comparisoi~ bet,ween 
resuks obt.a.iiicitl froii~ Imt.li kiiicl oE ~nca.suremeiits for tlic same set of samples is presented. 
'The excelleiit agrecincnt coiiíiriris t,he reliahilit,y o11 tleterriliiia.t,ioi1s of the period of superlatk 
t,icos t,lirougli Iiigli iesoliit ioii Ranmi  scat,tering. \%'c also iepoi.t. t,hc olxervat,ioii of spectra 
froin liiglily alxoil>iiig GeAasecl superlatt,ices, whicli clisplay peciiliar lineshapes. 

It lias been rca.lizecl o w r  í 1 1 ( ~  past l i v  ycws tliat, 

st~riict.iira1 p a r a ~ m t ~ r s  t:stiin;itrcl froiii t h r  groxt li tori(1i- 

tioiis rire oftcii iiiaccuriitc. .\níilysis of st.ruct ural prol)- 

ert.ies hy x--ray t l i f f r í~ t  ioir . foi iiista.iicc. r~vc.als tlcvi- 

at ion o f t ~ n  approacliiiig 15% of cliiot cd vi~.liies. eitlier 

o11 t,li(: pcriocl or layer t.lticl;iic:ssc~s, thiis poiiitiiig t.o 

tlic i-ic?cíI for a prcvioiis clii~i.íict(:rizat.ioii. 7'Iic ~ m s i b i l -  

ity to iise rcsiilts o11 liigli rcvmliitioir Kaina.ii scatt,c:riiig 

froin foldctl acoiist,ic plioiions for st.iiictiiral characteri- 

za.t ion was suggest.ocl iii :i t i i o i ~  gc~ii(~i.al ic~vic~n. of Itaiiian 

sl)t:ct ro~copy . [~ ]  hiit n sgst riiiat ic coiiip;irisoii 1)et~veeii 

resulk from x ray tliffract ioii an(1 Itíiniaii scat teriilg is 

still Iackiiig. Sítreral a.i;lwctsof' thíl siiprrlatt ice folcliiig 

effect. cai1 bci fouiicl iii r ~ f .  2. 

IIere, we tlrsciilx. sc~sults of 1 1 i ~ l i  rtmliitioii R.+ 

iiiaii scrtt.t,wiiig on Si/(:c,.t;'il-,, siipc~rlat.tic:cs aiid n7e 

dei-iioiistrat.c th(: iiscfiiliir~ss of tlic-sc rcwilt.s as ai1 al- 

t~nr.iiativt~ iiic-t liotl for $1 riict lira1 ~Iiaríicf (1ri~:if ion. Tlic: 

mc\t,hod is interest.ing because: (i)  visihle light is not 

Iiazarcloiis a.s x--ray cai1 be; (ii) the mat,hematical sim- 

plicity of the ava.ila.l)le equat,ion for the dispersion 

ciirvw eiiah1t:s rapid ca.lcula.t.ion of t.he superlattice pe- 

iiotl ancl iiit,cnsit,y a.ilalysis allows for t,lie iriner struc- 

turc. (Ic:terii~iriat.iori; (iii) it is conveiiient in case mliere 

ai1 x ray systt?m is difficult to set iip, as in high vac- 

L ~ L I I I I  chainbcrs. 'The rnç.t,hod is particularly suitable for 

t.hiclr layets superla.t.tices for whicli conventional Raman 

scati.c:riiig fa.ils 1.0 piobc tlic: frequency regi011 for acous- 

t,ic phonons occuiriiig very close t,o the laser line. A 

scrios of Si/Ge,Sil-, supcrlattices with va.rying pe- 

riotlicity a.iicl gcrnianiuim coiiipositions were selected as 

saniples. Compa.risoii witli double crystal x r a y  diffrac- 

t.ion res~1t.s for a chosen saniple is furnishecl in order to 

~Ic~iioiistsitte tlie reliability of t,he t.echniqi.ie proposed 

11t;rt\. 

