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Abstract

Spectroscopic study of alloy Semiconductors Ga, A1 As/GaAs
X " X  X

and (Ga i . xAlx )0 47In53As/InP 

by

Padm anabhan  P a ra y a n th a l 

A d v iso r: P ro fe sso r  F re d  H. Poliak

T h e  sem iconducto r alloy system s Ga A1 A s/G aA s (0<x<0.9) an d
X X  X

(Ga.. A1 )_ J n .  ,.„A s/In P  (0<x£l) an d  th e ir  in te rfa c e s  w ith  th e
1 “ X  X  U . t I U .  OO

s u b s tr a te s  a re  in v e s tig a te d  u s in g  th re e  sp ec tro sco p ic  te c h n iq u e s , i . e . ,  

Raman s c a tte r in g  (R S ), e lec tro re f lec ta n ce  (ER) an d  n u c le a r  p ro f ilin g .

U sing  a "sp a tia l co rre la tio n "  model w ith  a G u assian  c o rre la tio n  

fu n c tio n  we have fo r  th e  f i r s t  time q u a n tita tiv e ly  ex p la in ed  th e  

b ro ad en in g  an d  asym m etry  of th e  f i r s t - o r d e r  lo n g itu d in a l-o p tic  phonon 

Raman sp ec tru m  in d u ced  b y  alloy p o te n tia l f lu c tu a tio n s . T he system s 

s tu d ie d  w ere th e  re p re s e n ta t iv e  alloy sy stem s Ga A1 A s/G aA s an d
X ” X  X

Ga^ 4 7 * n 0  5 3 ^ S/^ n ^ ‘ T h is  an a ly s is  p ro v id e s  im p o rtan t in s ig h ts  in to  th e  

m icroscopic n a tu re  of th e  alloy p o ten tia l f lu c tu a tio n s .

We have  p e rfo rm ed  th e  f i r s t  ER s tu d y  on th e  q u a te rn a ry  alloy 

system  (Ga^ ^ A l^ )^  ^ I n ^  5 3 AS grow n la ttic e  m atched  to  In P . T he 

v a rio u s  in te rb a n d  tra n s it io n  e n e rg ie s  Eq (fu n d am en ta l g a p ) , (sp in



o rb it  sp lit com ponen t), E^+A^ EQ' an d  Eq'+Aq ' a s  well as  th e  sp in

o rb it  sp li t t in g s  of th e  valence  b a n d s  A  ̂ an d  Â  ̂ w ere  a c c u ra te ly  

d e te rm in ed . T he sp in  o rb it  s p litt in g s  A  ̂ an d  A  ̂ e x h ib it  a n eg a tiv e  

bow ing sim ilar to  th a t  fo u n d  in  th e  o th e r  q u a te rn a ry  alloy system  

G alnA sP . We h ave  g en e ra liz ed  th e  VV-B-W model in c lu d in g  b o th  in tra  

an d  in te rb a n d  e ffe c ts  to  acco u n t fo r th e  com position d ep en d en ce  of th e  

valence  b an d  sp in  o rb it  sp li t t in g s  Aq an d  A  ̂ in  th e  q u a te rn a ry  alloys 

InG aA sP an d  GaAlInAs grow n la ttic e  m atched  to  InP .

T he e ffe c ts  of s u b s t r a te  p re p a ra tio n  on th e  p ro p e r tie s  of th e  

ep itax ia l la y e r  a re  in v e s t ig a te d  in GaAlAs/G aA s h e te ro ju n c tio n s  p re p a re d  

by  d if fe re n t m odifications of liqu id  p h ase  e p ita x y  u s in g  RS as well as 

ER. S ignals w ere o b se rv e d  from  b o th  th e  GaAlAs e p ila y e r  a n d  the  

GaAs s u b s tr a te  a t th e  in te rfa c e . T he r e s u l ts  a re  c o rre la te d  w ith  th e  

p ro p e r tie s  of th e  s u b s t r a te  a n d  g row th  cond ition .

T he m ajor lim itation  to  th e  d e p th  re so lu tio n  in  d e p th  p ro filin g  u s in g  

ion beam s is th e  e n e rg y  s tra g g lin g  of th e  p ro jec tile s  re s u lt in g  from  th e  

s ta t is t ic a l  n a tu re  of th e  e n e rg y  lo ss  m echanism . We have  done th e  f i r s t  

e n e rg y  s tra g g lin g  m easu rem en ts  in GaAlAs u s in g  n u c le a r  re a c tio n  

te c h n iq u e . T he sam ples w ere  p re p a re d  by  MBE. We h av e  also  o b se rv e d  

th e  im portance of g row ing  b u f fe r  la y e rs  to  o b ta in  s h a rp  in te rfa c e s  in 

GaAlAs/GaAs h e te r o s t r u c tu r e s .
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Chapter I

INTRODUCTION

1

S tu d ie s  of th e  fu n d am en ta l e le c tro n ic , v ib ra tio n a l, an d  s t ru c tu ra l  

p ro p e r t ie s  of sem iconducto r alloys have  become an  im p o rtan t p a r t  of 

sem iconducto r p h y s ic s . T h e  av a ilab ility  of a la rg e  num ber of 

sem iconducto rs  w ith  a w ide v a r ie ty  of d if fe re n t an d  o ften  un iq u e  

p ro p e r t ie s ,  made it  p o ssib le  n o t only  to  d isco v e r new  phenom ena b u t 

a lso  to  se lec t optimum m ate ria ls  fo r sp ec ific  ex p erim en ta l an d  th e o re tic a l 

w o rk .

In  th is  th e s is  we exam ine th e  v ib ra tio n a l, e le c tro n ic , an d  s t ru c tu ra l  

p ro p e r tie s  of ep itax ia lly  grow n sem iconducto r a lloys an d  th e ir  in te rface  

w ith  th e  s u b s tr a te  u s in g  v a rio u s  sp ec tro sc o p ic  te c h n iq u e s . Raman 

sp e c tro sc o p y , m odulation  sp e c tro sc o p y , a n d  Ion beam sp ec tro sco p y  

(n u c le a r  p ro filin g ) a re  em ployed to  in v e s tig a te  Ga A1 A s/G aA s
J, “ X  X

(0<x<0.9) an d  (G a. A1 ).. .^ In ^  ,.0A s /In P  (0< x^ l) sy s tem s . In  Raman1 -x  x 0 .47  0 .53

s p e c tro sc o p y , w hich p ro b e s  th e  v ib ra tio n a l s ta te s  of th e  so lid , th e  

c h a ra c te rs t ic  e n e rg ie s  ra n g e  ty p ic a lly  from  ~10 to  100 meV w h ereas  in 

m odulation sp e c tro sc o p y , w hich p ro b e s  th e  e lec tro n ic  s ta te s ,  th e  op tica l 

e x c ita tio n s  ra n g e  from  ~0.5  eV to  6 eV . Ion beam sp ec tro sco p y

- 1 -



(n u c le a r  p ro f i l in g ) , in v o lv es  n u c lea r e n e rg y  lev e ls  an d  hence  the  

em ission e n e rg ie s  invo lved  a re  se v e ra l MeV. T h u s  th e se  sp ec tro sco p ic  

te c h n iq u e s  a re  b a se d  on a b ro a d  ra n g e  of ex c ita tio n s  ra n g in g  from  a 

few meV to  s e v e ra l MeV.

Raman sp e c tro sc o p y  is an  e ffec tiv e  a n d  v e rs a tile  tool fo r

1 2in v e s tig a tin g  la ttic e  v ib ra tio n s  in  sem iconducto rs  * . L a ttice  v ib ra tio n s  

a re  se n s itiv e  to th e  n e a re s t  n e ig h b o u r in te ra c tio n  an d  th e r fo re  p ro b e  

th e  c ry s ta l  s t r u c tu r e  a n d  q u a lity  on a small sca le , i . e . ,  on th e  o rd e r  of 

se v e ra l la ttic e  sp a c in g s . Raman sp ec tro sc o p y  is  e sp ec ia lly  u se fu l fo r  th e  

s tu d y  of ep itax ia l la y e r s  an d  h e te ro ju n c tio n s  since  th e  la ttic e  v ib ra tio n a l 

s p e c tra  a re  o b se rv e d  as  a su p e rp o s itio n  of c o n tr ib u tio n s  from  each 

la y e r . D ep th  p ro f ilin g  can  be accom plished b y  u s in g  d if fe re n t ex c ita tio n  

e n e rg ie s  w ith  d if fe re n t p e n e tra tio n  d e p th s . In  a d d itio n , since  it is a 

s e c o n d -o rd e r  p ro c e s s , Raman s c a t te r in g  can  p ro v id e  sym m etry 

inform ation  w hich  is n o t availab le  from f i r s t - o r d e r  p ro c e sse s .

In  th e  p a s t  two d ecad es  m odulated  o p tica l sp e c tro sc o p y  h as  evo lved

in to  a pow erfu l te c h n iq u e  fo r s tu d y in g  in te rb a n d  e lec tro n ic  tra n s it io n s ,

ach iev in g  f a r  g r e a te r  s e n s itiv ity  a n d  re so lu tio n  th a n  ab so lu te

3 4re f le c tiv ity  m easu rem en ts  ’ . In  all m odulated  o p tica l te c h n iq u e s  some 

p a ra m e te r of th e  sam ple o r  th e  m easu rin g  sy stem  is v a r ie d  pe rio d ica lly  

so a s  to  p ro d u c e  a ch an g e  in  th e  op tica l re f le c ta n c e  o r  tra n sm itta n c e  of 

th e  solid . T h ese  p e rio d ic  v a ria tio n s  give r is e  to  s h a rp  d iffe ren tia l- lik e



s p e c tra  in th e  re g io n  of pho ton  e n e rg ie s  w h ere  o p tica l ex c ita tio n  

p ro c e sse s  o ccu r . T h u s  in  all m odulated  op tica l te c h n iq u e s  th e  

u n in te re s t in g  b a c k g ro u n d  e ffe c ts  a re  s u p p re s s e d  an d  re le v e n t op tica l 

fe a tu re s  a re  e n h an c e d . In  ad d itio n , w eak s t r u c tu r e s  th a t  may no t be 

c lea r in  unm odulated  s p e c tra  a re  b e t te r  re so lv e d . At p re s e n t  e le c tr ic -  

field  m odulated re f le c t iv i ty  p ro v id e s  one of th e  b e s t  o p tica l te c h n iq u e s  

availab le , in  te rm s of s e n s it iv ity  an d  re so lu tio n , fo r  th e  s tu d y  of th e  

fundam en tal gap a n d  h ig h e r  e n e rg y  e lec tro n ic  tra n s it io n s  in 

sem ico n d u c to rs .

In  a sem iconducto r h e te ro ju n c tio n  th e  e n e rg y  gap d iffe ren c e  in  th e  

sem iconductor in tro d u c e s  b a r r ie r s  in th e  e n e rg y  b an d  d iag ram s g iv in g  a 

new d eg ree  of freedom  fo r th e  s tu d y  of fu n dam en ta l phenom ena as  well 

as th e  d esig n  of d e v ic e s . R ecen tly , a ttem p ts  to  u tilize  th e  p ro p e r tie s  

a sso c ia ted  w ith  th e  b a n d  gap  d isco n tin u itie s  a t  h e te ro ju n c tio n s  have  

re q u ire d  v e ry  s t r in g e n t  g ro w th  cond itions d u r in g  th e  form ation of th e  

in te rfa c e . If th e  in te rfa c e  is a b ru p t  th e  b a n d g ap  ch an g es  in  an  a b ru p t  

m anner while if th e  in te r fa c e  is com positionally  g ra d e d  th e  b a n d g ap  will 

change  in  a  m ore g ra d u a l fash io n .

Among th e  m any ion beam  te c h n iq u e s  n u c le a r  p ro filin g  u tiliz e s  th e  

p re sen c e  of n a rro w  re so n a n c e s  in m any lig h t n u c le i an d  hence  p ro v id es  

a m ethod of a c c u ra te  d e p th  p ro filin g . In  alloy sem iconducto rs  w ith  A1 as 

a c o n s ti tu e n t, n o n d e s tru c tiv e  p ro filin g  of A1 can be accom plished  u s in g



th e  A l(p ,Y )S i n u c le a r  re a c tio n , w hich h as  an ex trem ely  s h a rp  re so n an ce  

a t 992 keV (lab  fram e ). T he  10.7 MeV X  ra y  em itted  d u r in g  th e  reac tio n  

re v e a ls  th e  p re se n c e  of Al. T he d e p th  p ro file  of A1 can  be  tra n s la te d  

in to  a b a n d g ap  p ro file  from  th e  know n b a n d g ap  v a ria tio n  w ith  Al 

com position .

S em iconductor a lloys a re  of g re a t  in te r e s t  from  b o th  fu n d am en ta l as 

well as techno log ica l c o n s id e ra tio n s . From th e  b asic  p h y s ic s  p o in t of 

view , com pound sem ico n d u c to r a lloys help  to  exam ine o u r  th e o re tic a l 

know ledge of how th e  fu n d am en ta l e lec tro n ic  a s  well a s  la ttic e  

v ib ra tio n a l p ro p e r tie s  v a ry  w ith  chem ical com position of th e  a lloy . In  

ad d itio n , w hen th e  alloy system  is grow n la ttic e  m atched  to  th e  

s u b s tr a te  m ateria l, th e y  p ro v id e  a u n iq u e  te s t in g  g ro u n d  fo r  exam ining  

th e  th e o rie s  of random  d is o rd e r .

In  the  v a rio u s  e le c tro n ic , v ib ra tio n a l, as well a s  e lec tr ic a l p ro p e r tie s  

of alloy sem ico n d u c to rs , d is o rd e r  p lay s  an  im p o rtan t ro le . In  m any III-  

V sem iconducting  com pounds e i th e r  th e  cation  o r  th e  an ion  may be 

alloyed  in a r b i t r a r y  c o n c e n tra tio n s . T h ese  alloy sem ico n d u c to rs  u su a lly  

have  con tinua lly  v a ry in g  p ro p e r t ie s  in te rm ed ia te  be tw een  th e  two en d  

po in t m a te ria ls . T he c ry s ta l  s t r u c tu r e  ( e .g .  z in c -b len d e ) is  also 

p re s e rv e d . T he random  s u b s ti tu tio n  of one elem ent (ca tio n  o r an ion) in  

an  o th erw ise  com positionally  o rd e re d  alloy , in tro d u c e s  p o te n tia l 

f lu c tu a tio n s . In  a d d itio n , re c e n t e x te n d e d  X -ra y  a b so rp tio n  fine



s t r u c tu r e  (EXAFS) m easu rem en ts  in  alloys su ch  as  G alnA s h av e  shown

th a t  th e  G a-A s an d  In -A s  bond  le n g th s  rem ain n e a r ly  c o n s ta n t in th e

e n tire  com position ra n g e  ev en  th o u g h  th e  a v e rag e  ca tio n -an io n  d is tan ce

5closely  follows V eg ard s  law . T he  re s u lt in g  b o n d le n g th  a lte rn a tio n s  

cau se  s t r u c tu r a l  d is to r tio n  in  th e se  a lloys. T he  v a ria tio n  of th e  

fu n d am en ta l b an d g ap  e n e rg y , h ig h e r  ly in g  in te rb a n d  tra n s i t io n s , as well 

a s  sp in  o rb it s p l i t t in g s , w ith  com position, in s te a d  of b e in g  lin e a r , is 

fo u n d  to  follow a q u a d ra tic  re la tio n sh ip  in  th e se  alloy sy stem s. In  

g e n e ra l, th e se  n o n lin ea r v a r ia tio n s , called "bow ing", is  a r e s u l t  of alloy 

p o ten tia l f lu c tu a tio n s , s t r u c tu r a l  d is to r tio n  du e  to  b o n d len g th  

a lte rn a tio n s , as well as  th e  b reakdow n  of th e  v ir tu a l  c ry s ta l  

ap p ro x im a tio n .

In  la ttic e  m atched  sy stem s th e  bow ing of th e  sp in  o rb it sp litt in g s

h as  been  a t t r ib u te d  to  th e  alloy d iso rd e r  b u t may also  be a  co nsequence

of th e  s t r u c tu r a l  d is to r tio n . T h u s  a d e ta iled  s tu d y  of th e  com positional

v a ria tio n  th e  s p in -o rb it  sp li t t in g s  in th e se  sy stem s can p ro v id e

im p o rtan t inform ation  re g a rd in g  th e se  two fa c to rs  a ffe c tin g  th e  m ateria l

6 7 8p ro p e r t ie s .  Van V ech ten -B ero lo  an d  Wooley (VV-B-W ) ’ a n d  C hadi

h av e  p ro p o sed  models to  ex p la in  th e  bow ing of th e  sp in  o rb it sp litt in g s

in  sem iconducto r alloy sy stem s.

S ev era l in v e s t ig a to rs  have  o b se rv ed  th a t  th e  allow ed f i r s t  o rd e r

9 10Raman lin es  fo r th e  alloy sy stem s has an  asym m etric  lin e sh ap e  ’ in



c o n tra s t  to  th a t  of th e  e n d  p o in t m a te ria ls . T h is  h a s  b een  a t t r ib u te d  to

q v e c to r  re lax a tio n  re la te d  to  alloy d is o rd e r  an d  q u a lita tiv e ly  e x p la in ed .

A q u a n tita tiv e  ex p lan a tio n  of th e  alloy Raman lin e sh ap e s  h as  been

lack in g . A de ta iled  a n a ly s is  of th e  Raman lin e sh ap e s  can  p ro v id e

im p o rtan t in s ig h ts  in to  n a tu re  of m icroscopic alloy d is o rd e r .

Q u a te rn a ry  alloys a re  im p o rtan t from  a device p o in t of view  d u e  to

th e  flex ib ility  o ffe red  b y  th e se  system s to se lec t b o th  e n e rg y  b a n d g a p ,

E , an d  la ttic e  c o n s ta n t in d e p e n d e n tly . T h is  is  s ig n if ic a n t b ecau se  the  
S

h ig h  q u a lity  m ateria l re q u ire d  fo r  m ost dev ices  can be p ro d u c e d  only

w hen th e  ep itax ia l la y e r  is la ttic e  m atched  to  th e  s u b s t r a te ,  th u s

avo id ing  th e  h ig h  d e n s ity  of d is locations as well as  in te rfa c e  s ta te s

g e n e ra te d  by  th e  la ttic e  m ism atch. For o b ta in in g  h ig h  q u a lity

in te rfa c e s  re q u ire d  fo r  h e te r o s t r u c tu r e  dev ices i t  is n e c e s sa ry  to

change th e  b an d g ap  w ith o u t ch an g in g  th e  la ttic e  p a ra m e te r.

R ecen tly , th e re  has b een  a g row ing  in te re s t  in th e  q u a te rn a ry  alloy

system  (G a. Al In  As b a se d  in th e  a rs in id e s  of gallium , aluminum 1-x x  1 -y  y  &

an d  indium , becau se  of i ts  ap p lica tio n s  fo r  op tica l com m unication dev ices 

su ch  as  op tica l e m itte rs , w av eg u id es , an d  d e te c to rs . I t  can  be grow n 

la ttic e  m atched  to  InP  fo r 0<x<l, y=0.47 . As th e  Al atom s a re

s u b s t i tu te d  fo r th e  Ga, th e  fu n dam en ta l b an d g ap  e n e rg y  is e x p ec te d  to 

v a ry  con tinua lly  from  0 .75  ev to  1 .5  ev  a t 300 K. T h is  s p e c tra l  ra n g e  

co v ers  th e  ra n g e  of low est lo ss  as  well as  d isp e rs io n  fo r o p tica l f ib e rs .



V ery  little  w o rk , b o th  th e o re tic a l a n d  e x p e rim en ta l, h a s  been

p erfo rm ed  on th is  q u a te rn a ry  sy stem , in  re la tio n  to  th e  q u a te rn a ry

G aln A sP /In P  alloy sy stem , ev en  th o u g h  G aAlInAs sy stem  h as  a la rg e r

ra n g e  of th e  fu n d am en ta l gap  e n e rg ie s . T he lack  of ex p erim en ta l s tu d ie s

h as  been  m ainly re la te d  to  d iff icu lty  in  g row ing  good q u a lity  single

c ry s ta l  la y e rs  b y  liq u id  p h ase  e p ita x y  (L P E ). R ecen tly  m olecular beam

ep ita x y  (MBE) g ro w th  p ro c e ss  h as  made it p o ssib le  to  fa b r ic a te  ep itax ia l

films of th is  q u a te rn a ry  alloy w ith  good co n tro l o v e r  alloy com position.

Olego e t  al^* have  in v e s tig a te d  th e  com positional d ep en d an ce  of th e

b an d  gap e n e rg y  b y  room te m p e ra tu re  pho to lum inescence  an d  also  the

conduction  b an d  e ffe c tiv e  m ass, m , from  Raman s c a t te r in g  ex p e rim en ts .

12 13R ecen tly , A ym erich ’ h a s  p e rfo rm ed  a  b a n d s tr u c tu r e  calcu lation  

b a sed  on a model v e rs io n  of th e  c o h e re n t p o te n tia l ap p rox im ation .

Ga Al A s/G aA s is p ro b a b ly  among th e  m ost im p o rtan t of th e
J." X  x

v a rio u s  sem iconducto r h e te ro ju n c tio n s  fa b r ic a te d  in  r e c e n t  y e a r s .  In

ad d itio n  to  b e in g  u s e fu l in s tu d y in g  fu n d am en ta l a sp e c ts  su ch  as

q uan tum  well and  su p e r la tt ic e  e ffe c ts  th is  h e te ro ju n c tio n  h a s  num erous

14 15device ap p lica tio n s  ’ . H igh effic ien cy  so la r cells h av e  b een  fa b ric a ted

u s in g  GaAs p -n  ju n c tio n s  w ith  a th in  Ga Al As alloy la y e r  on top  of
1 " X  X

16th e  GaAs . T he close la ttic e  m atch of th e  two m ate ria ls  GaAs and  

GaAlAs r e s u l ts  in  a low recom bination  ve locity  a t  th e  in te rfa c e  w hich 

re s u lts  in neg lig ib le  su rfa c e  recom bination . T he  alloy la y e r  can  be



h ig h ly  d o p ed , re s u lt in g  in  low se r ie s  re s is ta n c e . T h is  allows th e  GaAs 

la y e r  to  be doped  le ss  th a n  u su a l in  o rd e r  to  o b ta in  la rg e r  m inority  

c a r r ie r  d iffu sio n  le n g th s . P ro p e r  u se  of com position g ra d e d  

GaAlAs/GaAs in te rfa c e s  in  th e  fa b ric a tio n  of so la r cells can im prove th e  

so la r  cell co n v ersio n  e ffic ien cy . T h e  g ra d in g  of com position r e s u lts  in  

a b u ilt- in  e lec tr ic  field  fo r th e  m inority  c a r r ie r s  in  th e  GaAlAs la y e r  

w hich d ire c ts  p h o to e lec tro n s  aw ay from  th e  su rfa ce  a n d  can th e re fo re  

s ig n ific an tly  en h an ce  th e  p h o to c u rre n t collection from  th e  su rface  

re g io n . T h e o re tic a l e ffic ien c ies  a s  h ig h  as  .35% u n d e r  d ire c t  su n lig h t 

h a s  been  p re d ic te d  fo r  th e se  g ra d e d  com position h e te ro ju n c tio n s . 

