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Probing Superlatt ices of Silicon / Silicon-Germ anium  Alloy with 

Raman Spectroscopy
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La b o r a t o r y  f o r  M i c r o st r u c t u r a l  Sc i e n ce s,  

D i v i si o n  o f  P h y si cs,

N a t i o n a l  R e se a r ch  C o u n c i l ,

O t t a w a ,  O n t a r i o  K 1 A  0 R 6

So lid - state p hysics has b ranched  out  in a new  d irect io n  

no w  that  the p ro d uct io n  o f sup erlat t ices has b eco m e 
p ossib le. A su p erlat t ice is a crystal m ade up o f layers o f 
d if feren t  m aterials such  that  a new  p er io d ic st ru ct u re is 

fo rm ed . These sup erlat t ices are co m m o n ly m ade by m o 
lecu lar  beam  ep it axy (M BE), w h erein  tw o  o r m ore m o lec 

u lar beam s are d irected  at a subst rate w it h  the desired  
crystallo g rap h ic o rien tat io n , w h ile sw itch ing  the beam s in 

t im ed  in tervals to  p ro d uce the p er io d icit y and  st ruct u re 
d esired . To  fo rm  the su p erlat t ices d escrib ed  in th is art icle 

a sil ico n  beam  rem ains sw it ched  on , w h ile the g erm an ium  
beam  is sw it ch ed  on and  o ff to  fo rm  the allo y layers.

1. Introduction

Ram an scat tering  sp ect ro sco p y has been w id ely  used  to 
ch aract er ize the p hysical p ro p ert ies o f sem ico n d uct o rs for 
at least  20 years.1 In Ram an scat tering  exp erim en ts, m o no 
ch ro m at ic laser light  is fo cused  on the sam p le and the light  
scat tered  inelast ically by excit at io ns in the so lid  is co llect ed  
and  sp ect rum  analyzed . The freq u en cy shif t s o f the peaks 
in the Ram an sp ect rum  from  the laser line posit ion g ive the 
en erg ies o f the fund am en tal excit at io ns, w h ich  m ay be e lec 
t ro n ic o r vib rat io nal. M ore recen t ly , the t ech n iq u e has p ro ved  
esp ecially  valu ab le fo r evaluat ing  the m echan ical and  e lec 
t ro n ic p ro p ert ies o f st rained  layer su p er lat t ices.2 In p art icu lar, 
fo r the Si / Si i_xGex system , Ram an scat tering  has been used  
to  evaluate the st rain  w it h in  the allo y and  Si layers.3'4

Th is art icle review s ou r recen t  w o rk  on light  scat tering  stud ies 
o f  the p ho no ns in both Si- |_xGex st rained  layer sup erlat t ices 
and  t h ick  Si- |_xGex layers w it h  g erm an ium  co ncen t rat io n s in 
the range 0.2 <  x <  0.5. Th e resu lt s ob tained  from  a study 
o f the long itud inal aco ust ic and op t ic phonons have p ro vided  
in fo rm at io n  on the cryst all ine qualit y, on the st rain  w it h in  
the su p erlat t ice layers and  on a sp ecial kind  o f o rd er w it h in  
the allo y layers.

2. Material preparation and measurements

Several Si/ Si- |_xGex sup erlat t ices o f vario us Si t h icknesses d v
allo y t h icknesses a 2 and co m p o sit io n  x w ere d ep osited  on
(100) Si subst rates in a Vacuum  Generat o r V80 system .5 Th e
layers w ere g row n by m o lecu lar beam  ep it axy (M BE) at 
tem p eratu res b elo w  550°C. Several t h ick  (~  1 /am) sing le layers 
o f Si^ _xGex w ere also  g row n th is way, but  at d if feren t  
t em p eratu res in the range 500 to  800°C. Th e sup erlat t ices 
have been assessed by Ru therfo rd  back scat tering , x- ray 
d if f ract io n  and cro ss- sect io nal t ransm issio n  elect ro n  m icro s
co p y (TEM ).6 Th e ep it axial m aterial was fo und  to  be o f 
excellen t  cryst all ine qualit y, and  the Si/ Si- |_xGex in terfaces 
w ere sho w n to  be co m m ensu rate. In Si/ Si- |_xGex su p erlat t ices 
g rown  on Si, the lat t ice m ism atch is acco m m o d at ed  by a 
tet rag onal d ist o rt io n  o f the allo y layers. Th e tet ragonal d is
t o rt io n  was invest igated  using  x- ray d if f ract io n  and  the m eas
ured  st rain  was in good ag reem ent  w ith  classical elast ic theo ry.