\I'(, a h o  report thc ohscrvation of acoustic phonon 

spcctia i11 (r<(/(:? ,.,Sil-, sirpt.rlattices. gsown on C;e 
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sulptmte .  These superlatlices yield broacler slructures 

in lhe spectra tlian tliose observed for the  Si/Ge,Sii-,, 

superlattices on Si subst,ra.tre. S h e  most, striking st,riic- 

tures iii thc: spectra are tthe dips t h t  occur among tlhese 

broad stni1:tures. These dips are t,eiita.tively attributecl 

to plioi1011--coupling effects. 

11. Exp& mental 

A new 30uble-monocliromator SOPRA: especially 

designed fo . Iox-frequency light. sca.tt.eriiig studies, was 

used in our n~easurernents.[~] Thc incoming beam pass 

t,wice in e x h  monochromat,or via. t>wo pairs of interme- 

diate mirrors. When using the 514.5 nm mavelength, 

if the incidmce angle is close to t,he blaze angle, this 

instrument \vorlis at  tlie 1lt'& orcler of that  line, yield- 

ing a free t:pect,ral range of about 2 000 cm-l.  Iii 

this configui at,ion, tlie so called Double-Rloaochoriiator 

Douhle Pasr:, DMDP, is set for it,s liighest resolution 

perforina.ncc (giving 0.024 cm-I with slit \viclths of 

20 pni). B ~ c a u s e  extreine resolution was not needed 

in our n~easiirement~s, we remover1 t,lie tn7o pairs of in- 

ter~nccliat~e niirrors to  increase t.ra.iisinitt,a,iice. Sh i s  set- 

ting allowed resolution of 0.23 cm-I (0.4G cm - I )  with 

slit width of 200 prn (300 pm), employed here for Ge- 

based (Si-ba~ed) samples. Tlie experimental set-up is 

described elsc:where.[" Tlie Rainan scattering measure- 

meiits were carried out using a 90' scattering geome- 

try, which is :iearly backscattering iiiside tlie s a ~ r i ~ l e . [ ~ I  

Tlie cxcitat icn'~vas tlie 514.5 11111 line of ai1 Arf ion 

laser wit,h 310 m W  of output power. T h e  inciclent 

light was polarized in tlie plane of incidente, and the 

polarization of t,he scatt,ered light was not analysed. 

Our samples were grown I)y nlolecu1a.r bea.rn epitaxy 

on (001) orie;itecl surfaces.[" l h e  st,ructure consisled 

of Si/Ge,Sii.., mult,i-layers deposited on Si-substrat,e 

or C é / C e , S i ~  V, on Ge-substiate of various tllicknesses 

and compositim. Their characteristics are listecl in Ta- 

ble I. 1% also list ir1 Table I, the sa.mpling dept,h for 

the line used in these experiment,~ (514.5 11111). These 

values indicatt tha t  only t,he multilayer structures are 

probed i11 our rneasurements. 

4 6 8 10 12 14 
ANGLE ( lo3 sec of arc ) 

Figure 1: (a) Rocking curves (sample 2) and (b) calculated 
profile. 

111. Results and discussion 

a)  x-ray diffraction 

Tlie usual method to deduce structural parameters 

of superlattices is x-ray diffraction. Rocking curves give 

t.he period of a superlattice, d , by measuring the  spac- 

ing AO between satellite peaks. The  equation relating 

tliese quantities follows from maxima in the diffracted 

d =  ' I Y H I  

AO sin 20j3 

Here, y~ are the direction cosines of diffracted 

waves, X is tlie x-ray wavelength, and OB is the Bragg 

angle of tlie substrate. The order of diffraction was 

omittecl for the salte of simplicity. 