Q u an tita tiv e  ev alu a tio n  of th e  com position p ro file  of th e se  g ra d e d  la y e rs  

is  n eed ed  to  develop  th e  p ro p e r  g row th  te ch n iq u e  an d  to  u n d e rs ta n d  

th e  r e s u lt in g  so la r cell c h a ra c te r s t ic s .

H e tero ju n c tio n s  have  p lay ed  an  im p o rtan t ro le  in  th e  a re a  of

17in jec tion  la se rs  in  re c e n t y e a rs  . T he e sse n tia l id ea  is  th a t  th e  

p o ten tia l b a r r ie r s  p ro v id e d  b y  th e  h e te ro ju n c tio n  r e s u l ts  in th e  

confinem ent of th e  in jec ted  c a r r ie r s  in th e  ac tiv e  volum e so th a t 

p o p u la tio n  in v e rs io n  is m ore re a d ily  ach iev ed  an d  la se r  gain  is h ig h e r . 

G aAlAs/G aA s h e te ro ju n c tio n  la y e rs  h ave  th e  ad d ed  a d v a n ta g e  th a t  since 

GaAlAs h as  a low er re f ra c t iv e  in d ex  th a n  GaAs; h e n ce , w aveguide 

confinem ent is also  o b ta in ed  th u s  re d u c in g  la s e r  lo s se s . T he 

developm ent of th e se  h e te ro ju n c tio n s  h a s  re s u lte d  in  con tinous w ave 

(cw) o p e ra tio n  of GaAs la se r  d iodes a t  a n d  above room te m p e ra tu re .



O th er app lica tio n s  of Ga Al A s/G aA s h e te ro ju n c tio n s  in c lu d e  h ig h
1 “ X  X

m obility field  e ffe c t t r a n s is to r s  (HMFET) as  well a s  fa b ric a tio n  of 

su p e r la tt ic e s . More re c e n tly , in te re s t in g  ap p lica tio n s  fo r  GaAlAs/G aA s 

h a s  been  p ro p o sed  fo r u se s  su ch  as  S ch o ttk y  b a r r ie r  form ation an d  

p a ss iv a tio n  of th e  GaAs su rfa c e  fo r m e ta l-in su la to r-sem ico n d u c to r (MIS) 

te c h n o lo g y ^ .

In  o rd e r  to  u n d e rs ta n d  th e  p erfo rm ance  of th e se  d ev ices  i t  is

e sse n tia l to  know  th e  v a rio u s  m ateria l p a ra m e te rs  re la te d  to  th e  ep itax ia l

la y e r , in te rfa c e s  as  well as  s u b s tr a te s .

In ion beam sp e c tro sc o p y , th e  n u c lea r  p ro filin g  te ch n iq u e  h a s  b een

know n fo r a long  tim e. O nly re c e n tly  has th is  te ch n iq u e  b een  ap p lied  to

19 20o b ta in  th e  Al p ro file s  in  sem iconducto r s t r u c tu r e s  ’ . T he  m ajor

lim itation to th e  d e p th  re so lu tio n  of th is  te ch n iq u e  is  th e  e n e rg y  

s tra g g lin g  of th e  p ro je c tile . I t is n e c e s sa ry  to  o b ta in  a c c u ra te  va lu es  

fo r  e n e rg y  s tra g g lin g  to  e x tr a c t  a c c u ra te  d e p th  p ro f ile s .

T h is  th e s is  is  d iv id ed  in to  5 c h a p te rs . C h a p te r  II dea ls  w ith  Raman 

sp ec tro sc o p y . T he b asic  p r in c ip le s  in  Raman s c a t te r in g  a re  d isc u sse d  in 

S ection  1 an d  ex p e rim en ta l te ch n iq u es  in Section  2. In  Section  3 we 

d e sc rib e  th e  r e s u l ts  of th e  in v e s tig a tio n  re g a rd in g  th e  e ffe c ts  of th e  

g row th  p a ra m e te rs  on th e  h e te r o s tr u c tu r e  of G aA lA s/G aA s. T he sam ples 

w ere  p re p a re d  u n d e r  d if fe re n t m odifications of LPE. In form ation  is 

o b ta in ed  ab o u t th e  v a r io u s  a sp e c ts  of th e  e p ila y e r , in te rfa c e  as  well as



th e  s u b s tr a te  in c lu d in g  (1) c ry s ta l  q u a lity  (2) alloy com position of th e  

e p ila y e r (3) b a n d  b e n d in g  a t  th e  in te rfa c e  as  well as  th e  GaAs 

s u b s tr a te  w ith o u t th e  e p ila y e r  an d  (4) c a r r ie r  d ep le tio n . In  th e  la s t  

sec tion  of C h a p te r  II we co n d u c t a  sy stem atic  s tu d y  of th e  Raman 

lin e sh ap es  Ga^ ^A l^A s/G aA s (0<x<0.9) an d  GaQ ^ A s / I n P  grow n

la ttic e  m atched  to  th e i r  s u b s tr a te s  b y  v a rio u s  g row th  te c h n iq u e s . A 

"Spatia l C o rre la tio n "  model is p re s e n te d  to ex p la in , fo r  th e  f i r s t  time 

q u a n tita tiv e ly , th e  asym m etry  an d  b ro a d e n in g  of th e  f i r s t  o rd e r  Raman 

lines in  th e se  re p re s e n ta t iv e  alloy sy stem s. T h is  "S pa tia l C orre la tion" 

model is b a se d  on q -v e c to r  re la x a tio n  in d u ced  b y  th e  alloy p o te n tia l 

flu c tu a tio n s  (A P F ). T h is  m odel, w hich is q u ite  g e n e ra l, p ro v id e s  

im p o rtan t inform ation  a b o u t th e  n a tu re  of APF.

C h ap te r  III deals  w ith  m odulation sp ec tro sc o p y . T he n e c e ssa ry  

th e o re tic a l b a c k g ro u n d  fo r u n d e rs ta n d in g  th e  ex p erim en ta l r e s u l ts  a re  

g iven  in  sec tio n  1 a n d  th e  ex p erim en ta l p ro c e d u re s  in  sec tion  2. 

Section 3 co n ta in s  th e  r e s u lts  o b ta in ed  u s in g  th is  te ch n iq u e  fo r th e  

q u a te rn a ry  alloy system  GaAlInAs grow n la ttic e  m atched  to  In P . T he 

main focus w as on th e  a c c u ra te  d e te rm in a tio n  of th e  v a rio u s  tra n s itio n  

e n e rg ie s  a n d  th e i r  a sso c ia ted  b ro a d e n in g . GaAlAs/GaAs p re p a re d  u n d e r  

d if fe re n t con d itio n s  a re  exam ined an d  th e  re s u l ts  a re  p re s e n te d  in 

Section 4. T he  e ffe c ts  of m icroscopic alloy d is o rd e r  on th e  bowing of 

th e  sp in  o rb it  s p litt in g  is exam ined in Section  5. T he VV-B-W model is
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gen era lized  to  exp la in  th e  bow ing in  q u a te rn a ry  system s G aA lInA s/InP  

an d  G a ln A sP /In P .

In  C h a p te r  IV we d iscu ss  an  ion beam  sp ec tro sco p ic  te ch n iq u e  

(n u c le a r p ro f i l in g ) . T h e  basic  p rin c ip le s  of n u c le a r  p ro f ilin g  a re  

o u tlin ed  in  Section 1. T he v a rio u s  th e o re tic a l models a n d  c u r r e n t  

ex p erim en ta l s ta tu s  fo r  the  e n e rg y  s tra g g lin g  a re  rev iew ed  in  sec tio n  2. 

Section  3 co n ta in s th e  ex p erim en ta l d e ta ils  fo r  th e  n u c le a r  p ro filin g  

m easu rem en ts. E xperim en ta l r e s u l ts  fo r  th e  m easurem ent of th e  e n e rg y  

s tra g g lin g  a re  d isc u sse d  in  sec tion  4. T he  la s t  sec tion  p re s e n ts  th e  

e ffe c ts  of s u b s tr a te  p re p a ra tio n  on th e  com position p ro file  of m olecular 

beam ep itax ia lly  grow n GaAlAs/G aA s h e te r o s t r u c tu r e .

In  th e  la s t c h a p te r  we sum m arize th e  r e s u l ts  an d  co nclusions of th is  

s tu d y .



Chapter II 

RAMAN SPECTROSCOPY

In  r e c e n t  y e a r s ,  w ith  th e  a d v e n t of la s e r s ,  l ig h t s c a t te r in g  has

become one of the  m ost pow erfu l op tica l te ch n iq u es  fo r  in v e s tig a tin g

e lem en ta ry  ex c ita tio n s  in  so lid s . In  sem ico n d u c to rs , Ram an sc a tte r in g

h as  b een  u sed  to s tu d y  p h o n o n s , s in g le  p a r tic le  an d  co llective c h a rg e

c a r r ie r  e x c ita tio n s , e lec tro n -p h o n o n  in te ra c tio n , and  th e  p ro p e r t ie s  of

d e fe c ts  o r  d is o rd e r  in sem iconducto r a lloys an d  am orphous 

1 2 21-24m ateria ls  ’ ’ . I n  re s o n a n t Raman s c a t te r in g  e x p e rim en ts  w here

th e  in c id en t lig h t beam e n e rg y  is in co incidence  w ith  th a t  of an 

e lec tro n ic  tra n s it io n , in fo rm ation  is  o b ta in ed  ab o u t th e  e lec tro n ic  

e x c ita tio n s , as well as  e le c tro n -p h o n o n  in te ra c tio n . D ep th  p ro filin g  can 

be accom plished  b y  u s in g  d if fe re n t ex c ita tio n  e n e rg ie s  w ith  d if fe re n t 

p e n e tra tio n  d e p th s . In  a d d itio n , since  it  is a  s e c o n d -o rd e r  p ro ce ss  

Ram an s c a tte r in g  can p ro v id e  sym m etry  inform ation  n o t availab le  from 

f i r s t - o r d e r  p ro c e sse s . Ram an sp e c tro sc o p y  is com plim entary  to  in f ra re d  

a b so rp tio n  te c h n iq u e s  in th e  sen se  th a t  th e  sym m etry  of th e  modes 

coup led  to  th e  ra d ia tio n  fie ld  can be d if fe re n t , fo r exam ple in  th e  

diam ond s tr u c tu r e  th e  in f r a r e d  in ac tiv e  modes a re  Ram an a c tiv e .

- 12 -



2.1 General Description of Raman Scattering

In  Raman s c a t te r in g ,  p h o to n s  of e n e rg y  fiio in c id e n t on th e  m ateria l 

a re  s c a tte re d  g iv in g  r is e  to  p h o to n s  up  o r down sh if te d  in  fre q u e n c y , 

ty p ica lly  in  th e  ra n g e  50 - 1000 cm ^ . T h ese  f re q e n c y  s h if ts  a re

cau sed  b y  th e  sp a tia l an d  tem poral v a ria tio n s  in  th e  e lec tr ic  

su sc e p tib ility  of th e  m edium . T he  e le c tr ic  su sc e p tib ili ty  x is  g iv en  by

P(w)=x(u)E(w ) (1)

w here  ?  an d  S a re  th e  p o la riza tio n  an d  fie ld  v e c to r  a sso c ia ted  w ith  th e  

e lec tr ic  fie ld .

C o n sid e r an  in c id en t e le c tr ic  field

E .= 2 °co s(ic ..r-w .t) (2)
1 1 1 1

If x is sp a tia lly  an d  tem pora ly  c o n s ta n t (hom ogeneous medium) th e  

in d u ced  dipole m om ents o sc illa te  w ith  th e  fre q u e n c y  w. g iv in g  r is e  to 

s c a tte re d  lig h t a t  th e  same f re q u e n c y . H ow ever, in  p ra c tic e  th e re  a re  

sp a tia l an d  tem poral f lu c tu a tio n s  in th e  medium w hich m anifest

A
th em selv es  as f lu c tu a tio n s  in  x.

We focus m ainly on  th e  in e la stic  s c a tte r in g  of l ig h t b y  collective 

e x c ita tio n s  in  so lid s . F o r exam ple, co n s id e r a  phonon  d e sc r ib e d  by
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w here  is  th e  am plitude of th e  phonon  norm al c o -o rd in a te . In  th e

p re se n c e  of la ttic e  v ib ra tio n s  th e  lin e a r  su sc e p tib ility  can  be e x p re s s e d

as a T ay lo r ex p an sio n  in  pow ers of th e  norm al c o -o rd in a te  of th e

phonon . E x p an d in g  th e  su sc e p tib ility  com ponents x _ in  Q. we g e t
O P J

X o(Q-) = X < ° >  R ( w . , w  )  + X < ! >  o(w.,w )  + X < 2 > R ( w . , w  )  + . . .  (4)ag j ag 1 s ag l s  ag i s

w here  •

= = x ( ° ) a R ^ i ) ( 5 >ap l s  ap l i  ap l

=i3V 8Qi1Qi <6)

X ( 2 )  R(w.,w )  = [ 32 X R/3Q .3Q .,]Q .Q ., ( 7 )ag T s  ag j j' J J

X ^^p c o rre sp o n d s  to  th e  lin e a r  su sc e p tib ility  an d  g iv es  r is e  to

s c a tte re d  l ig h t a t th e  f re q u e n c y  of th e  in c id e n t lig h t called  R ay leigh

s c a tte r in g . X ^ „  in v o lves one phonon  an d  is th e  f i r s t - o r d e r  ag

tra n s it io n  su sc e p tib ili ty . C o n sid e rin g  th e  time d ep en d en ce  of th e  

norm al co -o rd in a te  Q. [see E qn . (3 )] a n d  th e  in c id en t e lec tro m ag n e tic
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w ave [see E qn . (2 )] we can see th a t  X^1^  g e n e ra te s  d ipo les o sc illa tin g

a t f req u e n c ie s  w. ± an d  h en ce  p ro d u c e s  th e se  fre q u e n c ie s  in  th e

sc a tte re d  lig h t. T he f re q u e n c ie s  w -̂w. a re  called  S tokes lines a n d  ŵ +wj

(2)a re  te rm ed  a n ti-S to k e s  lin e s . Sim ilarly x is th e  se c o n d -o rd e r

su sc e p tib ility  an d  d e sc r ib e s  th e  s e c o n d -o rd e r  Ram an s c a tte r in g  

invo lv ing  two p h o n o n s.

2.2 First-order Raman Scattering (microscopic description).

In  a m icroscopic d e sc r ip tio n  Raman s c a tte r in g  is v iew ed as a th re e

2 ,21 ,2 5  T } ' r r  1 \s tep  p ro c e ss  . (see  F ig . 1)

1. a pho ton  w ith e n e rg y  w. is  a b so rb e d  c re a tin g  an  e lec tro n -h o le  

p a ir  in th e  s ta te  |1>

2. a phonon w ith  e n e rg y  w. is c re a te d  (o r d e s tro y e d )  an d  th e  

e lec tro n -h o le  p a ir  is s c a t te re d  to  th e  s ta te  |m>

3. the  e le c tro n -h o le  p a ir  recom bines an d  a p h o to n  w ith  e n e rg y  wg is 

e m itte d .

W avevector is c o n se rv e d  in  each  s te p  w here  as  e n e rg y  is c o n se rv ed

only  in  th e  to ta l p ro c e ss , i . e . ,  each  of th e  above tra n s it io n s  can  be

re a l o r  v ir tu a l .  T h ese  p ro c e sse s  can  o c cu r in  an y  time o rd e r  g iv ing

r is e  to  six  ty p e s  of p ro c e s s e s . U sing  th i r d  o rd e r  time d e p en d e n t

p e r tu rb a tio n  th e o ry  one o b ta in s  th e  follow ing e x p re ss io n  fo r th e  f i r s t

25o rd e r  su sc e p tib ility
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(') ... , 2 . 2  2t .. _
= <e / m nw0V ) £ ap 0 s £ yf)

<01 Pa | m><m | He l  11><11 Pp 10>

(E -ftw ) (E-H w .) m s i x

+ five  p e rm u ted  te rm s . (8)

w here  is  th e  e lec tro n -p h o n o n  H am iltonian, p  an d  p„ a re  e lec tro n
h , L  a p

momentum o p e ra to rs  a n d  |0> is th e  "one e lec tro n "  w ave fu n c tio n  fo r  th e

g ro u n d  s ta te .  U n d er re so n an c e  con d itio n s  liu . a n d /o r  •fiwg a re  close to

th e  e n e rg ie s  of th e  in te rm ed ia te  s ta te s  E o r  E. g iv ing  r is e  to  la rg em l

en h an cem en ts  in „ ( j ) .  F ig u re s  la  a n d  lb  d is tin g u ish  two an dap

th re e  b an d  p ro c e sse s . T h e  two b an d  p ro c e s s e s  invo lve  in tra b a n d  m atrix

elem ents of H-,-. w h ereas  th re e  b an d  p ro c e ss e s  invo lve in te rb a n d  m atrixLJL

e lem en ts .

E lec tro n s  in te ra c t  w ith  o p tica l-p h o n o n  ty p e  la ttic e  ex c ita tio n s  via 

atomic deform ation  p o te n tia l an d  th ro u g h  th e ir  a sso c ia ted  m acroscopic 

e lec tr ic  fie ld s  . i . e . ,

hel  = he l  * hel * he l M <9>

h !?t r e p re s e n ts  th e  defox-mation p o te n tia l in te ra c tio n , w hich  is  due  to
h i L t

th e  m odulation of th e  c i 'y s ta l p e rio d ic  p o te n tia l b y  th e  re la tiv e  atomic
F

d isp lacem en t of th e  p h o n o n s . H--,T r e p r e s e n ts  th e  e lec tro n -m acro sco p ic

lo n g itu d in a l e lec tr ic  fie ld  in te ra c tio n , nam ely , th e  F ro lich  in te ra c tio n

a n d  c o rre sp o n d s  to  th e  e lec tro n -m ac ro sco p ic  t r a n s v e r s e
h , L

e lec trom agnetic  fie ld  in te ra c tio n . T he  c o n tr ib u tio n  due  to  th e
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V

i )  e le c tro n -p h o n o n  s c a t t e r i n g  

FIG. l a .  Two band Raman s c a t t e r i n g .

i i )  h o le -p h o n o n  s c a t t e r in g

i)e le c t ro n -p h o n o n  s c a t t e r in g
FIG. lb .  T hree band Raman s c a t t e r i n g .

i i )  ho le -p h o n o n  s c a t t e r i n g .
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deform ation  p o te n tia l in te ra c t io n  to  th e  su sc e p tib ility  te n s o r  can  be 

w ritte n  as:

Xa 3  = K 3x/3Q j)l Qj (10>

Due to  th e  s h o r t  ra n g e  n a tu re  of th e  defo rm ation  p o te n tia l in te ra c t io n ,

th e  w ave v e c to r  d ep en d en ce  from  th is  c o n tr ib u tio n  to  th e  su sc e p tib ili ty

te n s o r  is n eg lig ib le . B oth  tw o band  a n d  th re e -b a n d  c o n tr ib u tio n s  a re

im p o rtan t in  th is  case .

T he m acroscopic e le c tr ic  fie ld  a sso c ia ted  w ith  th e  o p tica l p h o n o n s

25a n d  p o la rito n s  can  be w r it te n  a s"  :

E. = (4TiNe=VEoo)[ (u )^ -W2) / ( ŵ -(0 ^ )]Q . (11)

w here  w an d  w a re  th e  TO an d  LO (q=0) phonon f re q u e n c ie s , N is X L

th e  d e n s ity  of u n it c e lls , e* is th e  B orn  o r  t r a n s v e r s e  e ffec tiv e  c h a rg e

a n d  e is th e  h ig h  f re q u e n c y  d ie le c tr ic  c o n s ta n t.
00

T he c o n tr ib u tio n  from  th e  m acroscopic e le c tr ic  fie ld s  of th e  o p tica l

modes can be s e p a ra te d  to  q  in d e p e n d e n t th re e -b a n d  te rm s a n d  q -

25d e p e n d e n t tw o -b an d  te rm s  . T he  q in d e p e n d e n t th re e -b a n d  

c o n tr ib u tio n  can  be w r it te n  a s :



= [ ( 3x/3E .) ( 3E./3Qj ) ] Q.
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( 12 )

T he q in d e p en d e n t c o n tr ib u tio n s  to th e  f i r s t - o r d e r  su sc e p tib ility  w hich

is  th e  "allowed" s c a tte r in g  is  th e  sum of _ an d  x"' Q, i . e . ,ctp ct p

= [(ax„s/sQj)*(ax<,f /aEJ)(aEJ/ 3Q])] Q. (13)

To see th e  w av ev ec to r d ep en d en ce  in  th e  case  of LO p h o n o n -F ro lich  

in te ra c tio n , we look a t th e  m a trix  elem ent

< P | h JL | o> = ± i e < e | e - i q j*r |a > E . /q .  (14)
i  ]

( + ) an d  ( - )  s ig n s  c o rre sp o n d  to  th e  hole an d  e lec tro n  c o n tr ib u tio n s .

In  th e  two b an d  p ro c e ss  invo lv ing  cJj-O phonon  modes |a> an d  | (5>

-iq  rbelong  to  th e  same b a n d . H ence < a |e  j ’ - _> 1 an d  th e

c o n trib u tio n  from  s c a tte r in g  from  th e  co nduction  e lec tro n  an d  th a t  from  

th e  s c a tte r in g  valence  hole e x ac tly  cancel w ith  each  o th e r . T h u s  th e  

f i r s t  n o n v an ish in g  te rm  is  lin e a r in q^.