The Ram an scat t ering  m easurem ent s w ere carr ied  out  using  
the 90° scat t ering  geo m et ry d ep icted  in Fig .1. Th is co n f ig 
u rat ion  resu lt ed  in low  st ray light  in tensit ies and allo w ed  
m easurem en t  o f the Raman sp ect rum  at freq u en cy sh if t s less 
than 4 cm  _1. Th e sp ect ra w ere excit ed  w it h  300 m W  o f 457.9 
nm argon laser light  and w ith  Θ = 12.3°, w h ich  co rresp o nd s 
to  Brew st er 's ang le at th is w aveleng th . Lind er these co n d i 
t ions, and  w it h  laser light  p o larized  alo ng  Y, the m axim um  
Ram an signal was ob tained  from  the sam p le w ith  resp ect  to 
any subst rate signal. Th is is b ecause the sam p ling  dep th, 
w h ere 90% o f the incid en t  light  in tensity has been abso rb ed , 
is o n ly ~  650 nm at 457.9 nm . Because o f the high ref ract ive 
ind ex ( n — 4.6 at 457.9 nm ), the Brew st er ang le scat t ering  
co n f ig u rat io n  co rresp o nd s nearly to  back scat tering  with in  
the sam p le. Th e scat t ered  light  was analyzed  w it h  a Spex 
d o ub le m o no ch ro m ato r, detected  w it h  a co o led  RCA 31034A 
p ho to m u lt ip lier, and  reco rd ed  und er co m p u t er co n t ro l. All 
m easurem en ts w ere carr ied  out  at room  tem p eratu re in a 
helium  gas atm osp here, w h ich  was used  to  el im inate air  
featu res from  the sp ect rum .

Fig. 1. A Raman scattering experiment. The specimen under 
examination is shown in section, shaded. Laser light is 
incident at the Brewster angle, 77.7 degrees for this sample. 
Light scattered at wavelengths near that of the incident 
light is analysed with a monochromator.
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3. Acoustic phonons

Low  freq u en cy Ram an sp ect ra ob tained  from  two  sup erlat t ices 
are sho w n in Fig. 2. These results are typ ical o f  the o t her 
su p er lat t ices in that  all gave a num b er o f sharp  lines in the 
lo w - f req u en cy Ram an sp ect rum , but  the num b er o f  lines and 
t h eir  f req u en cies w ere st rong ly d ep end en t  on the layer 
t h icknesses and , to a lesser exten t , on the x value. These 
lines are all at t rib uted  to zo ne- fo ld ed  lon g it ud in al aco ust ic 
m odes.

Th e exist en ce o f a red uced  Br il lo u in  zo n e in the sup erlat t ice 
su b st an t ially m od if ies the phonon  sp ect rum  th ro ugh  the 
" fo ld in g "  o f the o rig inal d isp ersio n  cu rves in to  the new  
m in izo n e.7 Sm all gaps are creat ed  at zero  w ave vect o r and 
at the m in izo n e b o und ary g iven by q jvtz= 7r^ '  w h ere d = 
d , + d2 is the su p erlat t ice p er io d icit y. Deno t ing  the m in izo ne 
cen t re f req u en cies by ω = maj0, w h ere m = 0,1,2,. . . .  is the 
fo ld in g  in d ex, light  scat ter ing  peaks sho u ld  o ccu r  at ω— m 
tu0± q p V§L. H ere qp is the m om ent um  t ran sferred  in the 
scat tering  even t  and  V$l  is the sup erlat t ice so und  velo cit y. 
Thus fo r each  fo ld ing  ind ex m /  0 th ere exists a d o ub let  
m -  and m+ co rresp o nd ing  to - q p V$L and  + qpV$L, resp ec
t ively; the case m = 0 co rresp o nd s to  the usual Br il lo u in  
scat t ering  from  the aco ust ic m ode. As an exam p le, w e have 
lab elled  so m e o f the peaks in Fig. 2(b) in th is no tat ion. Since 
the o b served  freq u en cy shif t s are sm all, Rytov's th eo ry o f 
aco u st ic vib rat io ns in layered  m ed ia8 m ay be ap p lied ; it 
p red icts ω 0 — V<^  (2 7r/d) assum ing  linear d isp ersio n . The 
ob served  peak f req u en cies and in tensit ies ag ree very w ell 
w it h  t heo ry fo llo w in g  the Rytov m o d el9, as can be seen in 
Tab le 1. The calcu lat io ns req u ired  values fo r d 1( d 2 and x 
that  ag reed  w it h in  erro r to values d eterm in ed  by o t her 
t ech n iq u es. H ence the light  scat tering  from  fo lded  aco ust ic 
m odes m ay be used  to accu rat ely d eterm in e average values 
fo r d v d 2 and  x. At  p resen t , in fo rm at io n  on the variat io n  o f 
d 1( d 2 and w it h in  the su p erlat t ice m ust  be ob tained  using  
o th er t ech n iq ues, althoug h an analysis o f the p honon  line-  
w id t h s w o u ld  also be usefu l in th is resp ect .