Double-crystal x-ray diffraction measurements 

were carried out using a Cu-K, (400) reflection. Fig. 

l ( a )  sliows experimental rocking-curves for sample 2 

described in Tahle I. The substrate gives rise to  the 

sharpest line in the  spectruin. In addition, nine satel- 

lite lines of the superlattice are clearly visible. Their 

spacing yielcled the average superlattice period thick- 

ness listed in Table 11. The  values for Ge coinposition, 
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difference between the  acoustic impedances p i q  of both 
Table 1: Da ta  for S ~ / G E , S ~ ~ - ,  superla.t,tices. Ge molar 
fraction in t.he alloy, x: pure-Si/alloy t.liiclcness ratio, b~11< constituents. 

di /dz,  period, r i ,  tota.1 alloy t,liiclmess, n& a.nd sampling 
deptli, D (a11 of t,liese sninples ha.vc 20 periods). T'liis rnodel wa.s adopted for analysing our measured 

- frequeiicies. Assuniing a11 pararneters in eq.(2) would 
Sarnple x d l / d a  d ( X )  nd2(h) D ( A 7  

be a sluggisll ta.sk. Certain simplifying assumptions 

1 0.4 3.33 3'25 1500 928 I)ased o11 observed trends were macle. For instante, tlie 
2 0.5 4.54 305 1100 751 FLA frequencies were observed to  be highly sensitive to  
3 0.6 5.0 270 900 63 L 
4 0.6 7.5 255 600 631 our clioice of v i  aiid d but not strongly dependent on 

tlic choice of di /d2. Therefore this ratio was then taken 

x: and the ratio d2/d were ~ b t ~ a i n e d  11y nuinerical simu- 

lation of tlie difti.a.ctioi-i s l~cc l , run l . [~  It, tq7a.s assuined in 

this calculatioti tliat tlie la.t,t.ice niismatcli w ~ s  entirely 

accommoclated as st,raiii i11 tlie a.lloy layers, owing to 

tlie fact tliat tliis type of sriperlattice grows cornmen- 

suratk with the substrat,e. Tlie resiilt of this simiilat.ion 

is sliown in Fig. I@). Tlie valiies ol)ta.ined by t,liis pro- 

cedure were: x = 0.44 a.iicl d a / d  = 0.192. Tliese values 

served tlie purposes of tlefining a. procedure to interpret. 

oiir R.anlan spectra, as clescribecl furtlier 011. 

The validit,y of the elastic model for liglit scattering 

by acoustic plionons wa.s confirii~cd in previoiis stud- 

ies of Si/Ge,Sii-, ~ u p e r l a t t i c e s [ ~ - ~ ] !  as well as other 

sys t en~s . [~ ]  The  clispersion relatioii p r e d i d d  hy tliis 

niodel, tlie Rytov's eyuatioii, reatls:[l0] 

111 this equation: q is t-hc s~~per l a t t i ce  rra.vcvcct,or along 

tlie growtli clirection and w tlic frcclucncy of tlic foldetl 

acoust*ic phonons. Tlic parai~ict~ers cll and ( I z  st.a.nd for 

the pure-element ancl alloy layer t,liickilesscs, respec- 

tively. Keeping tlie coiivention of subinclex as before, 

v1 ancl v 2  are tlie souncl vclocit,ics and pl imtl p2 the  

densities. The  t,erm, 

as constant, througliout our calculations. We used fixed 

values: psi = 2.33 g/cim3 and p~~ = 5.36 g/cm3 and 

a linear i~~t~erpola t ion of tliese two for tlie Ge,Sil-, al- 

loys. The optica.1 const,a.nts were talten from ref. 11. 

Sound velocities for Ge were tlie values vg, = 4.91 

x 10 %in/s for longitudinal and v;, = 3.54 x 10 

cm/s for transversal w a v e ~ . [ ~ ~ ]  This left either d or v1 

as pn.ramet,ers. The  need to  use adjusted values of some 

bulk pammeters was cleinonstrated in ref. 8, where four 

paraineters were employed to  rnat,ch the  experimental 

clispersion curves. Iii order to deduce the  value of v1 

we iised t,he x-ray diffraction data  described above to  

fi t  t-he Polded Longit,udinal Acoustic, FLA, dispersion 

curves for one of tlie samples. The  result was used to  

a.iialyse the Ramari scattering of a11 of the  remaining 

samples, t o  determine their period thicknesses. 