In  ad d itio n  to  th e  allowed s c a tte r in g  m echanism s o th e r  p e r tu rb a tio n s  

(ap p lied  o r b u il t- in  e le c tr ic  fie ld , s t r e s s  e tc . )  may also  a ffec t th e  

phonon  in d u ced  ch an g e  in th e  su sc e p tib ility  th u s  c o n tr ib u tin g  to  th e
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f i r s t  o rd e r  Raman s c a t te r in g . In c lu d in g  th e se  c o n tr ib u tio n s  we

• 21,26 o b ta in  :

= <5V 3Qj)Q] * (3V 8VQi)1QJqJ *
(3x ./3Q .3E  )Q.E + (3X r/3Q .3ti)Q .ti + (15)ap j a j a ap ] j

x<1i f ( “ l ’ “s ) =1<(1i s a )  * 1X<” Bq( i)  * X<1aSE(i )  * (16)

w here  we h av e  ex p an d e d  in  Qj» ^ j ’ ^a  aPPlied e lec tr ic

fie ld ) an d  ri th e  s t r a in .  X ^ „ ( j )  w hich d e p en d s  only  on Q. d e sc rib e s
a p  J

th e  "allowed" one phonon  s c a t te r in g .  X ^ DT,( j)  d e sc r ib e s  th eapii

c o n trib u tio n  to  th e  f i r s t  o rd e r  Ram an s c a t te r in g  d u e  to  th e  field

in d u ced  atomic d isp lacem en ts . x ^ r e p re s e n ts  th e  lin e a r q -d e p e n d e n t

c o n tr ib u tio n  in th e  case  of lo n g itu d in a l op tic  (LO) p h o n o n -F ro lich

in te ra c tio n  an d  x . r e p re s e n ts  th e  c o n tr ib u tio n  to  X ^ „  due toa&ri ap

s t r e s s .  T he  selec tion  ru le s  fo r s c a tte r in g  due  to x , X „ an d  x „a(3E a(3q apn

a re  u su a lly  d if fe re n t from  X ^ 0 an d  h en ce  a re  called  "fo rb id d en "
a p

s c a tte r in g .

T he s c a tte r in g  e ffic ien cy  (Raman c ro s s  s e c tio n ) , S , de fin ed  as th e

ra tio  of th e  s c a tte re d  in te n s ity  in to  u n it  solid  ang le  p e r  u n it time p e r

21u n it fre q u e n c y  in te rv a l ,  to  th e  in c id e n t in te n s ity  is g iv en  b y  :



w here  *e. an d  a re  th e  u n it po la riza tion  v e c to rs  of th e  in c id en t an d  
1 s

s c a tte re d  l ig h t, re sp e c tiv e ly , V is th e  s c a t te r in g  volume and  c is th e  

velocity  of lig h t.

2.2.1 Selection Rules

2.2.1.1 First-order scattering

For th e  f i r s t - o r d e r  Raman sc a tte r in g  c o n se rv a tio n  of e n e rg y  an d  

w av ev ec to r, fo r  a m ateria l w ith  tra n s la tio n a l sym m etry , g ives ( r e fe r

F ig . 2)

Rw = Ru. ± Rw. 
s i ]

R k  =s Rlc. R q.

(18)

(19)

i , s , j  d e s ig n a tin g  th e  in c id en t l ig h t, s c a t te re d  lig h t an d  phonon , 

re sp e c tiv e ly .

T he m agn itude  of the  s c a tte r in g  w av ev ec to r d ep en d s on th e  

s c a tte r in g  geom etry . T he la rg e s t  va lue  fo r  |q .  | is o b ta ined  fo r 

b a c k sc a tte r in g  in  w hich case
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0  -  o £

0 = 90*

Q —180

F ig . 2. K inem atic s  o f th e  S tokes  i n e l a s t i c  l i g h t  s c a t t e r i n g .
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|cf.| = i t  I + |lc | = {n(w.)w. + n(w )w }/c 1 i ‘ ' s '  1 1  s s (20)

w here  n  is th e  re f ra c t iv e  in d e x  of th e  medium an d  c is th e  ve locity  of 

l ig h t. In  ty p ica l Raman s c a t te r in g  ex p erim en ts  (in  o r  n e a r  v is ib le ) ftw. = 

■ftw = 2 .5  ev  an d  n  ~ 4 an d  hence  th e  maximum w av ev ec to r t r a n s f e r

u n d e r  cond itions of w av ev ec to r c o n se rv a tio n  on ly  p h o n o n s n e a r  th e  zone 

c e n te r  i . e . ,

p a r tic ip a te  in f i r s t  o rd e r  Ram an s c a t te r in g .

In  ad d itio n  to  th e  above r e s tr ic t io n s  on s c a tte re d  lig h t im posed b y

th e  k inem atics of th e  s c a t te r in g  p ro c e ss  se lec tion  ru le s  a r is e  fo r  th e

te n so r  com ponents x _ from  th e  c ry s ta l  sym m etry . From g ro u p  th e o ry ,ap

one o b ta in s  th e  cond ition  fo r  th e  e x is ten c e  of th e  no n zero  com ponents

s
6 - 1| q . | < 10 cm . T h is  is on ly  a small fra c tio n  of th e  ty p ica l w av ev ec to r

8 “1of th e  B rillouin  zone (BZ) ed g e  p h o nons (~2n/a^ = 10 cm ) .  T h u s

( 21 )

r ( Q j )  ©  r a g ZD r 1 ( 2 2 )

w here  T's a re  th e  ir re d u c ib le  re p re s e n ta t io n s  of th e  c ry s ta l  po in t g ro u p  

u n d e r  co n sid e ra tio n . T(Q.) c o rre sp o n d s  to  th e  norm al c o -o rd in a te  Q .,
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T e tra n s fo rm s  like  th e  com ponents of a s e c o n d -ra n k  te n so r  a n d  T is ccp

th e  to ta lly  sym m etric r e p re s e n ta t io n . Sim ilarly th e  selec tion  ru le  fo r

21,25o th e r  te rm s of x „ can be w ritte n  as ap

W  r ( Q j ) ® r ( q ) ® r aB 3  ^  (23)

r a3E :

r :a3n

r(Q.) ®  r(E) ©  ra3 ^  v1 (24)

r(Q.) ©  r(n) O  ^  r j[ (25)

r(E) a n d  T(q)  a re  ir re d u c ib le  re p re se n ta tio n s  tra n s fo rm in g  like  the

v e c to rs  q a n d  E, re s p e c tiv e ly , r ( n ) tra n sfo rm s  like  a s e c o n d -ra n k

te n s o r .

T h e  m ateria ls  u n d e r  s tu d y  h av e  a z incb lende  s t r u c tu r e  an d  hence

belong  to  th e  p o in t g ro u p . T he op tic  v ib ra tio n s  belong  to

re p re s e n ta t io n  of th e  T ^  g ro u p  w hich has a th re e  fold d e g en e ra te  

irre d u c ib le  r e p re s e n ta t io n  a t  q=0.

C hoosing o u r c o -o rd in a te  system  co incid ing  w ith  th e  c ry s ta l  ax es  x 

= (100), y = (010) an d  z = (001) th e  "allowed" Raman te n so r  X ^ _  fo rap

th e  th re e  op tic  m odes a re  l is te d  in T able I. S ince th e  s c a tte re d

2in te n s i ty  is p ro p o r tio n a l to  |i? .  x . e^l  th e  p o la riza tio n  of th e  in c id en t 

an d  s c a t te re d  l ig h t f u r th u r  im poses re s tr ic t io n s  on th e  f i r s t  o rd e r  

s c a tte r in g . F or exam ple, in  b a c k s c a tte r in g  from  (100) su rfa ce  on ly  LO 

phonon  is allow ed.



25

T he q -d e p e n d e n t a n d  e lec tr ic  fie ld  in d u ced  an d  s t r a in  in d u ced

Raman te n so rs  x ^ „  a n d  X ^ OT, an d  X ^ Q a n d  a re  also  lis te d  inaflq apE apn

T able  I . 26

T he w av ev ec to r c o n se rv a tio n  g iven  b y  E qn . 21 is  o ften  re la x ed  due  

to  se v e ra l re a so n s .

1. b reak d o w n  of tra n s la tio n a l sym m etry : If th e  s c a tte r in g  medium

s u ffe rs  com plete o r p a r tia l lo ss  of tra n s la tio n a l sym m etry  a

re lax a tio n  of th e  q.= 0 se lec tion  ru le  o c c u rs . T h is  o ccu rs  in
J

am orphous o r  m ic ro cry sta llin e  sem ico n d u c to rs , c ry s ta ls  w ith

d e fe c ts  o r  s t r u c tu r a l  d is o rd e r  o r  in  sem iconducto r a lloys.

2. if th e  s c a tte r in g  volume is small: If d  is th e  c h a ra c te rs t ic  le n g th  

of th e  s c a t te r in g  medium, phonons w ith w av ev ec to rs  in  th e  ra n g e  

0 < q  ̂ < 2ir/d can  p a r tic ip a te  in  f i r s t  o rd e r  Raman s c a t te r in g . 

Sim ilar re la x a tio n  o ccu rs  if th e  p e n e tra tio n  le n g th  of th e  in c id en t 

lig h t is small.

2.2.1.2 Second-order scattering.

In  s e c o n d -o rd e r  Raman s c a tte r in g  two p h onons p a r tic ip a te . T h ey  may 

b o th  be c re a te d  o r d e s tro y e d  o r one may be c re a te d  a n d  th e  o th e r  

d e s tro y e d . T he selec tion  ru le s  a r is in g  from  e n e rg y  momentum 

c o n se rv a tio n  can be w ritte n  as  follows:

■fiw - h u . = "hw. ± hw, (26)s 1 j 1

-tile - -hlc. = h q . ± h q , (27)s l j 1
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T ab le  l a . The "a llo w ed " Raman te n s o r  x^g » th e q -d ep en d en t Ram;
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Table lb .  s t r a i n  induced Raman te n so rs
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w here  j an d  1 r e p re s e n t  th e  two p h onons p a r tic ip a tin g  in  th e  s c a tte r in g . 

T h u s  in se c o n d -o rd e r  s c a t te r in g  w av ev ec to r t r a n s f e r  is n o t confined  to  

th a t  of th e  zone c e n te r  b u t  can  tak e  on v a lu es  th ro u g h o u t th e  BZ. 

S tru c tu re s  in  th e  s e c o n d -o rd e r  sp ec tru m  a rise  from  p o in ts  in  th e  BZ 

w here  th e re  a re  s in g u la r it ie s  in th e  com bined d e n s ity  of s ta te s  called  

Van Hove s in g u la r itie s .

2.2.2 LO - TO splitting.

In  a c ry s ta l  w ith  in v e rs io n  sym m etry  th e  op tica l b ra n c h  of th e  

phonon d isp e rs io n  c u rv e  is  th re e  fold d e g e n e ra te  a t  th e  zone c e n te r .  

In  an y  p o la r sem iconducto r th e  d e g e n e ra c y  of th e  lo n g itu d in a l op tic  

(LO) and  th e  t r a n s v e r s e  op tic  (TO) is lif ted  b y  th e  long  ra n g e  

e lec tro s ta tic  fo rces  a sso c ia te d  w ith  th e  long  w av elen g th  (LO) p h o n o n s, 

w hich cause th e  LO phon o n  to  oscillate  a t  a h ig h e r  f re q u e n c y  th a n  th e  

TO phonon . T h is  may be  v iew ed as th e  p o la r c o n tr ib u tio n  ( f i r s t  o rd e r )  

to  th e  in c re ase d  s p r in g  c o n s ta n t fo r th e  LO p h o n o n . T he d isp e rs io n  

c u rv e  fo r Si as well as  GaAs along (100) an d  (111) d ire c tio n s  a re  shown 

in  F ig . 3

2.2.3 Coupled LO phonon plasmon modes.

T he p re sen c e  of c h a rg e  c a r r ie r s  in  heav ily  doped  sem iconducto rs  

give r ise  to  plasm a o sc illa tio n s  w ith  a fre q u e n c y

w = (4irN e2/e  m *)^ (28)
p  oo
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w here  w is th e  plasm a f re q u e n c y , N is th e  num b er d e n s ity  an d  m is 
P

th e  e ffec tiv e  m ass of th e  c h a rg e  c a r r ie r s ,  s is  th e  h ig h  fre q u e n c yoo

d ie lec tr ic  c o n s ta n t an d  e is th e  e lec tro n ic  c h a rg e . If th e  plasm a 

fre q u e n c y  is close to th a t  of th e  LO phonon  f re q u e n c y  th e  two modes of 

co llective oscilla tions (e lec tro n ic  an d  atom ic) will be s tro n g ly  coupled  

w ith  each  o th e r  th ro u g h  th e  d ep o la riz in g  fie ld  th e y  p ro d u c e .

T he freq u e n c ie s  of th e  coup led  LO phonon-p lasm on  modes a re  the  

ro o ts  of th e  to ta l d ie le c tr ic  re sp o n se , i . e . ,

t ( q , U)  t l a t U c e ( q , » )  ♦ Ep l a s m a ( q . “ ) ( 2 9 )

2 2a t q=0, e , (0,w) = e w /w w here  wT an d  a re  th e  freq u e n c iesplasm a °° p LO TO

of th e  LO and  TO p h o n o n s . From E qn . 30 one o b ta in s  th e  freq u e n c ie s  

of th e  q  = 0 coupled  modes a s :
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w here  wT _ an d  <*)_,_ a re  th e  fre q u e n c ie s  of th e  LO a n d  TO p h o n o n s a t  T 
J-ivJ J. U

p o in t on BZ.

If q^O one canno t solve w+ an a ly tica lly . With in c re a s in g  q th e  

sc re e n in g  of th e  phonon  fie ld  is le s s  e ffec tiv e  a n d  hen ce  w in c re a se s

from  u (q=0) w hich is below w-pQ to  th e  asym pto tic  value w-^q - T he

w av ev ec to r d ep en d en ce  of th e  w+ can be o b ta in ed  b y  re p la c in g

«p(q )  = “p  + 3 /5 (q v F ) 2 (32)

2
in  E qn . 30 in s te ad  of w^. T he q u a n tity  v F=hkF/m 5|c is th e  Fermi 

ve locity  and  wT an d  Wrp0  a re  th e  f re q u e n c ie s  of th e  LO and  TOJLiW JL U
27phonons a t th e  T p o in t . F ig u re  4 show s th e  fre q u e n c ie s  of the  

coupled  modes as a fu n c tio n  of th e  e lec tro n  c o n ce n tra tio n  in  GaAs,
O

ca lcu la ted  fo r 5145 A la se r  line .

2 . 2 . 4  Alloy m ixed mode b e h av io r .

B ased  on th e  b eh av io r of th e  long w av eleng th  o p tica l p h o n o n s , alloy 

sem iconducto rs  can  be c lass ified  in to  two c a te g o rie s , th e  "one mode" 

ty p e  an d  th e  "two mode" b eh av io r ty p e . In  sy stem s e x h ib itin g  "one 

mode" b eh av io r each  of th e  q=0 op tic  mode f re q u e n c ie s  v a rie s  

co n tin o u s ly  w ith  co n cen tra tio n  from  th e  fre q u e n c y  c h a ra c te rs t ic  of th e  

one en d  m em ber to  th e  o th e r  e n d  m em ber. F u rth e rm o re  th e  s t r e n g th  of 

th e  mode rem ains app rox im ate ly  a c o n s ta n t.
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FIG. 4 . The frequency  dependence o f  th e  q = 0 coupled  LO phonon 

plasmon modes on th e  e le c t r o n  d e n s ity  in  GaAs. ( R e f .36 ) .
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In  th e  o th e r  c lass  of m ixed c ry s ta l  sy s te m s , th e  "two mode" 

b eh av io r ty p e , two phonon  freq u e n c ie s  fo r  each  of th e  two allowed optic  

m odes a re  o b se rv e d . In  ad d itio n  th e  s t r e n g th  of each  phonon  mode of 

th e  m ixed c ry s ta l  is  app ro x im ate ly  p ro p o rtio n a l to  th e  mode fra c tio n  of 

th e  com pound it  r e p r e s e n ts .  Models h ave  b een  p ro p o sed  to  p re d ic t ,

d e p en d in g  of th e  m ass r a t io s ,  w h e th e r  a m ixed c ry s ta l  will e x h ib it "one

27-30 31mode" o r "two mode" b e h av io r . R ecen tly  G up ta  e t  al have

p re s e n te d  a model to  ca lcu la te  th e  phonon  d isp e rs io n  c u rv e s  in  m ixed

c ry s ta l  sy stem s. GaAlAs e x h ib its  a "two mode" b eh av io r in  th e  e n tire  

32com position ra n g e  . In  th e  case  of G alnA s a lth o u g h , in  g e n e ra l, it  h as

a "two mode" b e h av io r , th e  p a r t ic u la r  Ga^ 5 3 ^ s e x h ib its  an

anom aly. I t  h a s  b een  o b se rv e d  th a t  Ga^ 5 3 ^ s ^ as a one moc*e
33b eh av io r

2.3 Experimental details

2.3.1 Optics and electronics.

T he fu n c tio n a l b lock  d iagram  of th e  ex p erim en ta l s e tu p  fo r  Raman

s c a tte r in g  is show n in  F ig . 5. T he  collim ated, m onochrom atic beam from

+■

a 6 w att C o h eren t A r la s e r  was u sed  as  th e  in c id e n t ra d ia tio n . T he
O

5145 A line  w as u se d  in  th e se  m easu rem en ts . T he la s e r  beam is 

re f le c te d  from two m ir ro rs , p a s se s  th ro u g h  an  in te r fe re n c e  f i l te r  ( I .F . )
O

h av in g  a band  p a ss  of ~ 5 A w hich  elim inates an y  sp u rio u s  em issions,
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(su c h  as th e  plasm a oscilla tions from  th e  la s e r  m edium ), a p in  hole 

collim ator, an d  is th e n  fo cused  on to  th e  sam ple b y  a cy lin d rica l lens 

(focal length=6 cm ). T h e  p u rp o se  of th is  len s  w as to  focus th e  beam  to 

a line  r a th e r  th a n  a p o in t, th u s  re d u c in g  th e  in c id e n t pow er d e n s ity  

an d  hence  minimizing th e  sample h e a tin g . T y p ica lly  th e  la se r  pow er 

u sed  was ~ 250 mw. T he b a c k sc a tte re d  l ig h t w as co llected  a t  th e

e n tra n c e  s lit of th e  sp ec tro m e te r b y  a cam era len s  com posed of a  s e r ie s  

of len se s  (focal le n g th  = 13.5 cm an d  f n u m b er = 1 .8 ) .  T he  la rg e  

in d ex  of re f ra c tio n  (~ 4) of th e  sem iconducto r e n s u re s  th a t  b o th  th e  

in c id en t an d  s c a tte re d  an g les  in side  th e  sem iconducto r a re  small 

(ty p ica lly  ~10°).

T he Raman sp ec tro m e te r is a Spex  1401 double  m onochrom ator w hich

co n sis ts  of two id e n tic a l u n its .  Each u n it h a s  tw o id en tica l sp h e rica l

m irro rs  an d  one v e rtic a lly  m ounted g ra t in g . T h e  g ra tin g s  w ere
o

ho log raph ic  an d  w ere  b lazed  a t 5000 A. A sy n c h ro n o u s  ro ta tio n  of the  

two g ra tin g s  p ro v id es  a scan n in g  in  pho ton  e n e rg y . T he p h o to n s  w hich 

em erge from th e  e x it s lit of th e  sp ec tro m e te r a re  fo cu ssed  onto  th e  

GaAs cathode  of th e  cooled pho tom ultip lie r (RCA N -40436). T he 

th e rm o elec trica l cooling of th e  p h o tom ultip lie r ca th o d e  s ig n ific an tly  

re d u c e s  th e  "d a rk  c u r re n t"  w hich is due to  therm ion ic  emmisions of 

e lec tro n s  from th e  ca th o d e  an d  d y n o d es  ev en  in  th e  ab sen ce  of an y  

in c id en t l ig h t. T he anode c u r r e n t  p u lse s  a re  c o n v e r te d  to  vo ltage



35

6 W a tt  A r G as L a s e r

in t e r f e r e n c e
f i l t e r Cy 1 • am ple

H .V .

P in  H o le

C o l l e c t i n g
L e n s e' L

P n o to n  c o u n t in g
E l e c t r o n i c
S y s te m D e t .

S t r i p
C h a r t
R e c o r d e r

S c a n n in g  
S y s te m  o f

S p e c tr o m e te r

D o u b le  G r a t in g  Spectrometer

F ig .  ( 5 )
S c h e m a t ic  f u n c t i o n a l  b lo c k  d ia g r a m  o f  Reman 
s c a t t e r i n g  a p p a r a t u s .
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p u lse s  w hich a re  fed  th ro u g h  a  d isc rim in a to r w hich f i l te r s  vo ltag e  

p u lse s  w hich a re  below a p re s e t  level th u s  re d u c in g  th e  e ffe c ts  of d a rk  

c u r r e n t .  T h ese  vo ltag e  p u lse s  a re  co llected  b y  a p h o to n  co u n tin g  

system  a n d  th e  time a v e ra g e d  r e s u l ts  a re  re c o rd e d  on a c h a r t  r e c o rd e r .

2.3.2 Sample details.

T he f i r s t  p a r t  of th e  s tu d y  was fo cu ssed  on Ga A1 A s/G aA s
x  ~ X  X

h e te r o - s t r u c tu r e s  to  u n d e rs ta n d  th e  e ffe c ts  of s u b s tr a te  p re p a ra t io n  

an d  g row th  cond itions on th e  ep itax ia l la y e r  an d  in te r f a c e . T he 

sam ples u se d  in  th is  s tu d y  w ere  n -n  GaAlAs/G aA s h e te r o s t r u c tu r e s  

grow n by  d if fe re n t m odifications of th e  liq u id  p h a se  e p ita x y  (LPE) 

m ethod in c lu d in g  s a tu ra te d  m elt mode an d  ra p id  cool m odification . T he
O

th ic k n e ss  of e p ila y e rs  (in c lu d in g  th e  in te rfa c e )  w ere ty p ica lly  ~ 4000 A.