Th e in tensit y o f the fo lded  aco ust ic m odes is related  to 
in terface q u alit y10 and  annealin g  the sup erlat t ices at 850°C

Fig. 2. The low-frequency Raman spectrum of (a) the 10th gener

ation Fibonacci superlattice (MBE-106) shown in Fig. 3 
constructed from blocks of Si 20 nm thick and 
Si088Ge0129 nm thick, and (b) commensurate strained- 
layer superlattice (MBE-35) comprising 40 periods of Si/  
Si07Ge8 3 with d1 -14.5 nm and d2 = 4.0 nm. Note that 
the Brillouin peak (B) is clearly resolved in these Raman 
experiments due to the high optical quality of the sample. 
The spectral resolution is 1.6 cm-1 for both upper traces, 
and 0.5 and 1.1 cm _1 for the reduced-sensitivity lower 
trace in boxes (a) and (b), respectively.

fo r 30 m inu tes co m p let ely rem oves these lines from  the 
sp ect rum , as can be seen fo r exam p le in Fig. 4(b ). Th e in t erface 
sharpness d eterm ines not  o n ly the o verall in tensity but  also 
the num b er o f lin es (i.e., the m axim um  value o f m = m m ax) 
o b served . Th e q uan t it y o f in t erest  is d / m m ax, w h ich  fo r ou r

Table 1. Exp erim en tal and  calcu lated  peak f req u en cies and 
in tensit ies o f lines in the Ram an sp ect rum  o f sam p le M BE-  
35, taking  d , = 14.9 nm , d2 = 4.3 nm and  x = 0.3. Th e calcu lated  
in tensity is no rm alized  to ag ree w it h  the m ean exp erim en tal 
in tensity fo r fo ld ing  ind ex m = 1.

Index

m

tuexpt

(cm - 1)

w eak

(cm - 1)

'exp t

(counts/ s)

'calc

0 5.4 5.4 2000

1- 9.0 8.8 260 200

1 + 20.0 19.5 170 200

2- 23.3 22.9 120 120

2+ 34.3 33.7 96 120

3- 37.1 37.1 40 40

3+ 47.6 47.9 22 40

4- 50.9 51.2 9 4

4+ 60.8 62.0 5 4

5- 64.3 65.4 2 3

5+ — 76.2 — 3

Fig. 3. A transmission electron micrograph of the 10th generation 
Fibonacci superlattice M BE-106 in a [110] cross section. 
The dark layers correspond to the silicon-germanium alloy, 
and the substrate is at the bottom of the figure. (Micro

graph kindly provided by J.-M. Baribeau, NRC).
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an n ealed  sam p les is — 4 nm . Th is im p lies a d istu rb ance in 
the elect ro n  d ensity p ro f i le at the in terface o f about  4 nm 
at m ost . W e kn o w  from  TEM  m easurem en ts that  the a to m ic 
in terfaces are sharp er than th is (<  1 nm ). Th e annealed  
su p erlat t ices sho w  no  d if feren ce in the in terfacial ab rup tness 
w hen  ob served  by h igh reso lu t io n  TEM 11, sin ce the Si d if fusion  
leng th is o n ly o f the o rd er o f the unit  cell d im en sio n  (~  0.5 
n m ).12 Th u s, d esp it e the fact  that  the Ram an scat t ering  is 
m ed iated  by the elect ro n s, the in tensit ies o f the fo lded  m odes 
are very sensit ive to  in terfacial q ualit y  at the atom ic scale. 
Fu rt her w o rk  on relat ing  the overall Ram an in tensity to the 
in terface q ualit y  is in p rog ress.

4. Optic phonons

Th e Ram an sp ect rum  at h ig her f req u en cies exh ib it s f irst - o rder 
featu res ch aract er ist ic o f the sil ico n  and  allo y layers, and 
so m et im es (fo r t h in n er sam p les) a line at 520 cm  -1, w h ich  
co rresp o n d s to  scat t er in g  from  the lo ng it ud inal o p t ical 
p ho no n  in the und erlying  Si bu ffer layer and subst rate. M any 
sp ecim ens co m p rising  both sup erlat t ices and  sing le t h ick  
layers w ere stud ied  and a rep resen tat ive Ram an spect rum  
is sho w n in Fig. 4 (a). Th e st rained - layer sup erlat t ice spect rum  
o f Fig. 4 (a) sho ws st rong  p honon  peaks at 294.5, 414.9, 505.9 
and  517.3 cm  _1 that  are at t ribu ted  to scat t ering  from  lo n 
g itud inal o p t ic p ho no ns in eit h er the allo y (lab elled  Ce- Ce, 
Ce- Si and Si-Si in the no tat ion o f Ref. 13) o r sil ico n  (Si) layers, 
resp ect ively. A layer sp ect rum  o f Si 08 Ce 02, fo r exam p le, 
sho w  sim ilar Ce- Ce, Ce-Si and  Si-Si peaks at 286.0, 404.4 and 
507.8 cm  _1, resp ect ively. Th e t h ick  layer is in a relaxed  state 
in th is sam p le.