Thc  Rai1la.n sca.t,tering measurements for the  Si- 

Imsecl stiperlat,tices were performed with iiicident po- 

larizatioii i11 tlie plane of scattering thus probing only 

tslie AI s y m m e t r y . [ ~  Fig. 2 sliows the high resolution 

Rama.n spectruin obtsined for the Si/G'eo.5Sio.5 super- 

la.tt,ice (sainple 2). I11 this figure, tlie folded longitudinal 

xous t i c  phonons appear a.s well resolved lines (marlred 

by a r ro r s )  up to  the fourth order of folding. In spite 

of tlie scattered moinentum being close t o  the limiting 

wavevector: qi,lt = r /$ ,  i t  is still inside tlie minizone. 

Tlierefore, t,he sequence of lines is labeled according to 

the order of foldiug, m = f 1, f 2, . . . . The  zero- 

,z - ( ~ 2 %  - flo'd2 oitler pealr correspoiids to  the  Brillouin mode of the 
c - 

p2 G'2p1 l i1  
(3) supcrlat,t,ice. Shese frequencies, together with eq. (2) 

clescribes the acoustic modulation t~l~rougli t,lie relntive yiclded {:i = 8.2 >r 10\in/s. The result of the corre- 
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Table 2: P'iysical parameters for t,lie ,S'I/C~t,,Sii-,, superlat,t,ices. Refractive index, n: and reduced wavevectors, 
q / ~ , , , ~  ati X = 514.5 nm. The periocl, (1, resulted from Ra.iila.n sca.tt,ering, except for sarnple 2 (see text). 

Figure 2: Rairian spectriini froin FLA (sa.mple 2) iising X = 
5 1 4 5  iini. 

spondent fitting is shown in tlie iiiset, of Fig. 2. The 

agreement between calculat,ed a.nd observed freqiicncies 

is excellent,. 

Wealí liiie:; in the  spectrum of Fig. 2 wcre inter- 

preted as scai tering by t~ransversal xous t i c  phonoris. 

Alt,hough in t he experiinental geoiiietry of this work 

they are forhidden, a sina.11 iiear-foivarcl coiiiponent 

allows for wealí, hut  still observa.ble iiibeiisities. Their 

ident,ification s s  Foldetl Sra.11sversa.l Acoust,ic. FTA, 

mocles relied oii fittings of t.he c1at.a t.o ey. (2). 111 

this case. t,he period was ltept fiscd a t  t.lie value d = 

266 A leaving I): as adjustable. 'I'lie value for t,liis pa- 

rameter t,hat produccd t.he best iit was i:: = 5.5 x 10" 

cm/s. Finally tliere is one unidentified structure in 

the  spect,rum of Fie;. 2, a,t w = 14.51 em-l .  I t  does 

not correspond t,o any of t,he FTA or FLA frequencies. 

I t  could arise froin scatt.eriiig clue to  a miiiizoiie eclge 

lorigit,iidii~al plionon, hut the  mechanism inducing the 

appearance of this particular frequency, and no other 

one regardless of t,he brailcli, is not clear to  us. 

Tlie Ranmn spectruin of sanlple 1 is displayed in 

Fig. 3. For tliis sa.mple the scattered wavevector falls 

outside the minizone, with q /qnzz  > I. This fulfills 

tlie uniklapp condition for photon wavevector folding 

p r o c e s ~ . [ ~ ]  Coilsequently, the  ordering of the  peaks ap- 

pearing in the spectruim is changed. The new sequence 

is slio~vn by tlie 1a.beling of tlie lines in Fig. 3. The 

inset of Fig. 3 shows t,he fitting to ey. (2) of the ex- 

perimeiital results for sample 1. The data  of Table I ,  

served a,s iiiput, besides the value for v i t h a t  was taken 

the sa.me as before. The fitting resulted in the value of 

c1 listed in Table 11. The  agreenient between prediction 

and experimenta.1 dispersion relation is very good. Two 

other sainples a,nalysed in an entirely similar fashion 

(not shoivn) yielded the  results listed in Sable II. 