To form  th e se  h e te r o s t r u c tu r e s  GaAs (100) o rie n te d  s u b s tr a te s  doped

doped w ith Si (n  = 1018) a re  p laced  in m elts of GaAlAs doped  w ith  Te
- 3

to  p ro d u ce  a c a r r ie r  c o n ce n tra tio n  of ~ 4x1016 cm . T he  p h ase  

d iagram  in  F ig . 6 i l lu s tra te s  th e  cond itions fo r th e  s a tu ra te d , norm al 

an d  e tch b a c k  melt mode of g ro w th . In  th e  s a tu ra te d  m elt mode th e  melt 

is in itia lly  a t  two p h ase  eq u ilib riu m . When GaAs s u b s tr a te  co n tac ts  

w ith th is  ty p e  of m elt GaAs b eg in s  to  d isso lv e  a t a slow ra te  form ing a 

b ro a d  in te rfa c e  re g io n . Two of th e  sam ples SCL-392 an d  SCL-379 a re  

grow n b y  th is  p ro c e d u re . For SCL-379 the  GaAlAs e p ila y e r  was 

in ten tio n a lly  grow n on a poor q u a lity  GaAs s u b s t r a te .  T he th ir d  sam ple
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SCL-400 w as grow n b y  ra p id  cool m odification of th e  LPE. In  th is  

grow th  p ro c e d u re  th e  m elt in c o n tac t w ith  th e  s u b s tr a te  is allowed to 

cool m ore ra p id ly  th u s  form ing a s h a rp e r  in te rfa c e .

T he second  p a r t  of th e  s tu d y  deals  w ith  m icroscopic alloy d iso rd e r  

in  te r n a r y  alloy sem ico n d u c to rs . T he sam ples in v e s tig a te d  inc lude  

sev e ra l sam ples of Ga^ ^A l^A s/G aA s (0<x<0.9) a n d  Ga^ 5 3 ^ S//^n ^-

T he sam ples p re p a re d  b y  a v a r ie ty  of g row th  te ch n iq u es  in c lu d in g  

m olecular beam e p ita x y  (M BE), v a p o r p h ase  e p ita x y  (V P E ), m etallo- 

o rg an ic  v a p o r p h ase  e p ita x y  (MOCVD) a n d  liq u id  p h ase  e p ita x y  (L P E ). 

All th e  sam ples w ere g row n la ttic e  m atched  to  th e  s u b s tr a te  m ateria l. 

T he v a rio u s  sam ples u se d  in  th is  s tu d y  w ere k in d ly  p ro v id ed  b y  D r. 

J e r r y  Woodall of IBM, D r. G ary  Wicks of C ornell u n iv e rs ity , D r. Tom 

P ea rsa ll of Bell L abs an d  D r. Nick B o ttk a  of NRL. All th e  

m easurem ents  w ere p e rfo rm ed  a t room te m p e ra tu re  on "as grow n" sample 

su rfa c e s .

2.4 Experimental R esults.

2.4.1 Characterization of epilayer, interface and substrate.

In  th is  sec tion  we d iscu s  th e  r e s u l ts  of th e  Raman s c a tte r in g  

in v es tig a tio n  of b o th  th e  e p ita x ia l la y e r ,  in te rfa c e  an d  s u b s tr a te  of 

GaAlAs/GaAs h e te r o s tr u c tu r e s  p re p a re d  u n d e r  d if fe re n t g row th  

p a ra m e te rs . Raman s ig n a ls  w ere  o b ta in ed  from  b o th  th e  ep ila y e r an d
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l i q u i d  p h a se  e p i t a x i a l  grow th  o f  G aj_x A lx A s.
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th e  s u b s tr a te  a t  th e  in te r fa c e . Inform ation  w as o b ta in ed  ab o u t (a)

com position x  of th e  Ga A1 As e p ila y e r, (b ) c ry s ta ll in e  q u a lity , (c)
1 ~ X  X

b an d  b en d in g  a t  th e  in te r fa c e , (d ) c a r r ie r  d ep le tio n  from  th e  GaAs

s u b s t r a te ,  an d  (e) c a r r ie r  c o n cen tra tio n  of th e  GaAs s u b s tra te

m ate ria l* ^ .

F ig u res  7a, 8a, an d  9a d isp lay  th e  Raman s p e c tra  of GaAs s u b s tr a te  

sam ples E-820, E-1068 an d  A -1319, re sp e c tiv e ly , w hich w ere u se d  in 

grow ing  th e  Ga A1 As e p ila y e rs  of sam ples SCL-392, SCL-400 an d
1 "X X

SCL-379, re sp e c tiv e ly . S h a rp  s t r u c tu r e s  a t  269 cm * (d en o ted  b y  L_) 

an d  292 cm ^ (d en o ted  LO) a re  to  be seen  in F ig s . 7a an d  8a. T he 

u p p e r  r ig h t  h an d  c o rn e r  of b o th  th e se  f ig u re s  e x h ib its  a b ro ad  peak  

(d en o ted  L +) w hich  o c c u rs  a t  ab o u t 560 cm  ̂ fo r sam ple E-820 an d  620 

cm  ̂ fo r sam ple E-1068. B oth  p eak s  have  some s h a r p e r  s t r u c tu r e ,

d e s ig n a te d  2TO(X) an d  2T O (L ), su p erim posed  on them . T h ese  fe a tu re s

a re  due to  s e c o n d -o rd e r  two phonon Raman s c a tte r in g , i . e . ,  2TO

35 -1phonon a t X, e tc  . F e a tu re s  a ro u n d  165 cm a re  o b se rv e d  in  bo th

th e se  f ig u re s  an d  a re  d u e  to  o th e r  s e c o n d -o rd e r  s c a tte r in g  (2T A (K ),

e tc} . T h e  L an d  L+ fe a tu re s  of F ig s . 7a an d  8a a re  th e  coupled

36 37plasm on-LO  phonon  m odes ’ w hich a re  o b se rv ed  fo r (100) GaAs
- 3

sam ples w ith  n 2 5 x l0 17 cm . T he  fac t th a t  we o b se rv e  a p eak  a t th e  

position  of th e  u n co u p led  o r  "b a re"  LO mode ( i . e . ,  292 cm ^) in  E-820 

an d  E-1068 sam ples is ev id en ce  fo r th e  p re se n c e  of a fu lly  d ep le ted



RA
MA

N 
IN

TE
NS

ITY
 

(A
rb.

 u
nit

s) 
RA

MA
N 

IN
TE

NS
ITY

 
(A

rb.
 u

nit
s)

40

GaAs E -8 2 0  i_0(292 cm'1)
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L- .(269 cm1

a

2TA(K) etc
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FIG. 7a. Raman spectrum  o f  GaAs E -820 , th e su b str a te  used fo r  growing SCL-392 

7b. Raman spectrum o f  G a^A l^A s/G aA s sample SCL-392.
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GaAs E -1 0 6 8
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I__
(269cm"1)

7 5 05 5 0  6 5 0
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FIG. 8a. Raman sp ec tru m  o f  GaAs E-1068, th e  s u b s t r a t e  used  f o r  SCL-400. 

8b. Raman sp ec tru m  o f  Ga. A1 As/GaAs sample SCL-400.
X X  X
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FIG. 9a. Raman speccrum o f  GaAs A -1319, the su b str a te  used fo r  growing SCL-379. 

9b. Raman spectrum  o f  Gaj_xAlxAs/ GaAs sample SCL-379.
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36space  c h a rg e  la y e r  a t th e  su rfa c e  . T he p e n e tra tio n  d e p th  of th e  lig h t
O

is su ffic ien tly  la rg e  a t 5145 A so th a t  Raman s ig n a ls  a re  seen  from  b o th  

(a) b u lk  m ate ria l, (L an d  L +) a n d  (b ) th e  fu lly  d e p le ted  re g io n  i . e . ,  

"b a re"  LO m ode. T he  linew id th  a t  h a lf maximum, c o rre c te d  fo r 

in s tru m e n ta l re so lu tio n ) fo r th e  b a re  LO mode is T = 3 .9  cm ^ fo r 

sam ple E-820 w hile fo r sam ple E-1068, T = 3 .8  cm \

F ig u re  9a th e  Raman s p e c tra  of sam ple A -1319, show s no coupled  

m odes, b u t  h a s  v e ry  b ro a d  LO p eak  (r= 10cm an d  a  c lea rly

d e tec ta b le  sym m etry  fo rb id d en  TO mode a t  ~ 267  cm \  T h e  ab sen ce  of
- 3

coupled  modes show s th a t  n  <5x1017 cm . T he  lin ew id th  of th e  LO

p eak  su g g e s ts  th a t  th e  dam age in th is  s u b s tr a te  is  eq u iv a len t to  th e

38s tra in s  p ro d u c e d  by  p o lish in g  w ith  a g r i t  of ~ 1 .5  ym in  size . T he

poor q u a lity  of th is  s u b s tr a te  w as n o t con fined  to  th e  su rfa c e  reg io n

b u t e x te n d e d  th ro u g h  th e  b u lk . We o b se rv e d  no s ig n if ic a n t ch an g e  in 

th e  Raman sp ec tru m  ev en  a f te r  th e  rem oval of ~ 100 ym of m ateria l and

th e  su b se q u e n t p re p a ra tio n  of th e  s u rfa c e , i . e . ,  m echanical p o lish in g

w ith lym g r i t  an d  th e n  u s in g  0.05ym followed b y  a chem o-m echanical 

p o lish ing  w ith  sy to n .

F ig u re s  7b an d  8b show th e  Raman s p e c tra  of Ga A1 A s/G aA s
J. “  X  X

sam ples SCL-392 an d  SCL-400, re sp e c tiv e ly . S igna ls  a re  o b se rv e d  from

b o th  th e  e p ila y e r  an d  th e  GaAs s u b s tr a te  a t  th e  in te r fa c e . T h e  la t te r

is seen  since  fo r  x ~ 0 .9 , Ga, A1 As is an  in d ire c t  gap  m ate ria l an d1 -x  x
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hence  th e  a b so rp tio n  co effic ien t is small enough  a t  5145 A to  allow

su ffic ie n t lig h t to  p e n e tra te  th e  e p ila y e r in to  th e  in te rfa c e . B oth  of the

36 37 40above f ig u re s  re v e a l two LO m odes ’ ’ i . e . ,  LO^ th e  "A lA s-like"

mode a t ~ 400 cm * an d  LO£ th e  "G aA s-like" mode a t 250 cm \  The 

fo rm er mode h as  a lin ew id th  of T = 4 .4  cm  ̂ fo r  sam ple SCL-400 an d  T =

5 .4  cm  ̂ fo r SCL-392. A small s ig n a l from  th e  sym m etry  fo rb id d en  TO^ 

mode (~ 364 cm is  o b se rv e d  in  b o th  f ig u re s . T he d is o rd e r  a c tiv a te d

lo n g itu d in a l aco u stic  (DALA) mode ~ 200 cm * is p re s e n t  in  b o th  th e

. 37,41sam ples

In  ad d itio n  to  th e  Raman s p e c tra  from  th e  Ga A1 As e p ila y e r  a
-L "  X  X

sig n a l from th e  GaAs s u b s tr a te  w as d e te c te d  an d  is d e s ig n a te d  L in 

F ig s . 7b an d  8b . T h is  fe a tu re  o r ig in a te s  from  th e  coup led  m odes in th e  

GaAs a t th e  in te rfa c e . I ts  position  is s lig h tly  d o w n sh ifted  in  fre q u e n c y  

from  th e  L peak  in  th e  c o rre sp o n d in g  GaAs s u b s t r a te  s p e c tra  (see 

F ig s . 7a an d  8 a ) . Note a lso  th a t  F ig s . 7b an d  8b show no 

"u n sc re e n ed "  LO mode from  th e  GaAs s u b s tr a te .

T he u p p e r  le ft h an d  c o rn e rs  of f ig u re s  7b an d  8b show s th e  Raman 

sp ec tru m  betw een  500 cm  ̂ an d  850 cm T he s t r u c tu r e s  in f ig u re  8b 

to th e  le f t  of th e  d a sh e d  v e r tic a l lin e , d e s ig n a te d  2TO (X) an d  2T O (L ),

a re  due  to  s e c o n d -o rd e r  two phonon  Raman s c a tte r in g  from  th e  GaAs

35 - 1 - 1s u b s tr a te  . T he o th e r  fe a tu re s  be tw een  650 cm a n d  800 cm in

F ig s . 7b an d  8b a re  th e  s e c o n d -o rd e r  Raman s c a tte r in g  from  the
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e p ila y e r . T h ese  Ram an s t r u c tu r e s  a re  id en tified  as  2T O (X ), 2T 0(T ) and  

42
2LO(T) .

F ig u re  9b d isp la y s  th e  Ram an sp ec tru m  from  Ga A1 A s/G aA s
J. ” X  X

sam ple SCL-379. From th e  e p ila y e r  we have  o b se rv e d  th e  LO^ p eak  (T ~

13 cm ^ ) , sym m etry  fo rb id d en  TO^ s t r u c tu r e  as  well a s  th e  LC^ mode,

32 35DALA p eak  and  an  aco u stic  local (AL) mode ’ . From th e  GaAs

s u b s t r a te  a t  th e  in te rfa c e  we have  b een  able to  d e te c t th e  s ig n a l from 

th e  LO mode.

2.4.1.1 Band bending and carrier depletion .

At th e  su rfa c e  of n-G aA s if th e  Fermi level is p in n ed  th e re  e x is ts  a 

d ep le tio n  space c h a rg e  re g io n , th e  w id th  of w hich d e p en d s  on th e  

c a r r ie r  co n ce n tra tio n . If th e  p e n e tra tio n  d e p th  of th e  in c id e n t lig h t is 

la rg e r  th a n  th e  d ep le tio n  w idth  Raman sp ec tru m  can  be o b se rv e d  from 

b o th  th e  c a r r ie r  d e p le ted  reg io n  an d  th e  b u lk  m ate ria l. E xperim en ta lly , 

w hen th e  5145 A la se r  line  is u s e d , th e  coupled  modes can  be seen  only
-3

if th e  c a r r ie r  co n cen tra tio n  is > 5x1017 cm . T h is  is  b ecau se  the  

d ep le tio n  la y e r  th ic k n e ss  becom es la rg e r  th a n  th e  p e n e tra tio n  d e p th  of 

th e  lig h t a t  low er c a r r ie r  co n ce n tra tio n , e x h ib itin g  only  th e  

"u n sc re e n ed "  LO m ode. In  th is  re g io n , as show n in F ig . 4, th e  

f re q u e n c y  of th e  L + v a rie s  s tro n g ly  w ith  th e  c a r r ie r  c o n cen tra tio n , 

w here  as  th e  L f re q u e n c y  h as  only  a w eak d ep en d en ce  on th e  c a r r ie r  

c o n c e n tra tio n . From F ig . 4, know ing th e  fre q u e n c y  p o sitio n  of th e  L
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a n d  L + mode th e  c a r r ie r  c o n ce n tra tio n  of th e  GaAs b u lk  reg io n  can be
- 3

easily  d e te rm in ed . We fin d  n  = (2 .7 ± 0 .1 )x l0 18 cm an d  n =

(3 .3 ± 0 .1 )x l0 18 cm ^ fo r  sam ples E-820 an d  E-1068, re sp e c tiv e ly .

T he ab sen ce  of th e  "u n sc re e n ed "  LO mode from  th e

G a, A1 A s/G aA s in te rfa c e  in th e  Raman s p e c tra  of SCL-392 an d  1-x  x

SCL-400 shows th a t  th e re  is no b an d  b e n d in g  a t  th e  in te rfa c e  an d  

hence th e  ab sen ce  of a d e p le ted  space  c h a rg e  la y e r  a t th e  in te rfa c e .

T he do w n sh ift of th e  L peak  of F ig s . 7b a n d  8b in  re la tio n  to  its  

p osition  in  F ig s . 7a an d  8a is ev id en ce  fo r  a s lig h t d ep le tion  of c a r r ie r s  

in  th e  in te rfa c ia l reg io n  of th e  G aAlAs/G aA s h e te r o s tr u c tu r e .  T h is  

s lig h t re d u c tio n  in  c a r r ie r  co n cen tra tio n  is p ro b a b ly  due to a ch ange  in 

th e  n - ty p e  dop ing  level in th e  GaAs su rfa ce  re g io n  r a th e r  th a n  to  o th e r  

e f fe c ts , e . g . ,  b an d  b e n d in g  due  to  in te rfa c e  s ta te s .  A low ering  of th e  

dop ing  c o n ce n tra tio n  a t  th e  GaAs su rfa ce  is e x p ec te d  from c ry s ta l  

g row th  c o n s id e ra tio n s . F ir s t ,  s ince  th e  GaAs s u b s tr a te  is doped  w ith  Si
_3

a t ab o u t 3 x l0 18 cm an d  since th e  LPE melt is n o t doped  w ith  th e  Si, 

th e  d o p an t is e x p ec te d  to  o u td iffu se  from  th e  GaAs s u b s tr a te  in to  th e  

LPE m elt. S econd ly , th e  T e co n cen tra tio n  in th e  melt would r e s u l t  in a
_3

dop ing  lev e l of a b o u t 1017 cm fo r th e  LPE g row th  of p u re  GaAs (it

43lead s  to  a dop ing  of = 2 .4 x l0 16 fo r  C a n  1CA1_ ocAs) . T h u s , due  to0 .15  0 .85

Si o u td iffu sio n  an d  low Te dop ing  lev e ls , th e  GaAs su rfa ce  la y e r  would 

be e x p ec te d  to have  a low er dop ing  c o n ce n tra tio n  th a n  th e  b u lk . From



47

th e  p o s itio n  of th e  L p eak  p o sitio n  th e  c a r r ie r  co n ce n tra tio n  on th e  

GaAs s u b s t r a te ,  a f te r  th e  ep ila y e r was g row n , can  be estim ated . We 

find  th e  c a r r ie r  co n ce n tra tio n  to  be n = 1 .3 x 1 0 18 in  SCL-392 and  n  = 

1 .2 x 1 0 18 in  SCL-400.

2.4.1.2 Alloy composition

T he mode fre q u e n c ie s  in  Ga A1 As as a fu n c tio n  of th e
1 “ X  X

32com position x  h as  been  a c c u ra te ly  d e te rm in ed  b y  T su  e t al an d  is 

shown in  F ig . 10. K now ing th e  fre q u e n c y  p o s itio n s  of th e  LC^ and  LO^ 

u s in g  F ig . 10 th e  com position x  of th e  alloy m ateria l can be d e te rm in ed . 

T he alloy com position of all th e  th re e  sam ples w ere found  to  be x =

0 .82±0.02 . T he fac t th a t  we find  th e  same com position x  is in d ica tiv e  of 

th e  co n tro ls  po ssib le  in the  g row th  p ro c e d u re .

2.4.1.3  Crystalline quality

T he c ry s ta ll in e  q u a lity  of th e  v a rio u s  sam ples can be com pared from 

sev e ra l a sp e c ts  of th e  sp ec tru m  in c lu d in g  lin ew id th s , o b se rv a tio n  of th e  

sym m etry  fo rb id d e n  TO m ode, an d  th e  am plitude  of th e  d iso rd e r  

ac tiv a te d  lo n g itu d in a l aco u stic  (DALA) mode. Sam ples SCL-392 and  

SCL-400 d isp lay  m uch n a rro w e r lin ew id th s  an d , in  re la tio n  to  th e  LO^ 

p eak , m uch sm aller am p litudes fo r th e  sym m etry  fo rb id d en  TO^ an d  

DALA m ode. SCL-400 a p p e a rs  to  h ave  som ew hat b e t te r  c ry s ta llin e  

q u a lity  th a n  SCL-392. T he poor q u a lity  of sam ple SCL-379 is no t 

su rp r is in g  in  view  of th e  s tra in e d  n a tu re  of th e  s u b s t r a te  m ateria l.
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2.4.2 Symmetry forbidden TO modes.

An exam ination of th e  po la riza tio n  se lec tio n  ru le s  u s in g  th e  "allowed"

Raman te n s o r  x D (See T able l a . )  show s th a t  s c a t te r in g  from  th e  TO
ocp

mode is fo rb id d en  from  (100) su rfa c e  of z in cb lende  m ate ria ls  in

b a c k sc a tte r in g  geom etry . We do o b se rv e  th e  p re se n c e  of th is  mode in

v a rio u s  GaAlAs sp e c tra  as well as fo r th e  GaAs sam ple A -1319. S ev e ra l

44-47p rev io u s  in v e s t ig a to rs  have  re p o r te d  th is  fo rb id d en  s c a tte r in g  an d

was believed  to  be due  to  s lig h t d ev ia tio n s  from  th e  t ru e  b a c k s c a tte r in g

31geom etry . A b s tre i te r  e t  al have  c o rre la te d  th is  to  th e  p re se n c e  of

th in  la y e rs  of c a rb o n  a t th e  G aAlAs/G aA s in te rfa c e . Olego and  

44C ardona h as  a t t r ib u te d  th is  v io lation  of th e  se lec tion  ru le  to th e  

w av ev ec to r n o n c o n se rv a tio n  in d u ced  by  th e  p re se n c e  of im p u ritie s .

T he e ffe c t of small d ev ia tio n s  from  th e  t ru e  b a c k s c a tte r in g  

geom etry , is th e  same fo r all th e  sam ples since  we u se  th e  same 

geom etry  in all th e  c a se s . On th e  c o n tra ry  we fin d  th e  sym m etry  

fo rb id d en  mode to  be s ig n ific an tly  s t ro n g e r  in  SCL-379 an d  i ts  GaAs

s u b s tr a te  A -1319. In  ad d itio n , th e se  m odes have  been  seen  e v en  in

o
tru e  b a c k sc a tte r in g  geom etry  (e x te rn a l an g le  of in c idence  ~ 5 ) .  T h is  

s u g g e s ts  th a t  th e  above ex p lana tion  is n o t th e  main cause  fo r  th is  

v io lation  of th e  se lec tion  ru le . O ur r e s u l t s ,  f u r th u r  in d ica te  th a t  th is  

fo rb id d en  mode is s t ro n g e r  in  th e  sam ple w hich has a low er c a r r ie r

c o n ce n tra tio n . Even th e  p re se n c e  of su rfa c e  e le c tr ic  fie ld s  does n o t g ive

ris e  to  TO phonons in b a c k s c a tte r in g  from  (100) su rfa c e .
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T he e x is ten c e  of in te rn a l s tra in s  in  th e  m ateria l o ffe rs  one possib le

m echanism  fo r th e  ac tiv a tio n  of th e se  sym m etry  fo rb id d en  m odes. An

exam ination  of th e  s tra in  in d u ced  Raman te n so r  X „ shows th a t  th eaBn
p re se n c e  of in te rn a l s tra in s  of th e  form  TlXy> 1lXy can  indeed  give r ise

to  th e  TO mode. T he p re se n c e  of in te rn a l s tra in  is f u r th u r

s u b s ta n tia te d  by  th e  in c re a se d  line  b ro a d e n in g  in  sample A-1319. The

GaAlAs sam ple grow n on th is  s u b s tr a te  is also  s tra in e d  show ing the

la rg e  fo rb id d en  TO mode as well as in c re ase d  linew id th  fo r  the

sym m etry  allowed LO mode.