Th e Si line fo r m ost  o f the sup erlat t ices g row n on a Si buffer 
layer o ccu rs at a freq u en cy that  is clo se to the b u lk Si value 
o f 520 cm -1, ind icat ing  t here is lit t le st rain in the Si layers.

FREQUENCY SH IFT (cm-1)

Fig. 4. The Raman spectrum of strained-layer superlattice MBE- 
26 comprising 21 periods of Si 45 nm thick and SiQ 67C e 0. 33 

20 nm thick: (a) as grown and (b) after annealing for 30 
min. at 850°C.

H o w ever, in a sam p le (M BE-111) g rown on a bu ffer layer o f 
Si08Ce02, the Si line was at 513.8 cm  _1. Th is shiftAO) o f 
ap p ro xim ately 6 cm  _1 to lo w er freq u en cy ind icates that  there 
is a large b iaxial st ress in the Si layers. From  the exp erim en t ally 
determ ined  relat io nsh ip  4-14 σ= (2.49 kb ar/ cm _1)ûW between 
the st ress σ and  Λω w e f ind  a st ress o f 15 kbar in the Si layers 
o f th is sup erlat t ice.

Th e allo y l ine posit ions in the Ram an sp ect ra o f several t h ick  
relaxed  ep ilayers, as-g rown sup erlat t ices and p art ial ly relaxed  
sup erlat t ices are sum m arised  in Fig. 5. Th e so lid  cu rves are 
the exp erim en tal data o f Brya13 ob tained  from  bu lk p o ly cr y s

ta ll ine Si- i_xGex, and there is good ag reem ent  w ith  the p resent  
results ob tained  from  sing le- crysta l  layer sp ecim ens. Th e th ree 
allo y l ines in the st rained - layer sup erlat t ices are h ig her in 
freq u en cy by as m uch  as 10 cm  -1 fo r h ig her x values, 
ind icat ing  a co nsid erab le lateral co m p ressive st rain in the 
allo y layers. As th ere has been no axial p ressu re d ep en d en t  
stud y o f Si- |_xGex, as was do ne fo r Si,14 the Ram an results 
canno t  be used  in th is case to  d eterm in e the st ress d irect ly 
in kbar un its. H o w ever, the Ram an peaks sh if t  l in early w ith  
layer st rain 1 and  can be co rrelated  w ith  o th er d irect  m easures 
o f allo y st rain such  as the tet ragonal d isto rt io n .

Annealin g  the sup erlat t ices at 850° fo r 30 m in. results in the 
allo y l ines g enerally sh if t ing  dow n in freq u en cy tow ard  the 
eq u ivalen t  relaxed -allo y line posit ions (see Figs. 4 and  5) 
co nsisten t  w it h  a part ial relaxat ion o f m isf it  st rain . Th is fact  
to gether w it h  the sm all charact er ist ic d if fusion  leng th (~  0.5 
nm at 850°C) in the annealing  suggests that  p last ic relaxat ion 
and  not  in terd if fusio n  is the m ain so u rce o f the changes in 
the op t ic- m o de spect ral featu res.11