Examination of FTA frequencies for a11 of the Si- 

Imsed sa.mples of this study produce good fitting for 

quit,c closc values of tlie parameter v:. This gives an  

inclication of the independence of the choice of v: on 

t.lie details of the structure. 

To evaduate the reliabilit,~ of our niethod, we per- 

formecl a. fa.st,-sca.11 double-crystal x-ray measurement 

in sa.mple 1. The value d = 333.4 A resulted by ap- 

plicat,ion of eq. (1). The difference of 1.6 A between 

this value and that  listed in Table 11 is of tshe order 

of nia.gnit,ude of one monolayer. Considering the inter- 

fa.ce rougliness of about 2 monolayers usually found for 
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Figure 3: Umklapp assistetl Raman scattering froin sainple 
1 .  Inset slio~vs t,lte dispersioii ctirr-es. 

MBE growtli, the agreement between tliese two deter- 

niimtions of cl is excelleiit. Tlie ela.stic model also pre- 

dicts opening of ga.ps in tlie dispersioii curves a t  zoiie- 

center and edge. Tlie magnitude of tliese ga,ps displays 

an oscillatory beliavior a.s a. functiori of d 2 / d .  So, i11 

principle, they could be used t1o obtain information 011 

tlie inner structure of superla.t,tices. However, iii tlie 

present study the smallness of these gaps (< lcrn-L ) 

hindered quantitative a.nalyses. On the other liancl, tlie 

relative intensities are very selisitive to tlie deta.ils of t,lie 

structure, and ca.n proviíle for t,lie required addit>ional 

data  to  deduce da /d .  A calculation o l  the sca.t,t,ering 

efficiency is in progress to allow compa.rison wit,li rel- 

ative intensities already iileasuiecl with X = 514.5 nm 

excitatioii for the four different set,s of d 2 / d  available. 

Next, we consider t,lie case of superlattices growii on 

Ge substra.tes, alternatiiig Ge/Geo.;.Sios layers of var- 

i o u ~  tllicknesses. Tlie high resolution R a n i m  spectra 

for representative samples are shown in Figs. 4 and 5. 

Nominal structural da ta  a.re given a t  the iight upper 

corner of tliese figures. The curves displayed iil tliese 

figures differ greatly from t,hose of tlie previously dis- 

cussed samples. Instead of sharp Iines t,Iie feat,ures a,re 

broad-baiids either cut or intercalated by dips. T l~ese  

peculiar lineshapes arise both in the Stokes and anti- 

Stokes components of tlie spectra. These dips niay arise 

by coupling between sharp phonon lines and a densit,y of 

states-lilíe features. A detailed study of selection rules 

and new measurernent,~ for different excitation wave- 

lengtl-is are needed for a better understanding in the  

WAVENUMBER (cm-') 
Figure 4: Rainan spectrum of a sample grown on Ge- 
substrate using X = 514.5 nm. Sampling deptli 1.5 peri- 
ods. P stands for a plasma line. 
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Figure 5: Raman spectrum of a sample grown on Ge- 
substrate using X = 514.5 nm. Sampling depth - 2 periods. 

IV. Coiic lus ion 

High resolution Ranian scattering ineasuremeiit 

were perforined for severa.1 Si/Ge,,Sil-, superlattices, 

with different Ge conzposition and structural profile. A 

good estiniate of the period was quickly obtained from 

tlie analysis of frequency shifts. The  reliability of the  

method proved good in comparison with standard x- 

ray diffraction results. Detailed structural information 
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is also pos:jible if a tlieoretical calculatioii 011 tlie rela- 

tive intens;ties is provided. This is tlie aim for the se- 

quence of tliis study. We a.lso report on the observation 

of acoustic phonon spectra on G e / G e o ~ S i o s  superlat- 

tices of difèrent structura.1 chara.cteristics. For a11 of 

the sa.mplet: the spectra display broa.d bands a.lternated 

with dips. The linesha.pes and Stokes/anti-Stokes ac- 

tivity suggcst phonon-phonon coupling as responsible 

for the obstrved profile. Further stuclies are necessary 

in order to  .mderstand these features better. 
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