H ow ever, it shou ld  be n o ted  th a t  th e se  ty p e  of in te rn a l s tra in  can

no t be p ro d u c e d  by  an  e x te rn a l s t r e s s  since  th e  sym m etry  of the

in te rn a l s tra in  p ro d u c e d  b y  an e x te rn a l s t r e s s  is th e  same as th a t  of

26th e  Raman activ e  phonons of th e  c ry s ta l  . I t  shou ld  be po ssib le  to  see 

th e se  e ffe c ts  in p la s tica lly  deform ed m a te ria ls , w here  th e  c ry s ta l  

sym m etry  is no t s ig n ific an tly  a lte re d  by  th e  deform ation . T h is  could 

also  be due to th e  m orphology of th e  su rfa ce  w ith  reg io n s  su ch  as

r id g e s  w hich a re  no t o r ie n te d  along <100>.

2 .4 .3  Raman lin e sh ap e  a n d  m icroscopic alloy d iso rd e r

T h is  sec tion  deals w ith  Raman lin e sh ap es  in re p re se n ta tiv e  te rn a ry

alloys Ga A1 A s/G aA s an d  Ga „7In n A s./InP a n d  th e ir  re la tio n sh ip  
i . " X  X  U ,  4  f U • 0*5

to  m icroscopic alloy d is o rd e r . Even th o u g h  th e re  h av e  b een  a num ber

of Raman S tu d ies  on th e se  alloy system s only  re c e n tly  h as  th e
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re la tio n sh ip  betw een  th e  alloy d is o rd e r  an d  th e  lin e sh ap e  of th e  allowed

, ,10 ,39 ,48 -50  ,modes been  n o ted  . We exam ine th e se  lm e sh ap e s  u s in g  a

"S p a tia l co rre la tio n "  m odel, b a se d  on fin ite  phonon  mode co rre la tio n s

re la te d  to th e  q -v e c to r  re lax a tio n  in d u ced  b y  th e  m icroscopic n a tu re  of

th e  alloy d iso rd e r . T he  alloy p o ten tia l f lu c tu a tio n s  d e s tro y  th e

tra n s la tio n a l in v a rian ce , an  e ffe c t th a t  m an ifests  its e lf  a s  a b reak d o w n

of th e  u su a l q=0 selec tion  ru le  th u s  lead in g  to b ro a d e n in g  an d

asym m etry  of th e  Raman lin e sh ap e . O ur in te rp re ta t io n  m akes i t  possib le

to  u se  Raman sp e c tra  to  ev a lu a te  an  av e rag e  "S patia l co rre la tio n "  le n g th

th u s  o b ta in in g  in s ig h ts  in to  the  m icroscopic n a tu re  of th e  alloy

d iso rd e r .

T ab le  II sum m arizes th e  c h a ra c te r is t ic s  of th e  v a rio u s  sam ples u sed  

in  th is  s tu d y . All th e  G alnA s sam ples have  th e  same nom inal 

com postion as  th e y  w ere  grow n la ttic e  m atched  to  th e  InP  s u b s tr a te .

F ig u re  11 shows th e  Raman sp e c tra  from  th e  <100> su rfa c e  of GaAs 

(x=0) as  well as v a rio u s  sam ples of <100> Ga A1 A s/G aA s. In  the
J." X  X

b ack  s c a tte r in g  geom etry  from  th is  su rfa c e , only  th e  LO phonon  modes 

a re  allow ed. We will co n ce n tra te  on th e  LO phonon  s t ru c tu re s  an d  

hence  h ave  no t d isp lay ed  o th e r  fe a tu re s  su ch  as  d is o rd e r-a c tiv a te d

m odes, small sym m etry  fo rb id d en  TO mode, e tc . T he GaAs sp ec tru m  

show s a sym m etric L o ren tz ian  lin esh ap e  w ith  a n a tu ra l

linew id th  T ( = T +T, ) of 3 .0  cm  ̂ (c o rre c te d  fo r in s tru m e n ta l
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TABLE I I .  C h a r a c t e r s t i c s  o f  t h e  G a ,_ A l A s/G aA s a n d

X .  ~  X  X

G a . Q  4 7 I n o 5 3 ^ s / I nP s a m p le s  i n  F i g .  13.

S am p le  M a t e r i a l  G ro w th  T e c h n iq u e

1 Ga0 .7 9 A10 .2 1 A s^GaAs MOCVD

2 GaQ yA lg  ^A s/G aA s MBE

3 Ga0 .6 4 A10 .3 6 A s/G aA s MBE

4 Gag gA lg  ^A s/G aA s MBE

5 Gap ^A1q ^A s/G aA s R e f .  39

6 GaQ ^ A Iq ^A s/G aA s LPE

7 GaQ 2.8A^0 8 2 A s^ GaAs LPE

8 Gag -^AIq ^A s/G aA s LPE

9 Gap -ĵ AIq qA s/G aA s LPE

10 Ga0 i /f7 I n 0 > 53A s / I n P MOCVD

11 Ga0 . 4 7 I n 0 .5 3 A s/ In P LPE

12 Ga0 . 4 7 I n 0 . 53A s/ In P MOCVD

13 Ga0 . 4 7 I n 0 .5  3A s^ In P MBE

14 Ga0 . 4 7 I n 0 .5 3 A s / I n P MBE

15 Ga0 . 4 7 I n 0 .5  3A s / I n P VPE
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re so lu tio n ) . Ga.. A1 As e x h ib its  a two mode b e h av io r , i . e . ,  an  "AlAs-
X " X  X

like" mode (d en o ted  b y  LO^) an d  a "G aA s-like" mode (d en o ted  b y  L 0 2 ,

see F ig . 10). For th e  alloy sam ples b o th  LO^ an d  L 0 2 h ave  an

asym m etric lin e sh ap e  >1^) th a t  is b ro a d e r  th a n  th e  GaAs en d  po in t

m ateria l. As th e  A1 c o n ce n tra tio n  in c re a se s  th e  L 0 2 mode becom es

b ro a d e r  an d  m ore asym m etric  while th e  re v e rs e  is t ru e  fo r  LO^, i . e . ,  it

n a rro w s an d  becom es m ore sym m etric . T h is  t r e n d  h a s  a lso  b een  n o ted  

48b y  B a rk e r  e t al . F or A1 r ic h  sam ples (x  > 0 .8 )  th e  e x tra c tio n  of th e

linew id th  an d  asym m etry  fo r  th e  "G aA s-like" mode was com plicated b y

32th e  p re sen c e  of a fe a tu re  a t  th e  low e n e rg y  side (d en o ted  AL in  F ig . 

11) .

In  F ig . 12 Raman sp ec tru m  from Ga^ 5 3 ‘̂ S//*n -̂  sam ples #13,

#15, an d  #11 a re  d isp la y e d . T he fe a tu re s  p re s e n t  be tw een  220 cm *

an d  260 cm  ̂ have b een  d iscu ssed  in  R efs . 33 an d  51. T he s tro n g

fe a tu re  a t  270 cm  ̂ is th e  "G aA s-like" LO phonon  m ode. We w ere no t

ab le  to  d e te c t an y  s ig n ific a n t s t ru c tu re s  a t  th e  position  co rre sp o n d in g

33 51to  th e  "InA s-like"  LO fe a tu re  ’ . H ence, fo r  th e  p u rp o se  of th is  

s tu d y  we have  fo cu sed  o u r a tte n tio n  to  only  th e  "G aA s-like" LO 

phonon .
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2.4.3.1 Spatial Correlation model
52 53In  th is  sec tion  we ou tline  th e  "S p a tia l C orre la tion" model ’ to

d e sc rib e  th e  q -v e c to r  re lax a tio n  in d u ced  b y  APF.

T he  c ro ss  sec tion  fo r lig h t s c a tte r in g  is  g iven  b y  th e  F o u rie r 

tra n sfo rm  of th e  co rre la tio n  fu n c tio n  of th e  f lu c tu a tio n s  in  th e  

p o la rizab ility  on th e  d ie lec tr ic  c o n s ta n t of th e  m ate ria l. T he co rre la tio n  

fu n c tio n  due  to  flu c tu a tio n s  in  d ie lec tr ic  c o n s ta n t can be w ritte n  as

r+ r ' w ith  th ose  a t t '  a n d  r 1. T he d ie lec tr ic  co n s ta n t can be ex p an d ed  in 

term s of th e  norm al c o -o rd in a te  Q ( t ) . T h en  fo r th e  f i r s t  o rd e r  Raman 

s c a tte r in g  th e  c o rre la tio n  fu n c tio n  becomes

G ( ? , t )  = < A E ( r + r ' , t + t ' ) A E  ( r , t ) > (33)

A
w here  th e  co rre la tio n  is be tw een  flu c tu a tio n s  in x a t  time t+ t an d  po in t

(34)

T his  can be s e p a ra te d  in to  a  sp a tia l p a r t  an d  a tem poral p a r t  s ince  th e  

time d ep en d en ce  a p p e a rs  only  in  th e  norm al c o -o rd in a te . H ence we 

o b ta in
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3s ( r + r 1) 3e ( r ')
3Q. 3Q.

J J J
(35)

th e  summation on j ' h a s  been  d ro p p e d  as th e  norm al co -o rd in a te s  a re  

o rth o g o n a l an d  s ta tis tic a lly  in d e p e n d e n t. T he a n g u la r  b ra c k e ts  

r e p re s e n ts  th e  therm al a v e ra g e .

From a quan tum  m echanical calcu la tion  one can  w rite  th e  time 

co rre la tio n  fu n c tion

(36)

w here  we have w ritte n  n. fo r

<n(w .,T> = [exp (fiw V kT )-1] -1 (37)

T he time F o u rie r tra n s fo rm  of th is  c o rre la tio n  fu n c tk m  becomes

(38)

w here  th e  two te rm s r e p re s e n ts  th e  a n ti-S to k e s  an d  S tokes com ponents 

of th e  f i r s t  o rd e r  Ram an s c a t te r in g . Wg is th e  s c a t te re d  fre q u e n c y , w. 

is the  in c id en t f re q u e n c y , an d  w. is th e  phonon  fre q u e n c y .
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In  an  ideal c ry s ta l ,  th e  w avef u n c tio n  of th e  phonon  w ith  w ave v e c to r  

cjj is  g iven  b y :

x /  *■* v /  H i I Q . • F^ ( q ^ r )  = u (q  r ) e  j
J J

(39)

w here  u (q ^ ,r )  is  la ttic e  p e rio d ic . T h is  com bined w ith  th e  th e  small

w av ev ec to r of th e  in c id e n t l ig h t g ives r is e  to  th e  u su a l cf- = Aq

selec tion  ru le  of th e  f i r s t  o rd e r  Raman s c a t te r in g . In  an  alloy

m ateria l b ecau se  of th e  alloy p o te n tia l f lu c tu a tio n s  (APF) th e  phonon

w avef u n c tio n s  become fin ite  in e x te n t . T h u s  in  an  alloy due  to  APF

th e re  is a re la x a tio n  of th e  q.=Aq =0 selec tion  ru le . T h is  q  v e c to r
J

re lax a tio n  can  be view ed in te rm s of a  c o rre la tio n  le n g th

c h a ra c te r iz in g  th e  sp a tia l e x te n t of th e  phonon  w a v efu n c tio n . For

54th e  ideal c ry s ta l  L is in fin ite . A G aussian  form  e x p ( - 2 r 2/L 2) fo r

th e  sp a tia l d ecay  h a s  b een  su ccess fu lly  u sed  to  d e sc r ib e  th e  q

53v e c to r  re la x a tio n  due  to  fin ite  size e ffe c ts  a n d  th a t  due to

55s t ru c tu ra l  d is o rd e r  (ion dam aged m a te r ia ls ) . We assum e in  the

alloy m ateria l th e  phonon w avefunction  to be

'i 't q ^ r )  = {Ae 2 r /L  } $ (q .,r )  (40)

= u ( 3 . , r ) 'f '( q . , r )  (41)
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w here  L is th e  c o rre la tio n  le n g th  d e fin in g  th e  e x te n t of th e  sp a tia l 

decay .

ex p an d in g  ¥' in a F o u r ie r  s e r ie s :

r = j d 3q C ( q r q )  e ^ - r  (42)

we g e t th e  F o u rie r co effic ien ts

2 2
C (q .,q )  = (AL/2Tr3 /2 }e{"L (^ j ' ^  }/8 (43)

T h u s  b ecau se  of th e  fin ite  sp a tia l e x te n t of th e  phonon  w avefunc tion  

^ (q ^O ) becom es a su p e rp o s itio n  of th e  e ig en fu n c tio n s  w ith  q -v e c to rs  

w eigh ted  th ro u g h  th e  co effic ien ts  C (0 ,q ) .  S ince th e  sq u a re  of th e  

tra n s it io n  m atrix  e lem en ts a p p e a r  in th e  s c a tte r in g  c ro s s  sec tion  

(E q n s. 8 an d  17), th e  Raman In te n s ity  fo r th e  alloy m ateria l 

becom es:

I(w) a J  d 3q e x p ( - q 2L2/4 ) IQ( W) (44)

w here  IQ(w) d en o tes  th e  s p e c tra l  lin e sh ap e  of th e  Raman line  of th e  

en d  p o in t m ateria l. T he s p e c tra l  d is tr ib u tio n  of th e  en d  po in t 

sample is g iven  q u ite  a c c u ra te ly  by  a L o ren z tian .
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T h u s  we g e t th e  Ram an in te n s ity  I(w) a t  a f re q u e n c y  w can be 

w ritte n  as

_ r '  e x p ( - q 2L 2/4 )  d 3q (45)Hw)
“ i'o [w w (q )] 2 + [Tq/ 2 ] 2

w here  q is in  u n its  of 2ir/a, a b e in g  th e  la ttic e  co n a ta n t and

^ (S .O cm  is th e  w id th  (fu ll w id th  a t  h a lf maximum) of th e

56in tr in s ic  Raman lin e sh ap e  of th e  en d  p o in t m ateria ls  . For th e

d isp e rs io n  w(q) of th e  op tic  phonon  we tak e  th e  a n a ly tic a l model

57re la tio n s h ip , o b ta in ed  from  a lin e a r  chain  model ;

w2 (q ) = A + {A2-B [l-co s(T rq )]} * . (46)

w ith  A=4.26 x lO 1* cm 2 an d  B=7.11 xlO® cm E qn . (46)

re p ro d u c e s  q u ite  w ell th e  d isp e rs io n  of LO phonon  in  G a A s ^ .

S im ilarly , th e  d isp e rs io n  of th e  LO phonon  in  AlAs h a s  A=8.20 xlO 1*

-2 -4cm an d  B=2.23 109 cm . For sim plic ity  we assum e a sp h e rica l

BZ.

A ty p ica l lin e sh ap e  f it u s in g  E qn . (45) an d  E q n . (46) fo r  th e

"GaAs like" a n d  "AlAs like" LO phonon  modes in  Ga_ r Al_ r As0 .5  0 .5

sam ple is shown by  th e  d a sh e d  line in F ig . 11.



P lo tted  in F ig . 13 a re  th e  b ro a d e n in g  T an d  asym m etry  T /T, asd D

a fu n c tio n  of th e  co h eren ce  le n g th  L as  d e te rm in ed  from  E q n s. (45) 

an d  (4 6 ). T he re la tio n sh ip  ca lcu la ted  u s in g  th e  d isp e rs io n  c u rv e  fo r 

AlAs an d  GaAs a re  show n b y  d a sh e d  an d  solid  lin e s , re sp e c tiv e ly . 

T he c o rre sp o n d in g  c o rre la tio n  le n g th s  a re  show n on th e  ax es  m arked  

L and  L„ , re s p e c tiv e ly . All th e  in te g ra tio n s  w ere  done u s in gi. Ct

tra p iz o id a l ru le .  A lso p lo tte d  in th is  f ig u re  a re  th e  ex p erim en ta l 

p o in ts  fo r  th e  "G aA s-like" an d  "A lA s-like" modes of a  num ber of 

d if f e re n t sam ples of Ga Al A s/G aA s as  well as th e  "G aA s-like"
X " X  X

mode of th e  v a r io u s  GA_ .„ In rt ro A s/In P  sam ples. For sam ple #1 th e
U . 4 ( U . b J

LO^ fe a tu re  was too w eak to  e x tr a c t  a n y  m ean ingfu l Y  an d  

r a /Tb .D ue to  th e  p re se n c e  of th e  AL fe a tu re  on th e  low e n e rg y  side 

of th e  LC>2 s t r u c tu r e  in sam ples #7, #8, an d  #9, we w ere  un ab le  to 

de term in e  th e  lin ew id th  and  asym m etry  of th is  f e a tu re . Also we 

have ta k en  from  R ef. 39 a re p re s e n ta t iv e  ex p erim en ta l d a ta  p o in t,

i . e . ,  th e  "G aA s-like" mode of Ga Al As fo r x=0.4  (sam ple #5).
X ” X  X

For sam ples #11 a n d  #12 th e  d a ta  co incide an d  hence  only  one po in t 

is p lo tte d . R e p re se n ta tiv e  e r ro r s  in  th e  d e te rm in a tio n  of T an d  

a re  show n b y  v e r tic a l and  h o rizo n ta l b a r s ,  re sp e c tiv e ly , fo r th e  

d a ta  of sample #3. T he ag reem en t be tw een  th e o ry  an d  th e  

ex p erim en ta l p o in ts  is  q u ite  good o v e r th e  e n tire  ra n g e  of T an d
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From F ig . 13 we no te  th a t  in  a g iv en  c ry s ta l  of G aAlAs, th e  

"G aA s-like" mode may h av e  a  d if fe re n t sp a tia l c o rre la tio n  le n g th  

th a n  th a t  of the  "A lA s-like" m ode. In  g e n e ra l as th e  c ry s ta l  becom es 

Al r ic h  th e  co rre la tio n  le n g th  of th e  "A lA s-like" mode in c re a se s  

w hile th a t  of th e  "G aA s-like" fe a tu re  d e c re a se s . T he fa c t we fin d  a 

linew id th  T = 3 .2  cm * fo r  sam ple #9 (x= 0 .9 ) in d ic a te s  th a t  th e  

n a tu ra l  linew id th  of LO phonon  in  AlAs is also  close to  th a t  of 

GaAs, i . e . ,  3 .0  cm 1 . T he G alnA s sam ples p re s e n t  an  in te re s t in g  

case  since  th e y  all have  th e  same nom inal com position b u t  w ere 

p re p a re d  w ith  d if fe re n t g row th  p a ra m e te rs . F ig u re  13 show s th a t  

th e re  a re  somewhat d if fe re n t co rre la tio n  le n g th s  fo r  th e se  sam ples, 

d ep en d in g  not only  on th e  g row th  te ch n iq u e  b u t  a p p a re n tly  on th e  

d iffe ren c e  in  th e  g row th  cond itions fo r  th e  same m ethod . For 

exam ple, sam ples 13 and  14, b o th  p re p a re d  by  MBE h ave  d if fe re n t 

c o rre la tio n  le n g th s . T h u s , th e se  r e s u l ts  in d ica te  th a t  th e  

m icroscopic alloy d is o rd e r  in tro d u c e d  d e p en d s  in g e n e ra l, on th e  

g ro w th  p a ram e te rs  as  well as  th e  alloy com position.

T he v a ria tio n s  in  b ro ad en in g  an d  asym m etry  of th e  LO phonon

Ram an lines w ith  com position can be  u n d e rs to o d  as follow s. In

G a, Al As fo r small v a lu es  of x  ( i . e . ,  x<0.01) th e  Al atom s a re  1 -x  x

w idely  s e p a ra te d  an d  hence  each  Al atom v ib ra te s  in d e p en d e n tly  of 

th e  o th e rs  g iv ing  r is e  to  a  local m ode, th e  am plitude of w hich is
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ex p o n en tia lly  a tte n u a te d  w ith in  s e v e ra l in te ra tom ic  d is ta n c e s . As 

th e  num b er of random ly  d is t r ib u te d  Al atom s in c re a se s  the  

e ig en fu n c tio n s  of th e se  local m odes o v e rlap  an d  a b an d  of allowed 

fre q u e n c ie s  is form ed. At th e se  com position since  th e re  is le ss  

p e rio d ic ity  in th e  Al su b la ttic e  as  com pared to  th e  Ga su b la ttic e  the  

co rre la tio n  le n g th  of th e  fo rm er is  sm aller th a n  th e  l a t te r .  As the  

com position in c re a se s  th e re  is an  in c re a se  in th e  o rd e r in g  of th e  Al 

su b la ttic e  an d  hence  th e  c o rre la tio n  le n g th  becom es lo n g e r w hile the  

r e v e r s e  is tru e  fo r  th e  Ga su b la ttic e  w hich is  c o n s is te n t w ith  o u r 

o b se rv a tio n s . A sim ilar b e h av io r fo r  th e  lin e sh ap e s  fo r  th e  GaAlAs 

system  has been  n o ted  by  B o n n e v ille ^ .

52It h as  been  s u g g e s te d  b y  S h u k e r  an d  Gammon th a t  th e  phonon 

mode co rre la tio n  can be r e p re s e n te d  by  a sp a tia l c o rre la tio n  fu n c tio n  

of th e  form e x p ( - r /L ) .  We have a lso  exam ined th is  fu n c tio n  to 

calcu la te  th e  Raman lin e sh a p e s . T he  d o tte d  line  in  F ig . 13 shows 

th e  re la tio n sh ip  betw een  T a n d  ^ ca lcu la ted  u s in g  the

a p p ro p r ia te  F o u rie r tra n s fo rm  of th is  c o rre la tio n  fu n c tio n  in E qn. 

(45) an d  th e  d isp e rs io n  c u rv e  fo r GaAs in E qn . (46 ). The 

c o rre sp o n d in g  co rre la tio n  le n g th s  a re  show n on th e  ax is  d eno ted  

L ^ '. From F ig . 13 we no te  th a t  fo r  a g iv en  asym m etry  th e  

b ro ad en in g  is m uch sm aller th a n  a c tu a lly  m easu red . T h u s , i t  is 

c lea r  th a t  th e se  c o rre la tio n  fu n c tio n s  a re  no t su ita b le  to  d e sc rib e
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th e  exp erim en ta l r e s u l t s .  I t  m ust be p o in ted  ou t th a t  a d if fe re n t 

form  of d is o rd e r , fo r exam ple po in t d e fec ts  may re q u ire  o th e r  

co rre la tio n  fu n c tio n s , d e p en d in g  in  g e n e ra l on th e  n a tu re  of th e  

d iso rd e r .