> -
CJ
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3
CD

LU
ŰC
Ll

X

Fig. 5 The concentration dependences of the frequencies of the 
three first-order Raman lines of Si, _ xGex in superlattices 
and thick epilayers compared with measurements13 of 
unstrained polycrystalline material (full lines). The broken 
line represents the Si line frequency in unstrained silicon.
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Figs. 4 (a) and (b) also  exh ib it  a weak line near 435 cm -1 (03) 
and  ano th er w eaker line is visib le near 225 cm  -1 (0,)· Both 
o f t hese ext ra peaks are seen to varying  exten t  in most 
sp ecim ens, w it h  the ~  435 cm  _1 line so m et im es as st rong  
as the ~  410 cm  _1 Ge- Si allo y lin e. The lines are too sharp  
and  t h eir  in tensit ies are too high fo r them  to be at t rib uted  
to  seco nd  o rd er scat t er ing . Th eir  f req u en cies shif t  by up to 
10 cm  _1 w it h  type o f sp ecim en , st rain and Ge co ncen t rat io n . 
An increase o r d ecrease in in tensit y o f these lin es from  sam p le 
to sam p le co rrelat es w it h  an in crease o r d ecrease o f  the 
in t ensit y o f the d ark- f ield  TEM  im age o f an ext ra V2 (111) 
ref lect io n  p lan e.15 O u rm azd  and  Bean16 have show n that  a 
Laue d if f ract io n  pat tern exh ib it ing  su ch  ext ra ref lect io ns can 
arise from  a new  p rim it ive un it  cell w ith  t w ice the o rig inal 
lat t ice p er io d  in a < 111 >  d irect io n . Th ey at t r ib ute the p res
en ce o f su ch  Vi (111) ref lect io ns to long range o rd erin g  of 
Si and Ge atom s in the alloy.

Th e lon g it ud in al o p t ic m ode f req u en cies fo r the O urm azd  
and Bean unit  cell have been calcu lat ed  in a m odel based 
on effect ive nearest - neig hb o r fo rce co nstan ts fo r cen t ral 
fo rces b et w een rig id  ato m s.15 Th e Ge- Ge, Ge- Si and  Si-Si 
effect ive fo rce co nstan ts w ere d eterm in ed  from  the ap p ro p 
riat e red uced  m asses and the f req u en cies o f the resp ect ive 
allo y l ines in the sa m e Ram an sp ect rum . Th e t h ree calcu lated  
freq u en cies resu lt ing  from  th is m odel lie near 250, 295 and  
440 cm  Th e f irst  (0,) and  the last (03) o f these co rresp o nd  
clo sely  to the ext ra peaks near 255 and  435 cm -1, w h ile the 
seco nd  o ne (02) at the 295 cm  _1 w o u ld  u n d erlie the st ronger 
Ge- Ge peak at ~  290 cm  _1 and  is thus not  visib le d irect ly 
in the exp erim en t  (see Fig. 4 (b) ). Th e f req u en cy sh if t  from  
sam p le to sam p le o f the ~  435 cm  _1 line co rresp o nd s to 
w it h in  1 cm  -■ w it h  the co rresp o nd ing  shif t  o f the calcu lated  
f req u en cy o f the 03 lin e. Th is good ag reem ent  b etw een  the 
calcu lat ed  and  exp erim en tal f req u en cy sh if t s ind icates that  
the O u rm azd  and  Bean o rd erin g  is resp o nsib le fo r the ext ra 
Ram an lines near 255 and 435 cm  -1.

Th e ep it axial g row th  o f GaAs on Si is o f cu rren t  in terest  
b ecause it w o u ld  allo w  the h igh-sp eed  and op t ical p ro p ert ies 
o f GaAs to be co m b ined  w it h  the w ell- d evelo p ed  Si t ech 
no lo gy. As the f irst  step  in ob tain ing  good q ualit y  ep itaxial 
m aterial o f th is typ e, the M BE Sect io n  in the Labo rato ry for 
M icro st ru ct u ral Scien ces has been g ro w ing  sing le crystal Ge 
on Si.17 Th e Ge is being  used  as a bu ffer layer in th is case, 
sin ce the lat t ice p aram eters and  therm al exp ansion  co 
eff icien ts o f Ge and  GaAs are a m uch  clo ser m atch than those 
o f Si and GaAs. Ram an scat tering  st ud ies o f th ese Ge f ilm s 
have p ro vid ed  co n f irm at io n  o f t h eir  sing le crystal natu re. A 
slight  (less than 1 cm  _1) up ward  o r d o w nw ard  shif t  in the 
posit ion o f the lo ng it ud in al op t ical p honon  (at 300 cm  _1 in 
unst rained  Ge) co rrelat es w ell w it h  the sm all co m p ressive 
o r extensive st rain fo und  in the Ge layer at room  t em p eratu re. 
Th is resid ual st rain  arises from  the co n t ract io n  o f the crystal 
on co o lin g  aft er layer g row th  and  its exten t  is d ep end en t  
on the g row th  t em p erat u re.17 Ram an scat tering  can be used 
in p r in cip le to ch aract er ize the residual st rain .