J u s s e ra n d  an d  S ap rie l (JS ) have  re c e n tly  p re s e n te d  a model to

acco u n t fo r th e  re la tio n  betw een  a llo y -in d u ced  q -v e c to r  re la x a tio n

39an d  th e  asym m etry  of th e  LO phonon mode . T h e ir  model d iffe rs

from  o u rs  in  se v e ra l im p o rtan t fe a tu re s :  (a) fo r conven ience  th e y

u se d  a L orenz tian  fu n c tio n  to  d e sc r ib e  th e  q -v e c to r  d is tr ib u tio n  (as

well as a L o ren z tian  lin esh ap e  fu n c tio n ) , (b ) th e ir  in te g ra l  is one
3

dim ensional in  q -sp a c e  (d q  in s te a d  of d q ) , (c) th e y  use  a

q u a d ra tic  f re q u e n c y  d isp e rs io n  w hich is  not va lid  o v e r th e  e n tire  BZ 

an d  (d ) to  fit th e ir  d a ta , a com position d e p en d e n t in tr in s ic  linew id th  

r Q(x) had  to be em ployed in  th e  L o renz tian  lin e sh ap e  e x p re ss io n . 

T h e ir  u se  of a com position d e p e n d e n t b ro ad en in g  was p ro b ab ly  

n e c e ss ita te d  by  th e  in ad eq u acy  of the  assu m p tio n s  ( a ) , ( b )  an d  ( c ) . 

Note from  F ig . 13 th a t  it  is p o ssib le  to  f it th e  ex p erim en ta l d a ta  of 

JS  (sam ple #5) b y  o u r  a p p ro a c h , w hich u ses  on ly  th e  n a tu ra l  

linew id th  of th e  en d  p o in t m ateria ls  in th e  e x p re ss io n  fo r  th e  

lin e sh ap e . Also JS  f i t  th e  asym m etry  of only  th e  "G aA s-like" mode 

an d  only to x= 0 .5 . T h u s  th e  "S p a tia l C o rre la tion" model is  m uch 

m ore g en e ra l an d  th e  r e s u l ts  a re  m ore com prehensive .
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While it is c lea r  th a t  th e  f in ite  e x te n t  of a  phonon  w ave

fu n c tio n , i . e . ,  q -v e c to r  re la x a tio n , can  be e x te n d e d  to

m ic ro s tru c tu ra l geom etries su ch  as su b la ttic e  d is o rd e r  th a t  a re  no t

m ic ro c ry s ta llin e , it w as no t e v id en t th a t  th e  same sp a tia l-c o rre la tio n

model shou ld  be ap p licab le  in th e se  c a se s . T h u s  th is  w ork  com bined

w ith  R efs . 53 an d  55 show s th a t  th e  s p a tia l-c o rre la tio n  model of

E qn . 45 is  m ore g e n e ra l th an  th e  in itia l ap p lica tio n  im plies and

th e re fo re  in d ic a te s  th a t  it r e s u l ts  from  a r a th e r  fundam en ta l

p ro p e r ty  of th e  e ffe c ts  of th e  d is ru p tio n s  of tra n s la t io n a l sym m etry

on phonon p ro p a g a tio n . A G aussian  co rre la tio n  fu n c tio n , a r is in g

from  th e  random  n a tu re  of th e  d is tr ib u tio n , h a s  b een  su g g e s te d  by  

54Nem anich . I t  sh o u ld  a lso  be m entioned  th a t while th e  sp a tia l 

c o rre la tio n  le n g th  h a s  c lea r m eaning fo r m ic ro c ry s ta llin e  e ffe c ts ,

i . e . ,  m ic ro c ry s ta llite  s ize , and  s t r u c tu r a l  dam age, i . e . ,  a v e rag e  size 

of th e  undam aged  re g io n , its  in te rp re ta t io n  fo r  com positional 

d is o rd e r  is le ss  e v id e n t . I t  is p ro b a b ly  a  m easu re  of th e  e x te n t  to 

w hich th e  su b la ttic e  is  o rd e re d , s in ce  th e  d is ru p tio n  of the  

p e rio d ic ity  is th e  cau se  fo r  th e  fin ite  sp a tia l c o rre la tio n  of th e  

phonon  w ave fu n c tio n . T h is  conclusion  is f u r th u r  ev id en ced  b y  th e  

com position d ep en d en ce  of an d  fo r  th e  Ga^ ^A l^A s system . 

T h u s  it is c lea r th a t  th e  p a ram ete r y ie ld s  va lu ab le  in form ation  ab o u t 

th e  d is tr ib u tio n  of th e  c o n s ti tu e n t atom s in a nom inally d iso rd e re d  

a llo y .



T h u s  we h av e  d e m o n stra ted  th a t  th e  sp a tia l-c o rre la tio n  model 

w ith a  s ing le  p h y s ica lly  m ean ingfu l p a ra m e te r su cc e ss fu lly  acco u n ts  

fo r  th e  asym m etric  b ro a d e n in g  of th e  LO phonon  Raman lin e sh ap es  

in duced  b y  APF.



C h a p te r  III 

MODULATION SPECTROSCOPY

M easurem ents of th e  op tica l p ro p e r t ie s  of sem iconducto rs  b o th  a t  th e  

fundam ental ab so rp tio n  edge an d  above have  become of g re a t  in te r e s t  

mainly b ecau se  th e  s t r u c tu r e  in th e  op tica l s p e c tra  can  be c o rre la te d  

w ith in te rb a n d  tra n s i t io n s , an d  hence  th e  b a n d s tru c tu re  p a ra m e te rs  of 

th e  sem iconducto r. M odulation sp ec tro sc o p y  is a pow erfu l tool to 

de term ine  th e  b a n d s tru c tu re  p a ra m ete rs  of th e  m ateria l.

In m odulation sp ec tro sc o p y  some p a ra m e te r of th e  sam ple be ing

m easu red  is v a rie d  so as to p ro d u ce  a ch ange  in th e  op tica l re fle c tan c e

o r tra n sm itta n ce  of th e  solid . T he  op tica l p ro p e r tie s  may be m odified

d ire c tly  b y  ap p ly in g  a p e rio d ic  e x te rn a l p e r tu rb a tio n  su ch  as e le c tr ic  o r

m agnetic fie ld , te m p e ra tu re , un iax ia l s t r e s s ,  e tc  o r  a re p e titiv e

3 4 59-64in te rn a l m odulation su ch  as w av elen g th  m odulation ’ ’ . The

period ic  v a ria tio n  of th e  m easurem ent p a ra m e te rs  g ives r is e  to  s h a rp , 

d iffe re n tia l like s p e c tra  in th e  reg io n  of pho ton  e n e rg ie s  w h ere  the  

re fra c tiv e  in d ex  ch an g e s , i . e . ,  w here  op tica l ex c ita tio n  p ro c e sse s  

o ccu r.
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In  an  o p tica l re fle c tio n  o r ab so rp tio n  sp ec tru m  th e  s t r u c tu r e s  due 

to  c ritic a l p o in ts  a re  u su a lly  superim posed  on a slowly v a ry in g  

b a ck g ro u n d  an d  th e y  may o ften  be o b scu red  b y  th e  no ise  of the  

b a c k g ro u n d . T h ese  o p tica l s t r u c tu r e s  can g re a tly  be e n h an ced  b y  th e  

v a rio u s  m odulation te c h n iq u e s .

T he fundam en ta l q u a n ti ty  w hich d e sc r ib e s  th e  o p tica l re sp o n se  of 

th e  m ateria l is th e  com plex d ie lec tr ic  fu n c tio n

w here  n=n+ik is th e  com plex re f ra c tiv e  in d ex  of th e  m ate ria l. T h e  re a l 

an d  im ag inary  p a r ts  of ^(w ) a re  re la te d  to th o se  of n  b y :

For n e a r  norm al in c id en ce , th e  re f le c tiv ity  a t  th e  d isco n tin o u s  in te rfa c e  

betw een  two d if fe re n t , b u t hom ogeneous media ( s u b s tra te /a m b ie n t)  can 

be w r it te n  u s in g  F re s n e l 's  eq u a tio n s  as

w here  n  an d  n a re  th e  re f ra c tiv e  ind ices of th e  m ate ria l an d  th e  a

am bien t, re sp e c tiv e ly .

?(<*>) = £ 2 ( w) + ie2 (<*>) = n 2 (47)

E1 (48)

E
2 2nk (49)

R =

I / ̂  ^  \  I ^I ( n -n  ) |a

l(n + n a ) | 2 (50)
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T h e  d ie lec tr ic  fu n c tio n  e x h ib its  fe a tu re s  w hich a re  due  to

s in g u la r itie s  in  th e  com bined d e n s ity  of s ta te s  a t  c e r ta in  p o in ts  in  th e

65BZ called  Van Hove s in g u la r itie s  o r  'c r it ic a l p o in ts '.  T he  im aginary  

p a r t  of th e  d ie lec tr ic  fu n c tio n  ^ ( w )  ^ ue a &*v en  p a ir  of va len ce  an d  

co nduction  b an d s  is g iven  b y ^ :

2  C d s  le P* I k ) I 2 (51)e2 (w) = (Q/w ) j  - _ —  1 c v ( }l
_ | V E (w) |E =hw k  cv  cv

w here E (w) = E (w)-E (w) is  th e  in terb an d  e n e r g y , P is  th e  cv  c v cv

momentum m atrix elem ents b etw een  th e g iv en  pair of v a len ce  and  

conduction  b a n d s, and

Q = (2/2TT3)(4TT2e 2/m 2 ) (52)

e an d  m a re  th e  e lec tro n ic  c h a rg e  an d  m ass, re sp e c tiv e ly . T he 

in te g ra tio n  is to  be c a r r ie d  o u t on a c o n s ta n t e n e rg y  su rfa c e  g iven  by  

Ecv =hw. T he rea l p a r t  is re la te d  to  by  the  K ram ers K ronig  

re la tio n sh ip :

"■■’V ” '  du,'
E l(w) = 1 + ( 2 / TT)Pj

0 ,2 2 w -w

T he m atrix  elem ents be tw een  a g iven  p a ir  of va lence  an d  conduction

b an d s  a re  smooth fu n c tio n s  of k an d  hence we fin d  th a t  s t r u c tu r e s  in  

th e  d ie lec tr ic  fu n c tio n  o c cu rs  w h en ev e r th e  g ra d ie n t of th e  in te rb a n d  

e n e rg y  v a n ish e s , i .e ,  . w hen



P o in ts  in  k  space  fo r  w hich E qn . 53 is sa tis f ie d  a re  th e  c r itic a l p o in ts . 

T h ese  c ritic a l p o in ts  o ccu r a t k=0 by  sym m etry  o r  a t h ig h  sym m etry  

p o in ts  on th e  BZ b o u n d a ry  w here  V ^ E ^ k ) = V^Ev (k ) = 0. T h ese  may 

also  o ccu r along h ig h  sym m etry  lin e s , e . g . ;  a long  ax es  of th re e  o r 

fo u rfo ld  sym m etry .

F o u r ty p e s  of c ritic a l p o in ts  can o ccu r be tw een  two n o n d e g en e ra te  

b a n d s : a t a maximum, a t  a minimum o r a t e i th e r  of two ty p e s  of sadd le  

p o in ts . To see th e  sh ap e  of th e  c r itic a l p o in ts , we e x p an d  th e  

in te rb a n d  e n e rg y  as a fu n c tio n  of th e  w av ev ec to r a b o u t a c ritic a l po in t
• ^ 9
kg in  a pow er s e r ie s .

E =E (k n ) +i  t  (32E (k ) /3 k .8 k .)  | ( k - k ft) . ( k -k _ ) .  (55)cv c v v 0 cv i j k=kg C riv O']

w here  ind ices i , j  r e p re s e n t  th e  c o -o rd in a te  ax es  x ,y  an d  z . T he lin e a r 

te rm  does n o t a p p e a r  since  th e  g ra d ie n t v a n ish e s . C hoosing a co­

o rd in a te  system  w hich d iagonalizes E qn. 55 we g e t:

E (k)=E +ft2/2  [ (k  -k  n ) 2/2m* +(k -k  J 2/2m* +(k -k  ft) 2/2m* ] cv  g x  xO x  y yO y  z zO z

w here  E = E (k^) andg c v v O'

(56)



1/m * = l/-R(32Ec v / 3 k j ) ,  i = x ,y , z
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(57)

a re  th e  re d u c e d  e ffec tiv e  m asses. If  ail th e  e ffec tiv e  m asses a re

p o s itiv e  th e  c ritic a l p o in t is a minimum (Mq) . If one (M^) o r  two (M^) 

m asses a re  n eg a tiv e  one h as  a sadd le  p o in t. A maximum (Mg)

c o rre sp o n d s  to  all m asses b e in g  n e g a tiv e . T he s in g u la r  p a r t  of th e

d ie le c tr ic  fu n c tio n  has th e  form

. r  + 1 p  x i  ( 5 8 )£ ( t o ) i  (E-E )
S

a t an  ty p e  c ritic a l p o in t. Fig 14 show s th e  s in g u la r  p a r t  of th e

d ie le c tr ic  c o n s ta n t a t th e  fo u r p o ssib le  th re e  dim ensional c r itic a l p o in ts .

In  m odulation ex p erim en ts  th e  p e r tu rb a tio n  ch an g es  th e  d ie lec tr ic  

fu n c tio n  e\  Let u s  assum e th a t th e  re a l a n d  im ag inary  p a r t s  of the  

d ie le c tr ic  fu n c tio n  is chan g ed  by  th e  am ounts Ae an d  Ae , re sp e c tiv e ly .
J. Ci

T h en  it can  be show n th a t

AR/R = Re (2n AE/n(£-E )} (59)& 3

= R e{(a-iS )A e} (60)

= a ( E 1 , E 2 > Ea ) AE1 ♦ P( Er E2 > Ea ) AE2 (61)

w here  a an d  3 a re  th e  S e rap h in  co effic ien ts , w hich have  a c h a ra c te r is t ic

e n e rg y  d ep en d en ce  fo r m ost sem ico n d u c to rs .



FIG. 14. S in g u la r  p o r t i o n  of and t a t  fo u r  ty p es  of t h r e e  d im en s io n a l  c r i t i c a l  p o in t s .

M 0 M j M 2 ^ 3
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LO
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3.1 Electric Field Modulation

3.1.1 Third derivative spectra.

In e lec tr ic  field  m odulation te c h n iq u e s , th e  p e r tu rb a tio n  du e  to  an  

e lec tr ic  fie ld  is H = e ^ . r .  T h is  ch an g es  th e  d ie lec tr ic  fu n c tio n  t  of 

th e  u n p e r tu rb e d  solid  b y  A e ( ^ ) .  In  c o n tra s t  to  m any form s of 

m odulation sp e c tro sc o p y , th e  p e r tu rb a tio n  te rm  e ^ . r  due to  th e  e lec tr ic  

fie ld  does n o t have  th e  p e rio d ic ity  of th e  la tt ic e , an d  th e r fo re  d e s tro y s  

th e  tra n s la tio n a l in v a ria n ce  of th e  H am iltonian in  the  fie ld  d ire c tio n . 

T h is  p ro p e r ty  of th e  fie ld  p e r tu rb a tio n  is in  e ffe c t re sp o n sib le  fo r  th e  

re la tio n sh ip  betw een  low field  e le c tro re f le c ta n c e  an d  th e  th ird  d e r iv a tiv e  

of th e  u n p e r tu rb e d  d ie lec tr ic  fu n c tio n . In o th e r  m odulation te c h n iq u e s , 

w here  th e  la ttic e  p e rio d ic ity  of th e  Ham iltonian is p re s e rv e d , the  

s p e c tra  a re  re la te d  to th e  f i r s t  d e r iv a tiv e  of th e  u n p e r tu rb e d  d ie lec tr ic  

fu n c tio n .

66~70S ev era l m ethods can be found  in  th e  l i te ra tu re  fo r  the

calcu la tion  of th e  d ie lec tr ic  fu n c tio n  in  th e  p re se n c e  of an  e le c tr ic  fie ld .

67 68We b rie f ly  d e sc rib e  th e  m ethod a d o p ted  b y  A spnes an d  Rowe ’ , to

calcu la te  th e  fie ld  in d u ced  ch ange  in  th e  d ie lc tr ic  fu n c tio n , a n d  to  show

th e  th ir d  d e r iv a tiv e  n a tu re  of th e  e lec tro re f lec ta n ce  lin e sh ap e  u n d e r

"low" e lec tr ic  fie ld  co n d itio n s .

T he zero  field  d ie lec tr ic  fu n c tio n  in  th e  one e lec tro n  approx im ation  

68is g iven  by



e = ( Q '/ttw2) j  d 3k  < ck |G n |ck>  cv  0
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( 62 )

w here

Q' = (4Tr2e 2/m 2)(2 /2 ir3) |e .P ^ v | 2 (63)

and

GQ = [H0 -Ev (S )-K W- i r ] " 1 (64)

and  thie momentum m atrix  e lem ents Pcv  a re  assum ed to  be in d e p e n d e n t 

of k . Hq is th e  u n p e r tu rb e d  H am iltonian, T is th e  b ro a d e n in g  

p a ra m e te r, an d  |ck>  is th e  B loch s ta te  of th e  e le c tro n  in th e  b a n d  c 

w ith  momentum k . In  th e  p re se n c e  of a un iform  e lec tr ic  field  ^

(65)

and

° 0  —  G = (G6)

we e x p an d  G, to  second  o rd e r  in  ^  a n d  u se  th e  tran sfo rm a tio n  to  th e  

c ry s ta l  momentum re p re s e n ta t io n
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< n 'k '|r |n k >  -iVT 6 ,5 (k -k ')  (67)11  ~  k  n n '

to  o b ta in

4Ecv = Ec v (" ' r ’ ? ’) ' Ec v ( “ ' r - 0 )  (88)

= (2Q 'e2/™ 2) |  d 3k  v i ) ]  (G9)

w here

W = E (k) - -Rw -ir (70)cv

T he above eq u atio n  n e g lec ts  in te rb a n d  tu n n e lin g . T he above 

e x p re ss io n  can  be sim plified to  o b ta in :

Aec v (W, r , £ )  = (2 Q ' /™ 2) J d 3k CKfi)3 [E+ir-Ec v ( k ) ] ’ 4 (71)

w here  E=frw an d

(h S )3 = ( l / 8 ) e 2 ( | « V k ) 2Ec v  = e 2 ^ V / 8 i i (i (72)
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w here  y|( is th e  in te rb a n d  re d u c ed  e ffec tiv e  m ass of th e  b an d s  c an d  v 

ev a lu a te d  in th e  field  d ire c tio n . T h u s  we o b ta in  from  E q n s. 62 an d  71

Aec v (E ,r ,£ )  = ( l /3 E 2) ( t f ^ ) 3E2£ cv ( E ,r )  (73)

T h u s  th e  e lec tric  field  in d u ced  change  is c losely  re la te d  to th e  th ir d  

d e riv a tiv e  w ith  r e s p e c t  to  e n e rg y  of th e  u n p e r tu rb e d  d ie lec tr ic  

fu n c tio n .

T he q u a n tity  -R.S2 is th e  c h a ra c te r is t ic  e le c tro -o p tic  e n e rg y  of the  

system . A simple p h y s ica l m eaning can be g iven  to  -fin b y  ca lcu la tin g  

th e  a v e rag e  e n e rg y  p e r  p a r tic le , <AW>, ab so rb ed  in a collision p e rio d , x  

fo r a collection of c lassica l p a r tic le s  of c h a rg e  -e , m ass y(J , an d  zero  

av e rag e  in itia l ve locity  (ze ro  in itia l c u r re n t)  b e in g  a cc e le ra te d  in  a 

uniform  fie ld , ^  . T h en  we o b ta in :

<AW> = e2$ V / ( 2 y (/ ) (74)

T he  lifetim e, x  is re la te d  to  th e  b ro ad en in g  e n e rg y  T b y  x  = -K /(2 r). If

we in te rp re t  <AW> as th e  fie ld  in d u ced  u n c e r ta in ty  in th e  u n p e r tu rb e d

e lec tro n  e n e rg ie s , sim ilar to th e  in te rp re ta tio n  of T as th e  lifetim e

in d u ced  u n c e r ta in ty  in  th e se  lev e ls , th e n  we fin d  th e  ra tio  
3

<AW>/r = (ft£2/r) . H ence, p e r tu rb a tio n  th e o ry  and  th e  above low fie ld
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limit is app licab le  to  th e  in tra b a n d  m echanism  w hen th e  a v e rag e  e n e rg y

gained  p e r  p a r tic le  b y  acce le ra tio n  in th e  fie ld  is small com pared to  th e

n a tu ra l  lifetim e in d u ced  u n c e r ta in ty , in  th e  u n p e r tu rb e d  e lec tro n  e n e rg y

le v e ls . In  p ra c tic e  th e  above low fie ld  lim it is  va lid  if th e

c h a ra c te r is t ic  e n e rg y  Tift < T. In  th is  lim it th e  fie ld  e n te r s  only  as a

2,
sca ling  p re fa c to r  £  . E xperim en ta lly  th is  low fie ld  lim it can  be

2 „
reco g n ized  w h en ev e r th e  sp e c tra l am plitude  sca les  as  , an d  no change

is o b se rv ed  in th e  lin e sh ap e . U sually  as  a ru le  of th u m b , th is  low field

-4limit is app licab le  w h en ev e r AR/R <10 . Since th e  lin e sh ap e  is field

in v a r ia n t, it  is no t n e c e s sa ry  to u se  sq u a re  w ave m odulation n o r even  

to m odulate from f la tb a n d .

Since th e  low -field  e le c tro re f le c ta n c e  (ER) s t r u c tu r e  of a sing le  

c ritic a l p o in t is  well localized to w ith in  an  e n e rg y  ra n g e  n o t ex eed in g  

few b ro ad en in g  p a ra m e te rs , th e  a c tu a l e n e rg y  b a n d s tr u c tu r e  in  th e  

v ic in ity  of a c ritic a l po in t can u su a lly  be re p la ce d  w ith  a simple 

parabo lic  model as  in  E qn . 55. T h en  from  E qn . 59 u s in g  E q n s. 71 an d  

56 we get:

(AR/R) = R e[C e10(E-E +ir ) ]”n (75)
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w here  C an d  0 a re  th e  am plitude an d  p h a se  fa c to r  w hich v a ry  slowly 

w ith  E, an d  hence  can e sse n tia lly  be c o n sid e re d  e n e rg y  in d e p e n d e n t fo r 

small ch an g es  in E. C an d  0 determ ine  th e  am plitude an d  asym m etry  of 

th e  lin e sh ap e  re sp e c tiv e ly  an d  Eg a n d  T determ ine  th e  location  an d  

w id th  of th e  s t r u c tu r e .  For th re e  d im ensional c ritic a l p o in ts  ( i . e . ,  all 

th e  e ffec tiv e  m asses a re  fin ite ) n= 2 .5 , an d  fo r two dim ensional c ritic a l 

p o in ts  ( i . e . ,  one of th e  m asses is in fin ite )  n=3 w h ereas  n=3.5  fo r  a one 

d im ensional c r itic a l p o in t. If th e  s t r u c tu r e  is  du e  to  an  ex c ito n , n= 2 .0 .

T he EER lin e sh ap e  may be a ffe c ted  b y  th e  c o n tr ib u tio n s  of th e  

e lec tro n -h o le  in te ra c tio n , an d  also  in  m ost cases  due  to  th e  

inhom ogenities of th e  p e r tu rb in g  e lec tr ic  fie ld  on th e  re f le c tin g  su rfa c e .

In c lu d in g  th e  c o n tr ib u tio n s  from  th e se  e ffe c ts , we can  w rite  a

71-73g en era lized  e x p re ss io n  fo r  th e  m odulated re fle c tan c e  as

AR/R = Re [C C C. eV A Elj] s ex  in (76)

w here

(77)

Cex =
2 (78)

f* ~ i l c  ’7  ^
C.n = -2ik J d z ' e [ £  ( z 1) /  £ (0 ) ] ( 79 )
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T he fa c to r  C = a - i& g iv es  th e  S e rap h in  co effic ien ts , C re p re s e n ts
S 6 X

th e  co n trib u tio n  from  th e  e le c tro n -h o le  Coulomb in te ra c tio n  an d  g is th e  

ex c ito n  s t r e n g th  p a ra m e te r , w hich can be assum ed  to  be a c o n s ta n t fo r 

a g iven  s t r u c tu r e .  T he e ffe c t of th e  e lec tro n -h o le  in te ra c tio n  is to  mix 

th e  s in g u la r  p a r t  of e „  a t an  M c ritic a l p o in t, to  th e  s in g u la r  p o rtio n
Ci I*

of e „ a t an  M , c r i tic a l p o in t. C. is th e  fa c to r  a r is in g  from  th e  2 r+1 in

e lec tr ic  fie ld  inhom ogenity  in  th e  low fie ld  lim it. In  th e  above eq u a tio n
2

we have u se d  th e  fa c t th a t  A e ( £ , r ,E )  an d  k=nw/c is  th e

w ave v e c to r  of th e  l ig h t in  th e  m ate ria l.

In  Eqn (75) th e  am plitude  is  on ly  a sca lin g  fa c to r  fo r  th e  lin esh ap e

de te rm in ed  by  th e  o th e r  v a ria b le s  0 ,n ,E  an d  T . If th e  d ie lec tr ic
&

fu n c tio n  is a slowly v a ry in g  fu n c tio n  of e n e rg y  in  th e  v ic in ity  of th e

c ritic a l p o in t th e n  E qn . (76) shows th a t  th e  e ffe c t of th e  fa c to rs

C , C an d  C. is e sse n tia lly  to  ch an g e  th e  am plitude a n d  p h a se  fa c to r , s 6x in

leav in g  th e  e n e rg y  location  an d  w id th  of th e  s t r u c tu r e  u n c h an g e d . 

T hou g h  add itio n a l sp ec tro sc o p ic  inform ation  is co n ta in ed  in  th e  

am plitude an d  p h ase  fa c to r ,  a d e ta iled  know ledge of th e  v a rio u s  

c o n tr ib u tio n s  a re  n e c e s sa ry  to  e x tr a c t  th e se .

3.2 Experimental Details

In  th is  sec tion  we d e sc r ib e  in d e ta il th e  ex p erim en ta l s e tu p  an d  th e  

d e ta ils  of th e  m ethod in  EER sp e c tro sc o p y . In  th e se  m odulated  op tica l



s tu d ie s , we h av e  u sed  th e  e lec tr ic  fie ld  m odulation te ch n iq u e  v ia  th e

sem ico n d u c to r/e le c tro ly te  in te rfa c e . T he m odula ting  vo ltage  is  ap p lied

betw een  th e  sam ple, w hose su rfa ce  is in c o n tac t w ith  th e  e le c tro ly te ,

an d  a p la tinum  c o u n te r  e lec tro d e . T he  e le c tro ly te  u se d  w as a 3% (b y

w eigh t) ta r ta r ic  acid  in w a te r , m ixed w ith  e th y le en e  glycol in  th e  ra tio

751 :2 , called  th e  H a rtn a g e l e lec tro ly te  . In  some cases  th e  m easu rem en ts

w ere also  p e rfo rm ed  u s in g  a m ix tu re  of g ly ce rin e  an d  w a te r in  th e  ra tio

2
1:4 as  th e  e le c tro ly te . Only a  small a re a  (ty p ica lly  ~ 4 mm ) of th e

sam ple was ex p o sed  to  th e  m onochrom atic in c id e n t l ig h t, an d  th e  r e s t

b e in g  e lec trica lly  in su la te d  b y  co v erin g  w ith  M iccro -stop , a commercial

thp h o to re s is t  (M iccro p ro d u cts, P yram id  P lastic  in c . ,  220 W, 5 s t r e e t ,  

H ope, A rk an sas  71801). T he e lec tr ic a l c o n tac ts  w ere u su a lly  made on 

th e  b ack  side of th e  sam ple u s in g  s ilv e r  p a in t. In  th e  case  of sam ples 

h av in g  in su la tin g  s u b s tr a te s  th e  c o n tac ts  w ere  m ade on th e  ep itax ia l 

la y e r  its e lf . T he (Ga A1 ) n 47In n ..-A s /In P  (0<x<l) sam ples w ere  also
1 “ X X U , t  i U . Do

b iased  p o s itiv e  w ith  re s p e c t  to  th e  p la tinum  c o u n te re le c tro d e . T he 

b ia s in g  w as a d ju s te d  in su ch  a way th a t  ev en  d u r in g  th e  n eg a tiv e  cycle 

of th e  m odula ting  s q u a re  w ave, th e  v o ltag e  w ith  r e s p e c t  to  th e  

c o u n te re le c tro d e  is  n o t d r iv e n  n e g a tiv e . T h is  was done to  p re v e n t 

e tc h in g . T y p ica l m odula ting  vo ltag es  w ere  ~1 V p eak  to  p e ak  sq u a re  

w ave an d  a b ias  v o ltag e  =+0.5V. T he m odula ting  v o ltag es  w ere  k e p t to 

a minimum so th a t  no s tro n g  e lec tr ic a l con d u ctio n  s e ts  in . T he ER
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s ig n a l p h ase  was m onitored  to  d e te c t an y  ch an g es  on th e  su rfa c e  su ch  

as oxide grow th  e tc . In  th e  case  of GaAlAs/GaAs sam ples, ty p ica l 

m odula ting  vo ltage  u sed  w ere 1 V peak  to  p eak  an d  b ias  vo ltage  0 .5  V. 

O th e r conditions w ere sim ilar to  th a t  of GaAlInAs sam ples.

3.2.1 Optics and Electronics

3.2.1.1 visible and near uv

T he schem atic of th e  ex p erim en ta l s e tu p  fo r th e  EER system  is 

show n in  F ig . 15.

L ig h t from a 150 w att Xenon a rc  is p a sse d  th ro u g h  th e  

m onochrom ator (GCA model EU 700-5G ). T he m onochrom atic l ig h t coming 

th ro u g h  th e  ex it s lit was focu sed  onto  th e  sam ple b y  m eans of a 

sp h e r ica l m irro r o r a le n s . T he sample was im m ersed in th e  e lec tro ly te  

co n ta in ed  in a fu sed  q u a r tz  cell, which h as  an  o p tica lly  h ig h  q u a lity  

f ro n t window. T he m odulating  vo ltage  was a sq u a re  w ave a t  200 Hz and  

was ap p lied  betw een  th e  sam ple and  th e  P t c o u n te re le c tro d e  b y  m eans of 

a fu n c tio n  g e n e ra to r  (HP model 3311 A ), w hich also  p ro v id e d  a

re fe re n c e  signal to  th e  lo ck -in  am plifier (PAR model 186A o r I th aca  

model 391A ). T he re f le c te d  lig h t was co llected  b y  th e  p h o to m u ltp lier 

tu b e  (PMT S - l  o r S -2 0 ) .

T he re fle c ted  lig h t co llected  b y  th e  PMT had  a la rg e  b a ck g ro u n d  

lig h t in te n s ity  co rre sp o n d in g  to th e  p ro d u c t of th e  in c id e n t lig h t
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in te n s ity  Ig an d  th e  a v e ra g e  sam ple re f le c tiv ity  R . S uperim posed  on th is

la rg e  b a ck g ro u n d  s ig n a l was a small in te n s ity  m odulation w ith  an

am plitude IqAR, AR b e in g  th e  ch ange  in  R due to  th e  m odu la ting  fie ld .

Hence th e  o u tp u t of th e  PMT co n ta in ed  a DC p a r t  p ro p o r to n a l to  IgR

an d  an  AC p a r t  p ro p o rtio n a l to IqAR, w hich v a rie d  w ith  th e  m odulating

f re q u e n c y . H ence the  ra tio  of th e  AC p a r t  to  th e  DC p a r t  gave  AR/R.

-4T he ch an g es  AR/R was ty p ica lly  ~10 . T h ese  ch an g es  can  easily  be

d e te c te d  by  th e  u su a l p h ase  sen s itiv e  d e tec tio n  te c h n iq u e s . T he DC 

o u tp u t IqR of th e  PMT was fed  in to  a se rv o  am plifier (m echanical o r 

e lec tro n ic ) w hich a d ju s te d  th e  h ig h  vo ltage  of th e  PMT in  o rd e r  to  keep  

th e  DC o u tp u t IqR , c o n s ta n t. T he AC com ponent of th e  o u tp u t s ig n a l 

IqAR,  is d e tec te d  by  th e  lo ck -in  am plifier. T he o u tp u t s ig n a l of th e  

lo ck -in  am plifier is p ro p o rtio n a l to  AR/R, th e  re la tiv e  ch an g e  in  

re fle c ta n c e . T he o u tp u t s ig n a l from  th e  lo ck -in  am plifier was co n n ec ted  

to a c h a r t  r e c o rd e r .

T he se rv o  m achanism  autom atically  c o rre c ts  fo r  a n y  flu c tu a tio n s  in 

th e  re f le c te d  in te n s ity  due  to  - (a) ch an g es  in  th e  in c id e n t lig h t

in te n s ity  (a common problem  in a rc  lam ps) (b ) ch an g es  on th e  su rfa ce  

of th e  sam ple. T h u s  in  norm alized m odulated s p e c tra ,  it is no t 

n e c e ssa ry  to  collect th e  e n tire  re f le c te d  lig h t from th e  sam ple su rfa ce  

since th e  common fa c to r Ig is elim inated .
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For th e  v is ib le  a n d  n e a r  u ltra v io le t re g io n s  of th e  sp ec tru m  th e  

lig h t so u rce  u sed  was a Xenon a rc  lam p. An S-20 PMT w as u sed  fo r  th e
O

w av elen g th  reg io n  from  2000 to  8000 A, an d  S - l  PMT fo r w av elen g th  in 

th e  reg io n  8000 to  11000 A.

3 .2 .1 .2  In f ra r e d  R ange

T he p h o to re sp o n se  of th e  S I p h o tom ultip lie r e x te n d s  only u p  to  = l.ly m . 

B eyond th is  ra n g e  in th e  in f ra re d , a PbS cell w as u s e d , in th e  

p h o to co n d u c tin g  mode, a s  th e  d e te c to r . T h e  schem atic of th e  

exp erim en ta l s e tu p  u s in g  th e  PbS d e te c to r  is  show n in  F ig . 16. A 

q u a r tz  ha logen  lamp w as u sed  as th e  l ig h t so u rc e . T he m onochrom atic 

lig h t coming from  the  J a r r e l  A sh 1/4 m ete r m onochrom ator w ith  g ra tin g  

b lazed  a t lym  w as fo cu sed  u s in g  a sp h e r ica l len s  (focal le n g th  - 10 cm) 

on to  th e  sam ple su rfa c e , w hich w as im m ersed in th e  e le c tro ly te . To 

minimize th e  a b so rp tio n  of e lec tro ly te  in  th is  w av elen g th  ra n g e , th e  

sample was m ounted  v e ry  close to  th e  window of th e  e le c tro ly tic  cell 

th u s  p e rm ittin g  only a th in  film of th e  e lec tro ly te  be tw een  th e  cell 

window an d  th e  sam ple su rfa c e . To avoid  th e  re f le c te d  lig h t from  th e  

f ro n t su rfa ce  of th e  cell window re a ch in g  th e  d e te c to r , th e  window was 

m ade in a w edge sh ap e  as shown in F ig . 16. T he  re f le c te d  lig h t from 

th e  sample is fo cu sed  on to  th e  PbS d e te c to r  u s in g  a n o th e r  sp h e rica l 

len s  (focal le n g th  = 10 cm ). T he s ig n a l from th e  PbS w as fed  to  th e  

L ock-in  am plifier. T he L ock -in  o u tp u t w hich is p ro p o rtio n a l to  IqAR is
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re c o rd e d  on th e  c h a r t  re c o rd e r .  T he  s ig n a l p ro p o r tio n a l to  Iq was 

m easu red  s e p a ra te ly  b y  ch o pp ing  th e  in c id e n t l ig h t a t  a  fre q u e n c y  

an d  b y  p h a se  se n s itiv e  d e tec tio n  a t  f re q u e n c y  T he norm alization  in

th is  case  w as ach iev ed  b y  a num erical d iv is io n  of th e  IqAR sp ec tru m  by  

IqR. I t  w as fo u n d  th a t  th is  p ro c e d u re  gave b e t te r  a c c u ra cy  w hen u s in g  

PbS cell fo r  small s ig n a l lev e ls .

3.3 Sample details.

All th e  G aA lInA s/InP  sam ples w ere  p ro v id e d  b y  D r .G a ry  Wicks of

C ornell U n iv e rs ity . T he  sam ples w ere g row n la ttic e  m atched  to  (100)

InP  u s in g  MBE. D etails of th e  sam ple g row th  te ch n iq u e  is g iven  in

R ef. 75. T he  MBE g row th  was c a r r ie d  ou t in  a V arian  360 MBE system .

T he la ttic e  m atched  con d itio n s  w ere d e d u ced  from  photo lum inecence (PL)

a t 4K an d  x ra y  d iffrac to m e te r m easu rem en ts . In  p ra c tic e , th e  In  flux

was m ain tained  a t  nom inally c o n s ta n t va lue  an d  the  A1 an d  Ga flu x es

w ere a lte re d  w ith in  th e  c o n s tra in t F . .  + F_  = 0 .4 7 ( F . ,  + F_ + FT ) .A1 Ga A1 Ga In

T he InP  s u b s t r a te s  w ere  chem ically e tc h e d  in  an d  th e

n a tiv e  ox id es  w ere  rem oved by  h e a tin g  in  vacuum  to  500 C in  an  As^ 

f lu x . T he g ro w th  te m p e ra tu re  ra n g e d  betw een  530-570°C. The 

com position of th e  alloy system  w ere  d e te rm in ed  from  R u th e rfo rd  

b a c k s c a tte r in g  m easu rem en ts .
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3.4 Experimental Results

As ex p la in ed  in  th e  p re v io u s  sec tio n s , th e  fe a tu re s  o b se rv e d  in  th e

EER s p e c tra  a re  due to  c r itic a l p o in ts  in  th e  BZ. To e s ta b lish  th e

co rre sp o n d en ce  be tw een  th e  o b se rv ed  sp e c tra  an d  th e  c ritic a l p o in ts ,

th e  b an d  s t r u c tu r e  of GaAs, (a p ro to ty p e  III-V  sem iconducto r) along

<100> an d  <111> a re  show n in  F ig . 17. T he p rin c ip a l op tica l t ra n s it io n s

betw een  th e  valence  a n d  th e  co nduction  b an d s  in  th e  e n e rg y  ra n g e  up

to  10 eV a re  show n b y  v e r tic a l a rro w s . D isp layed  in  F ig . 18 a re  th e

room te m p e ra tu re  e lec tro ly te  e lec tro re f lec ta n ce  sp e c tra  of GaAs. T h ree

d is tin c t g ro u p s  of s t r u c tu r e s  a re  p re s e n t  in th e  s p e c tra .  T he f i r s t

g ro u p  ~ 1.5 eV is  d en o ted  b y  E^ an d  E^+Aq . T he s t r u c tu r e  d en o ted

b y  Eq c o rre sp o n d s  to  th e  fundam en ta l gap  and  a r is e s  from  tra n s it io n s

r_. - T, a t th e  zone c e n te r . T he su b s id ia ry  s t r u c tu r e  d en o ted  b y
8 v lc

Eq+Aq is th e  sp in  o rb it  sp lit com ponent, an d  a r is e s  from  tra n s it io n s

betw een r„  an d  F, .7v lc

Above th e  fu n d am en ta l g ap , th e re  is a second  g ro u p  of s t r u c tu r e  (~ 

3ev) d en o ted  b y  E^ a n d  E^+A^. T h ese  fe a tu re s  a re  due  to  tra n s it io n s  

a long <1 1 1 >, be tw een  th e  sp in  o rb it  sp lit va lence  b a n d s  a n d  th e  

low est ly in g  Â  co n d u ctio n  b a n d . T he o th e r  s t r u c tu r e s  ly in g  (~ 4 .5  ev) 

a re  d en o ted  b y  E^' a n d  Eq'+Aq', E^ and  + E^' a r is e s  from

tra n s itio n s  a t T po in t be tw een  th e  top  of th e  valence  b a n d , a n d  th e  

second  conduction  b a n d . A^' is th e  sp in  o rb it  sp litt in g  of th e  second



FIG. 17. B an d stru ctu re o f  GaAs along  (100) and (111) d i r e c t i o n s . ( R e f . 6 )
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conduction  b a n d . T he tra n s it io n s  Xc - X.. a n d  X - X_ give r is e  to  th e
b 1 b 6

fe a tu re s  an d  E£+ 6  show n in th e  f ig u re .

3.4 .1  Electroreflectance: GaAlInAs/InP

T he room tem p EER sp e c tra  of th e  v a rio u s  sam ples, in  g e n e ra l, w ere

ty p ic a l of th e  o th e r  te r n a r y  an d  q u a te rn a ry  a lloys of zinc b lende

s t r u c tu r e .  T he s p e c tra  from sam ples in th e  e n tire  com position ra n g e

0 <x<l, ex h ib it th re e  d is tin c t g ro u p s  of fe a tu re s  in  th e  e n e rg y  ra n g e

=0.5 eV to 6  eV. T h ese  s p e c tra l  fe a tu re s  c o rre sp o n d  to E ^ 's , E ^ 's an d

E* 's  
0

3 .4 .2  Eq and EQ+ 4  transitions.

D isp layed  in F ig s. 19 to 24, a re  th e  room te m p e ra tu re  EER sp e c tra  

of th e  v a rio u s  (Ga A1 ) n 4 7 In n „ A s  sam ples grow n la ttic e  m atched  to
1 " X  X  U . t I v .  Do

InP  (0 .04  < x < 1). All sam ples ex h ib it well re so lv ed  sp e c tra l fe a tu re s  

Eq and  Eq+Aq . T he s t r u c tu r e s  c o rre sp o n d in g  to  b o th  E^ an d  E^+Aq 

move up  in e n e rg y  position  as  th e  A1 frac tio n  in c re a se s  from  0 to  1.

No s ig n ific an t ch an g es  in  th e  lin e sh ap es  w ere o b se rv e d  fo r small 

ch an g es  in  th e  m odula ting  v o ltag e . T h is  show s th a t  th e  lin e sh ap e s  a re  

well d e sc r ib e d  b y  th e  low fie ld  reg im e ( r e f e r  sec tio n  3 .1 .1 )

T he v a rio u s  b a n d s tru c tu re  p a ra m e te rs  of th is  q u a te rn a ry  alloy 

system  a re  de te rm in ed  by  an a ly z in g  th e  d if fe re n t s p e c tra l fe a tu re s  

u s in g  E qn . (75). T he main focus w ere on th e  a c c u ra te  d e term ina tion  of
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FIG, 19, Electroreflectance spectrum of (Ga1_xAlx)0 ^7 ln0>53As/lnP at 300 K for x=0.04
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FIG. 20. Electroreflectance spectrum of (Ga1_xAlx)0.4^InQ>5 3As/lnP at 300 K for x=0.2
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FIG. 21. Electroreflectance spectrum of (Gaj_xAlx)0 ^7Ino.5 3 As/InP at 300 K for x=0.4

X I

- 6

l-o 2'0 3-0 4-0 5'0
ENERGY (eV)



io
5a

r
/r

FIG. 22. E le c tro re f le c ta n c e  spectrum  of (Ga^_xAlx)g q ^ A s /ln P  a t  300 K fo r  x=0.6 
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FIG. 23. Electroreflectance spectrum of (Ga]_xA1x)o.47InQ _53As/lnP at 300 K for x=0.8
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. 24. Electroreflectance spectrum of ( G a ^ A l ^  47In0 53As/lnP at 300 K for x=1.0
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th e  tra n s itio n  e n e rg ie s  an d  th e  b ro a d e n in g  p a ra m e te rs  in the  

com position ra n g e  0<x<l. An a c c u ra te  p h ase  an a ly s is  can  be done only 

if one know s th e  complex p re fa c to rs  in  E qn . 75 w hich d ep en d s  on the  

b u lk  op tica l c o n s ta n ts  an d  th e  po ssib le  fie ld  inhom ogenites in  th e  

m ateria l. A le a s t sq u a re  f it  w as p e rfo rm ed  u s in g  E qn . 75 fo r E^ and  

Eq+Aq fe a tu re s  to de term ine  th e  c r itic a l p o in t e n e rg ie s  an d  the  

b ro ad en in g  p a ra m e te rs . T h ese  s t r u c tu r e s  a re  th re e  dim ensional c ritic a l 

p o in ts  an d  hence n=2.5  in E qn. 75. T he tra n s it io n  e n e rg y  E^, 

b ro ad en in g  p a ram ete r T, th e  am plitude C, an d  th e  p h a se  fa c to r  0 w ere 

tak en  as a d ju s tab le  p a ra m e te rs  an d  th e y  w ere v a rie d  to  o b ta in  th e  b e s t 

fit to  exp erim en ta l s t r u c tu r e .  F ig . 25 shows a ty p ic a l f it  u s in g  Eqn. 75 

fo r  th e  Eq fe a tu re  of sam ple w ith  x= 0 .4 . T he solid line  r e p re s e n ts  the  

ex p erim en ta l d a ta  and  th e  d o tte d  line is th e  f it o b ta in ed  w ith  p a ram ete rs  

a s  shown a t th e  top r ig h t  h an d  c o rn e r  of th e  F ig . 25.