5. Fibonacci superlattices

The Fib o nacci seq uence, w h ich  is defined  by the elem en tary 
recu rsio n  f n+ 2 = f n + f n+  ̂ w it h  fg = 0 and  f-j = 1, has a long 
h isto ry. It was d erived  by the m athem at ician  Leonard o  o f Pisa 
o r Leo nard o  Fib o nacci (12th-13th Cen t u ry) from  co nsid erat io n  
o f a p ro b lem  posed in h is boo k " Lib er  ab aci"  p ub lished  in 
1202 :

" A  certain  man put a pair of rabb its in a p lace su r 
ro und ed  on all sides by a w all. How  m any pairs o f rabb its 
can be p ro d uced  from  that  pair in a year if it is sup posed  
that  every m onth  each pair begets a new  pair w h ich  
from  the seco nd  m onth on b eco m es p ro d uct ive?"

The p ro p ert ies o f the Fib o nacci num b ers have been ext en 

sively st ud ied , resu lt ing  in a co nsid erab le l it eratu re. For 
exam p le, Robert  Sim so n at Glasg o w  Un iversit y no ted  in 1753 
that  as the num b ers increased  in m ag nit ud e, the rat io  between 
su cceed in g  num b ers ap p ro ached  the go ld en num b er, sect io n 
o r m ean r=  (1 +%/5)/2 ~  1.618. Th e inverse o f τ  is r _1 = (\ / 5-1)/  
2 — 0.618 and  both are roo ts o f r _2- r _1 = 0, an equat ion  
d erived  from  the D ivin e p ro p o rt io n  o f  the 15th - Cen tu ry Italian 
m athem at ician  Lucas Pacio li.

Th e genesis o f a Fib o nacci sup erlat t ice can be fo llo w ed  
using  the ru le that  the n- th generat io n  o f the st ruct u re 
is fo rm ed  by co m b in ing  the (n-2) generat io n  st ru ct u re w ith  

the (n-1) generat io n  st ructu re. Th u s, if the f irst  generat io n  
st ruct u re is A, and  the seco nd  g enerat io n  st ru ct u re is BA, 
then  the th ird  generat io n  st ruct u re w ill  be ABA, the fou rth  

BAABA, etc. Th e exam p le in the text  can be sub d ivid ed  
as fo llo w s:

1 2 3 4 5 6

A I BA I ABA IBAABA |ABABAABA |BA A ____etc.

Th e 10th generat ion Fib o nacci sup erlat t ice referred  to  in 
Fig. 2 is fo rm ed  by d ep osit ing  the ep it axial layers acco rd ing  
to the 10th generat io n  st ructu re.

Fib o nacci seq uences have recen t ly  b eco m e very in t erest ing  
in so lid  state physics, b ecause th ey are on e- d im ensio nal 
analo gues o f the Pen ro se lat t ice in two  d im ensio ns and the 
ico so hed ral g roup  in t h ree d im ensio ns. Develo p m en ts in the 
th eo ry o f a Fib o nacci t ype o f q uasip erio d ic st ru ct u re w ere 
recen t ly  tested  w it h  the f irst  realizat io n  o f an actual crystal 
based  on an inco m m ensurate su p er lat t ice.18 Th e crystal, 
g rown  by M BE, co nsisted  o f alternat ing  layers o f GaAs and  
AlAs to fo rm  a Fib o nacci seq uence.

W e have stud ied  the Raman sp ect rum  of sim ilar q uasip er io d ic 
sup erlat t ices co nst ructed  acco rd ing  to the Fib o nacci se 
q u en ce from  two  basic b u ild ing  b lo cks A and  B o f Si (t h ickness 
d^ ) and  Si- |_xGex (t h ickness dg), resp ect ively. Th e sup erlat t ice 
st ru ct u re in term s o f these b u ild ing  b lo cks loo ks like

ABAABABAABAABABAABABA etc.

Th e effect ive lat t ice p aram eter o f such  sup erlat t ices is d = 
dA r  + dg. A lt hough  the Ram an sp ect rum  of the o p t ic m odes 
loo ks m uch  the sam e in co m m ensu rate and  inco m m ensurate 
su p erlat t ices g rown  using the sam e b u ild ing  b lo cks, the fo lded  
aco ust ic m ode sp ect rum  looks very d if feren t . As can  be seen 
from  a co m p ariso n  o f Figs. 2 (a) and  2 (b), the peak freq u en cies 
in the Fib o nacci su p er lat t iced o  not  fo llo w  the no rm al p erio d ic 
seq uence o f the co m m ensu rate sup erlat t ice and  the in t en 
sit ies o f the peaks do not  fo llo w  the usual o rd er eith er.

Th e aco ust ic p honon sp ect rum  can be analyzed  in m uch  the 
sam e w ay as the co m m ensu rate case w ith  due allo w an ce for 
the q u asip er io d icit y.19 Th e q uasip er io d ic m in izo ne b o und ary 

is now  g iven by q M z  = ir/ d and  the Ram an peaks o ccu r  at 
to = tug(m+ nr) ±  qpVsL-  Th ere are now  two  ind ices m and 
n to  co n tend  w ith , but  it tu rn s out  that  the m ost  in tense 
lines o ccu r  w hen  m and  n are both sm all Fib o nacci num b ers. 
In th is case m + nr= T^ and so o n ly one in teger ind ex p is needed  
to d escrib e the sp ect rum . Th e Ram an sp ect rum  o f ano th er 
Fib o nacci sup erlat t ice is sho wn  in Fig. 6, w h ere assig nm ents 
are m ade in term s o f the ind ex p (the + and  -  signs refer, 
as b efo re, to  the ±  qp VgL term ). Calcu lat io n s o f the aco ust ic 
m o de f req u en cies are in excellen t  ag reem ent  w ith  exp er 
im en t , as can be seen from  Tab le 2. These exp erim en ts have 
p ro vid ed  the f irst  d ef in it ive test  o f m od els fo r the lat t ice 
d ynam ics o f a Fib o nacci lat t ice.

La Physique au Canada 73



Tab le 2. Exp erim en t al and  calcu lat ed  p eak f req u en cies fo r 

p ro m in en t  l in es in t he Ram an sp ect rum  o f sam p le M BE-124G. 
Th e peaks exp ected  at lo w  f req u en cy are m asked by the 
Br il lo u in  peak (B) in the exp erim en t .

m

Index

n P

ωθχρ

(cm - 1)

aicalc

(cm - 1)

2- -1 - 2 - _ 2.6

0 0 B 5.3 5.2

- 1 - 1 - 1 - — 7.8

2+ -1 -2+ 13.5 13.4

1- 0 0- 15.7 15.8

-1 + 1 -1 + 18.5 18.1

1 + 0 0+ 26.9 26.1

o- 1 1- 29.2 28.7

0+ 1 1 + 39.9 38.9

1- 1 2- 51.0 49.7

1 + 1 2+ 60.9 59.9

FREQUENCY SHI FT ( cm *)

Fig. 6. The Raman spectrum o f the 11 th-generat ion Fibonacci 
superlat t ice M BE-124G constructed from  blocks o f Si 5.4 
nm th ick and Si0 52Ge0 48 4.2 nm th ick.

6. Conclusions

Th is review  o f Ram an scat tering  from  M BE g rown Si/ Si- |_xGex 
su p erlat t ices and  S i ^ G e ,, layers has sho wn  that  co nsid erab le 
p hysical in fo rm at io n  can De derived  from  the p honon sp ec
t rum . Th e aco ust ic p honon scat tering  in sup erlat t ices can 
be used  to ob tain  p recise average layer t h icknesses and  x 
values, and  it can g ive q ualitat ive in fo rm at io n  on the in t erface 
q ualit y . In th is last resp ect  Ram an scat tering  is bet ter than

m any o th er d irect  m easurem en t  t echn iq ues. Th e o p t ic p ho n 
ons can  p ro vid e quan t itat ive in fo rm at ion  on the st rain w ith in  
layers, on the overall q ualit y o f the layers (from  the phonon 
l in ew id t h s3), and on the existence o f w eak long - range o r 
dering  o f Si and  Ge atom s, w h ich  is found  to o ccu r  to varying  
extent  in all o f  the alloy layers w e have st ud ied . Finally, Raman 
scat tering  possesses the d ist inct  advantage o f being  a n o n 
d est ruct ive p rob e o f crystall ine p erfect io n .

Acknowledgement

Th e excellen t  crystals used in the w o rk  rep o rted  here w ere 
g row n at N RC by J.-M . Barib eau , M .W . Denho ff  and  D .C. 
H o ugh to n , and  vario us aspects o f  the t heo ret ical w o rk  are 
due to  M .W .C. Dharm a- wardana, E.W . Fento ri, and  A.H . 
M acDo nald .

References

1. See, fo r exam p le, W . Hayes and  R. Loudo n, "Scat t ering  
o f Light  by Crystals"  (W iley, N ew Yo rk, 1978).

2. See, fo r exam p le, J.C. Bean, M at. Res. Soc. Sym p. Pro c. 
37, 245 (1985), and F. Cerd eira, A. Pin czu k, T.H . Ch iu  and 
W .T. Tsang , Phys. Rev. B32, 1390 (1985).

3. F. Ce rd e ira , A . Pin czu k , J.C. Bean , B. Bat lo gg  and  
B.A. W ilso n , Ap p l. Phys. Let t . 45 ,1138  (1984).

4. G. A b st re it e r , H. Bru g g er, T. W o lfe , H. Jo rke and  
H.J. Herzo g , Phys. Rev. Let t . 54, 2441 (1985).

5. Th is system  and  the M BE crystal g row ing  tech n iq ue has 
been d escrib ed  in an earlier  art icle by Ch an d re Dharm a-  
w ard ana, Physics in Canad a 42 (N o . 4), 81 (1986).

6. J.-M . Barib eau , D .C. Hough to n , D.J. Lo ckw o o d  and  T.E. 
Jackm an "Sem ico nd ucto r- Based  H etero -St ructu res; In t er 
facial St ruct u re and  Stab ili t y" , M .L. Green  et al. Eds. 
(M et allu rg ical So ciet y, W arren d ale, 1986) p. 185.

7. The zo ne fo ld ing  o f aco ust ic m odes is w ell d escrib ed  in 
Ref. 5.

8. S.M . Rytov, Akust . Zh . 2, 71 (1956) [Sov. Phys.-Aco ust . 2, 
68 (1956)].

9. M .W .C. Dharm a- wardana, D.J. Lo ckw o o d , J.-M . Baribeau 
and  D .C. H o ugh to n , Phys. Rev. B34, 3034 (1986) and  Phys. 
Rev. B35, in p ress.

10. C. Co lvard , T.A . Gran t , M .V. Klein , R. M erl in , R. Fisch er, 
H. M o rko c and  A .C. Go ssard , Phys. Rev. B31, 2080 (1985).

11. D .C. H o ugh to n , D.J. Lo ckw o o d , M .W .C. Dharm a- ward ana, 
E.W . Fen ton, J.-M . Baribeau and  M .W . Denho ff, J. Crystal 
Gro w th  (to be pub lished ).

12. S.M . Sze, "Ph ysics o f  Sem ico n d u ct o r D evices"  (W iley, N ew 
Yo rk, 1981) p. 68.

13. See W .J. Brya, So lid  State Co m m un . 12, 253 (1973) and 
references t h erein  fo r the o rig in  o f th is no tat ion.

14. M . Ch and rasekhar, J.B. Renucci and  M . Card o na, Phys. 
Rev. B1 7 ,1623 (1978).

15. D.J. Lo ckw o o d , K. Rajan, E.W . Fen ton , J.-M . Baribeau and  
M .W . Denho ff, So lid  State Co m m un , (to be pub lished ).

16. A. O urm azd  and  J.C. Bean, Phys. Rev. Let t . 55, 765 (1985).

17. J.-M . Barib eau , T.E. Jackm an, P. M aigné, D .C. Hough ton 
and  M .W . Denho ff  (to be p ub lished ).

18. R. M e r l in , K. Bajem a, R. C la r k e , F.- Y. Ju an g  and  
P.K. Bhat tacharya, Phys. Rev. Let t . 55 ,1768  (1985).

19. G.C. Aers, D.J. Lo ckw o o d , M .W .C. Dharm a- wardana, A.H . 
M acDo nald , J.-M . Baribeau and  D .C. H o ugh to n , Am erican  
Physical So ciety M arch M eet ing , N ew  Yo rk (1987).

74 Physics in Canada

View publication statsView publication stats

https://www.researchgate.net/publication/252149680_Scattering_of_light_by_excitations_in_crystals?el=1_x_8&enrichId=rgreq-d68fc374f1acb3f905c793e507a7b146-XXX&enrichSource=Y292ZXJQYWdlOzMxMzA0MjUyMTtBUzo0NjAwMjA4Mjg2NDMzMjhAMTQ4NjY4ODkyMTAwOA==
https://www.researchgate.net/publication/252149680_Scattering_of_light_by_excitations_in_crystals?el=1_x_8&enrichId=rgreq-d68fc374f1acb3f905c793e507a7b146-XXX&enrichSource=Y292ZXJQYWdlOzMxMzA0MjUyMTtBUzo0NjAwMjA4Mjg2NDMzMjhAMTQ4NjY4ODkyMTAwOA==
https://www.researchgate.net/publication/291743670_Physics_of_Semiconductor_Devices?el=1_x_8&enrichId=rgreq-d68fc374f1acb3f905c793e507a7b146-XXX&enrichSource=Y292ZXJQYWdlOzMxMzA0MjUyMTtBUzo0NjAwMjA4Mjg2NDMzMjhAMTQ4NjY4ODkyMTAwOA==
https://www.researchgate.net/publication/291743670_Physics_of_Semiconductor_Devices?el=1_x_8&enrichId=rgreq-d68fc374f1acb3f905c793e507a7b146-XXX&enrichSource=Y292ZXJQYWdlOzMxMzA0MjUyMTtBUzo0NjAwMjA4Mjg2NDMzMjhAMTQ4NjY4ODkyMTAwOA==
https://www.researchgate.net/publication/313042521