P re se n te d  in T ab le  III a re  th e  E^ and  E^+A^ c r itic a l po in t e n e rg ie s  

a s  well as th e  b ro a d e n in g  p a ra m e te rs  o b ta in ed  fo r th e  v a rio u s  

com positions, x , of th e  q u a te rn a ry  (Ga A1 ) ^rJn.^ [. A s. Also
1 “ X  X  U . t I U . 0 j

ta b u la te d  a re  th e  sp in  o rb it sp li t t in g s  A  ̂ a t v a rio u s  com positions.

3 .4 .3  E, an d  E . + A, tra n s it io n s  
1  1 1

T he g ro u p  of fe a tu re s  seen  be tw een  2 .2  eV to  3 .5  eV in  f ig u re s  19 

to  24 c o rre sp o n d  to  th e  E^ an d  E^+A^ tra n s i t io n s . S ince th e  E^ and  

E^+A^ fe a tu re s  o v e rlap , it was n e c e s sa ry  to  pe rfo rm  a le a s t sq u a re s  fit
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Table IV. The transition energies and broadening parameters for the various (Ga^_xAlx)Q^yInQ ^As/lnP 
samples measured at room temp.

composition x Eo
(eV)

T(e0)
(meV)

E0+*o
(eV)

r(E0+$
(meV) E1 

( V)
P(E i)
(meV)

e1+A[
(meV)

f(E1+ ‘̂1)
(meV) V(eV) Eo+ ^ ’:

(eV)

1.0 1.534 61 1.891 74 3.012 151 3.291 157 4.592 4.768

0.8 1.394 84 1.798 101 2.93 170 3.213 190 4.575 4.732

0.6 1.101 65 1.469 98 2.78 133 3.077 167 4.595 4.783

0.4 1.032 56 1.410 73 2.713 136 2.994 180 4.572 4.776

0.2 0.824 66 1.233 92 2.626 133 2.906 176 4.502 4.783

0.04 0.752 42 1.120 45 2.558 119 2.843 196 4.365 4.723

0 0.744 23 1.101 24 _ —

100
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co n sid e rin g  th e  co n tr ib u tio n s  from  c ritic a l p o in ts  of two p a irs  of b an d s  

A„ - A . H ence th e  lin esh ap e  e x p re ss io n  becom es:
o  X

AR/R = C e 1 0 l(E -E  +H ) " n + C e 1 0 2(E -E  + i T  ) " n (80)
1  1  ^ & 2

T he s t r u c tu r e s  w ere  f it u s in g  th e  above eq u a tio n  c o n s tra in in g  th e  p h ase

fa c to r  to be eq u a l ( i . e . ,  0=0 8 ^) • T he  u p p e r  sp in  o rb it sp lit va lence

b an d s  an d  th e  low er conduction  b a n d s  a re  n e a r ly  p a ra lle l a long th e

<111> d irec tio n  in  zinc b len d e  sem ico n d u c to rs . If th e  b an d s  a re  s tr ic t ly

p a ra lle l along th e  <111>, E^ and  E^+A^ would be two dim ensional (2D

Mq ) c ritic a l p o in ts . H ow ever th e  co nduction  b an d  ac tu a lly  c u rv e s

dow nw ard s lig h tly  re la tiv e  to th e  valence  b a n d s . T h u s  an  a lte rn a te

d e sc rip tio n  is 3D c ritica l p o in ts . We have an a ly sed  th e  d a ta

c o n sid e rin g  E^ and  E^+A^ as 3D c r itic a l p o in ts  ( i , e . ,  n = 2 .5 ), an d  also

as a 2D c ritic a l p o in t. T h ough  th e  fit o b ta in ed  in bo th  cases  w ere q u ite

good, th e  mean sq u a re  dev iation  of th e  f it te d  c u rv e  was fo u n d  to  be

la rg e r  fo r  3D th a n  fo r 2D. Sim ilar r e s u l ts  have  been  re p o r te d  fo r th e

76q u a te rn a ry  system  G alnA sP grow n la ttic e  m atched  to  InP  . A ty p ica l 

f it  u s in g  E qn . 80 fo r E^ an d  E^+A^ s t r u c tu r e s  a re  shown in F ig . 26. T he 

solid line  r e p re s e n ts  th e  exp erim en ta l d a ta  an d  th e  d o tted  line  is th e  

lin e sh ap e  g iven  b y  E qn . 80 w ith th e  p a ra m e te rs  as show n a t th e  bottom



•—  THEORY 
— . EXPERIMENT

•  •  •  •

Ej=2.626 eV 

E1- ^ 1=2.906 eV 

rj= 133  meV 

r 9=176 meV

ENERGY (eW
FIG. 25. A t y p i c a l  l in e s h a p e  f i t  f o r  E^ and E^+A^ f e a t u r e s  u s in g  e q n .83 .

102



103

le f t  h an d  c o rn e r  of F ig . 2G. T he tra n s it io n  e n e rg ie s , th e  sp in  o rb it  

sp litt in g s  e n e rg ie s  an d  b ro a d e n in g  a sso c ia ted  w ith  th e  c ritic a l p o in t 

is also  ta b u la te d  in  T able  III.

3 .4 .4  Eq’ a n d  Eq’+ A q t ra n s i t io n s .

T he s t r u c tu r e s  c o rre sp o n d in g  to  th e  c r itic a l p o in ts  E^' an d  Eq'+Aq' 

a re  a lso  seen  in  f ig u re s  19 to  24. T he e n e rg y  p o s itio n s  of th e  E^' an d  

Eq'+Aq' f e a tu re s  a re  ta k e n  as  th e  c o rre sp o n d in g  p eak  p osition  as  th e re  

is only  one well d e fin ed  p eak  fo r  each  s t r u c tu r e .

3 .4 .5  Com position d ep en d en ce  of tra n s itio n  e n e rg ie s

T he com position d ep en d en ce  of th e  E^ an d  Eq+Aq a re  shown in F ig .

27. T he v a ria tio n  of th e  sp in  o rb it  s p litt in g  p a ra m e te r  A  ̂ is p lo tted  a t

th e  bottom  of F ig . 27. D isp layed  in Fig 28 a re  th e  com position

d ep en d en ce  of th e  E^, E^+A^, E ^ ', and  E^'+Aq ' op tica l fe a tu re s . T he

solid  lines in  F ig s . 27 an d  28 r e p re s e n t  a le a s t sq u a re  q u a d ra tic  f it  of
2

th e  e n e rg y , to  th e  m easu red  tra n s itio n  e n e rg ie s  i . e . ,  E=a+bx+cx . T he 

va lu es  of th e  q u a d ra tic  f i t t in g  p a ra m e te rs  a ,b  an d  c fo r  th e  E^, E^+A^,

I |
E j , E^+A^, Eq an d  E^+A^ fe a tu re s  as well as th e  sp in  o rb it  sp litt in g s  Â

an d  A^, a re  l is te d  in  T ab le  IV. Also lis te d  in  th is  tab le  a re  th e  v a lues

of a , b an d  c fo r  E^ o b ta in ed  from a re c e n t room te m p e ra tu re

photo lum inescence  m e a su re m e n t^  as well as a r e c e n t  th e o re tic a l 

12calcu lation  (d o tte d  line  in F ig . 27).
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T he b e h av io u r of th e  x=0 en d  p o in t sample was in te re s t in g . T he

sp ec tru m  of th is  sam ple is p re s e n te d  in  F ig . 29. T h is  m ateria l e x h ib its

v e ry  sh a rp  an d  Eq+Aq f e a tu re s  in  re la tio n  to  o th e r  sam ples, w here

a s , th is  shows v e ry  poor s ig n a ls  fo r th e  h ig h e r  ly in g  t r a n s i t io n s , fo r

exam ple, E^' an d  E^'+A^' a re  no t re so lv e d . T h is  u n u su a l b e h av io r is

p ro b a b ly  re la te d  to th e  g row th  cond itions as p re v io u s  in v e s tig a to rs  have

re p o r te d  good EER lin e sh ap e s  fo r  th e  LPE grow n G alnA s. Also th e

lin e sh ap e s  o b ta in ed  b y  th ir d  d r iv a tiv e  of th e  d ie lec tr ic  ' fu n c tio n

m easu red  by  sca n n in g  e llip som etry  fo r Ga^ In g gA s/InP  w ere  q u ite

76sim ilar to  o th e r  III-V  alloys

In g en e ra l o u r  r e s u l ts  a re  in  good ag reem en t w ith  o th e r

m easurem ents w h ere  su ch  a com parison can be m ade. F o r exam ple o u r

v a lu es  of th e  E^ as  a fu n c tio n  of x  a re  in v e ry  good ag reem en t w ith  th e  

room te m p e ra tu re  p h o to lum inescen t w ork of Olego e t .  a l ^ .  T he re s u l ts
70-gO

fo r th e  en d  p o in t (o r  n e a r  en d  p o in t) m ateria ls  Ga^ 4 7 ^ s o r

81
^ ^ Ga0 .9 6 A10 .0 4 ^0 .4 7 ^In 0 .5 3 A s^  A10 .5 3 In0 .4 7 As &re c o n s is ta n t Wlth

12o th e r  p u b lish ed  r e s u l t s .  Note also  th a t  th e  th e o ry  of A ym erich has

acco u n ted  q u ite  well fo r  th e  com position d ep en d en ce  of th e  b an d g ap  E^

As m entioned  e a r lie r  th e  Ga_. ro In_. .^A s sam ples e x h ib it the
U . o3  0 . 4 /

n a rro w e s t lin e sh ap e s  fo r  Eq an d  E^+Aq . Even a t small A1 c o n cen tra tio n s  

(x = 0 .0 4 ), the  b ro a d e n in g  p a ra m e te r is  h ig h e r  b y  approx im ate ly  a fa c to r  

of two. For A1 com position 0 .2< x< 1.0 , ev en  th o u g h  th e re  a re  some
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(G a , _ x A l x ) o . 4 7  I n 0 . 5 3  A s

300 K
E ^  +  A

Experiment 
—  Quadratic fit 
- -  Theory (Aymerich) 

Generalized 
V V -B-W  Model

0.2 0.4 0.6 0 .8
Composition X

FIG. 27. V a r i a t i o n  of th e  E E q + A q ,  and Aq e n e r g i e s  a s  a  f u n c t io n  of 
co m p o s i t io n  x .  The dashed  l i n e  t h e  th e o ry  o f  Aymerich (R ef.  12).
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( G c i | - x A l x ) o .47 - ^ 0 .5 3  A s

300 K3.8

Experiment 
Quadratic fit

VV-B-W Model -
j - « » « « » . . . .  . - - . t

0 . 2  0 .4 0.6
Composition X

FIG. 28. V a r i a t i o n  o f  E . , E j+A n , E ’ , and Ei+AA e n e r g i e s  a s  a  f u n c t io n  
o f  co m p o si t io n  x .  1 0



T able  IV. V alues of th e  q u a d ra tic  f i t t in g  p a ra m e te rs  a , b an d  c

o b ta in ed  b y  f i t t in g  th e  v a rio u s  E v e r s u s  x  c u rv e s  to
2

eq u atio n  E = a + b x  + cx

| T ran s itio n  

1

a b c

1 E 0
0 .73± 0 .03 (a) 0 .54±0.04^a) 0 .2 8 ± 0 .0 4 (a)

1 0 .7 6 + 0 .04 (b) 0 .5 2 ± 0 .0 5 (b ) 0 .2 5 ± 0 .0 3 (b )

1
0  73 ( c ) . ( d ) 0 .5 1 (C^ 0 .2 6 (c)

I V Ao 1 .10± 0 .03(a) 0 .64±0.04^a ^ 0 .1 8 ± 0 .0 4 (a)

l Ei 2 .55± 0 .03 (a) 0 .3 6 ± 0 .0 4 (a ^ 0 .1 1 ± 0 .0 4 (a)

1 e 1 +a 2 2 .83± 0 .03 (a) 0 .3 9 + 0 .0 4 (a ^ 0 .0 8 ± 0 .0 4 (a)

1 Eo’ 4 .3 6 ± 0 .0 4 (a) 0 .6 9 ± 0 .0 5 (a) -0 .4 8 ± 0 .0 5 (a)

1 Eo,+V 4 .7 4 ± 0 .0 4 (a * 0 .1 5 ± 0 .0 5 (a) -0 .1 3 ± 0 .0 4 (a)

1 Ao 0 .3 7 ± 0 .0 2 (a) 0 . 1 0 ±0 . 0 2 (a) -0 .1 0 ± 0 .0 3 (a)

1 A 1
0 .2 8 ± 0 .0 2 (a) 0 .0 3 ± 0 .0 2 (a) -0 .0 3 ± 0 .0 3 (a)

(a) T h is w ork

(b ) R ef. 1 1

(c) R ef. 1 2

(d ) In  o rd e r  to  a d ju s t  fo r th e  te m p e ra tu re  d iffe ren ce  betw een  

. E e f. 12 (low te m p e ra tu re s )  an d  o u r  w ork (300 K) th is  

value of a has been  fix ed  a t  th e  ex p erim en ta l n u m b er.



FIG.29. Electroreflectance spectrum of (Gai_xAlx)Q ^InQ^gAs/lnP at 300 K for x=0.0

Eo+ A o
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( G al - x A,x) 0*47 * n 0*53As 
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v a r ia tio n s , th e  b ro a d e n in g  rem ain  ap p rox im ate ly  th e  sam e. In  all cases 

Eq+Aq h as  a la rg e r  b ro a d e n in g  th a n  E^. T he b eh av io r of E^ an d  E^+A^ 

a re  a lso  of sim ilar n a tu re  e x c e p t fo r  th e  fa c t th a t  Ga^ 4 7 ^

e x h ib its  poor lin e sh ap es  fo r  E^ an d  E^+A^

T h e  ch an g es  in  b ro a d e n in g  p a ra m e te r  Y  a re  b e lieved  to  be due to 

p o te n tia l f lu c tu a tio n s  r e s u lt in g  from  th e  random  atomic p lacem ent of th e  

a llo y s . In  g e n e ra l th e re  a re  c o n tr ib u tio n s  from  b o th  th e  cation  a n d  th e  

an ion  s u b la t tic e s . In  (Ga A1 ) ,.„As th e re  is on ly  v a ria tio n  in
1 “ X  X  U . t i  v / t OO

th e  d is tr ib u tio n  of th e  cation  Ga a n d  Al. O ur r e s u l ts  in d ica te  th a t  th e  

ch an g e s  in th e  c o n trib u tio n  to T from  th e  Ga su b la ttic e  as th e  

com position v a rie s  is b a lan ced  b y  th a t  from  th e  Al su b la ttic e . A sim ilar 

s tu d y  in th e  q u a te r n a r y  alloy system  InG aA sP, w here  th e re  a re  

c o n tr ib u tio n s  from  an ion  su b la ttic e  an d  cation  su b la ttic e , it h as  been

show n th a t  th e  p rim ary  o rig in  fo r  th e  v a ria tio n s  in  T(E^) is th e  anion

76d is o rd e r  . T he  u n u su a l d e c rea se  in th e  b ro a d e n in g  T (Eq) and  

T(Eq+Aq) fo r th e  x = 0  sam ple is  no t c lea rly  u n d e rs to o d  a t  p re s e n t .

3.5 Electroreflectance: GaAlAs/GaAs

T h e  room te m p e ra tu re  e lec tro ly te  e lec tro re f lec ta n ce  s p e c tra  from  th e  

th re e  sam ples SCL-392, SCL-400 an d  SCL-379 a re  show n in f ig u re s

30 ,31 , an d  32, re sp e c tiv e ly . T he s p e c tra  of all th e  sam ples a re  sim ilar 

to  th a t  re p o r te d  e a r l ie r .  T he v a rio u s  fe a tu re s  Eq,Eq+Aq,E^,E^+Aj, 

E q ',E q '+A q ',E 2 ,E 9  + 6 a re  shown by  a rro w s .
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FIG. 31 . E l e c t r o r e f l e c t a n c e  spectrum  of  G a ^ A ^ A s /G a A s  sample SCL-400
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T he com positional v a r ia tio n  of th e  fu n d am en ta l gap  EQ an d  h ig h e r

82g ap s have  been  m easu red  b y  B erolo an d  Wooley . T he  e n e rg y  position  

of th e  Eg peak  in d ic a te s  th a t ,  th e re  is some v a ria tio n  in com position in 

th e  th re e  sam ples as d e te rm in ed  b y  th is  te c h n iq u e . T he E^ fe a tu re  in 

SCL 400 o ccu rs  a t  2.641 eV in d ica tin g  th a t  x=0.81±0.01 fo r th is  

m ateria l, w hereas th e  e n e rg y  p osition  of th e  sam ple SCL-392 in d ica te s  a 

com position x=0.80±0.01 an d  th a t  of SCL-379 g ives x=0.84±0.01. T hese  

v a lu es  a re  more a c c u ra te  th a n  th a t  d e te rm in ed  from  th e  Raman 

s c a t te r in g  m easurem ents  (see  C h a p te r  II) b u t  b o th  a g ree  w ith in  

ex p erim en ta l e r r o r .

T he E^ and  E^+A^ fe a t u re s  f ° r  th e se  sam ples lie in  th e  e n e rg y  ra n g e

3 .4  to  4 eV. Sam ples SCL-392 and  SCL-400 ex h ib it well re so lv ed

s t r u c tu r e s  fo r th e  E^ a n d  E^+A^ w h ereas  in SCL-379 E^ an d  E^+A^ 

m erge to g e th e r  an d  E^+A^ is seen  only  as  a sh o u ld e r .

O th e r fe a tu re s  E ^ ', Eq'+Aq', E^ an d  E2  + S a re  p re s e n t  in  all th e  

sam ples in th e  e n e rg y  ra n g e  4 .4  to 5 .5  eV . In  sam ples SCL-400 and

SCL-392 th e se  fe a tu re s  a re  b e t te r  re so lv ed . E^ + fi is seen  only  as a weak

sh o u ld e r  in SCL-379.

T he q u a lity  of th e  v a rio u s  e p ila y e rs  as  seen  b y  th e  e lec tro n ic  

p ro p e r tie s  is c lea r from  th e  EER s p e c tra . Sample SCL-379 w hich has 

poor q u a lity  s u b s tr a te ,  e x h ib it m uch b ro a d e r  lin e sh ap e s  fo r  th e  v a rio u s  

in te rb a n d  tra n s it io n s . In ad d itio n  th e se  fe a tu re s  a re  le ss  re so lv ed  in 

th is  sam ple.



114

3.6 Composition dependence of the spin orbit splittings.

I t  has  been  o b s e rv e d  exper im en ta lly  in sem iconductor alloys, th a t

the  e n e rg ie s  of v a r io u s  in te rb a n d  t ra n s i t io n s  an d  sp in -o rb i t  sp l i t t in g

6 7 83p a ram ete rs  v a ry  q u a d ra t ic a l ly  w ith  alloy composition, ' ’ i . e . ,

2
E (x) = a + b x  + cx

or

E (x) = a + b 'x  + c x ( x - l )

w here  a an d  b ' (= b + c) a re  d e te rm ined  b y  th e  en d  po in t m ateria l of 

the  alloy se r ie s  an d  c, th e  bowing p a ra m e te r ,  m easu res  th e  deviation  

from l in e a r i ty .

T he  non linear  composition d ep en d en ce  of th e  v a r io u s  e n e rg ie s  is a 

m easure  of th e  change  in c ry s ta l  p o ten tia l  (b o th  period ic  an d  aperiod ic) 

a c ro ss  th e  alloy fie ld . T he  aperiod ic  p a r t  a r i s e s  from th e  po ten tia l  

f lu c tu a tio n s  in tro d u ce d  by  th e  random  placem ent of one element (cation

o r  anion) in an  o th e rw ise  compositionally o rd e re d  alloy. R ecen t

e x te n d e d  x  ra y  ab so rp t io n  fine s t r u c tu r e  (EXAFS) s tu d ie s  have  f u r t h u r  

showed th a t  in  alloys su ch  a s  G alnA s, th e  Ga-As and  In -A s 

b o n d le n g th s  rem ain almost the  same as th a t  of th e  e n d  po in t m ateria ls

GaAs an d  InA s, a l th o u g h  th e  a v e rag e  la tt ice  c o n s ta n t  follow V e g a rd 's

(81)

(82)
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law. This  r e s u l t s  in b o n d le n g th  a l te rn a t io n s  an d  cau ses  s t r u c tu r a l

d is to r t io n  in th e se  m ateria ls .

In  g en e ra l ,  th e  bowing of th e  compositional v a r ia t io n  of th e  b an d

gap s  is a r e s u l t  of th e  v i r tu a l  c ry s ta l  v a r ia t io n ,  microscopic alloy

d is o rd e r  as well as  th e  s t r u c tu r a l  d iso rd e r  due  to th e  bond  le n g th  
5

a l te rn a t io n s  . T he  v a r ia t io n  of th e  sp in  o rb i t  sp l i t t in g s  w ith 

composition as p re d ic te d  b y  th e  VCA is e ssen tia l ly  l in ea r ,  th o u g h  

s ig n if ican t bowing w ere  seen  exper im en ta lly . In  ad d itio n ,  w hen the  

alloy system  is grow n la t t ic e  m atched  to th e i r  s u b s t r a t e  m ateria l,  an y  

v i r tu a l  c ry s ta l  v a r ia tion  due  to volume e ffec ts  a re  elim inated. T h u s  the  

bowing of th e  sp in  o rb i t  sp l i t t in g s  in th e se  alloy system s can p rov ide

im portan t inform ation r e g a rd in g  th e  microscopic alloy d is o rd e r  as well as
5

th e  s t r u c tu r a l  d is to r t io n  a r is in g  from b o n d len g th  a l te rn a t io n s  .

6 7In t e r n a r y  alloys h av in g  z incb lende  s t r u c tu r e  it is found  ’ th a t  the  

bowing for

1. th e  sp in  o rb i t  sp l i t t in g  p a ram ete r  (of th e  v  va lence  b an d )  

is dow nw ard , i . e . ,  pos itive  value of £(Aq)

2. fo r  A (sp in  o rb i t  sp li t ing  of th e  of th e  A„ va lence  b a n d s )  it
J. 6 , V

is u p w a rd ,  i . e . ,  n eg a tiv e  value of c(A^).

However the  r e c e n t  s tu d ie s  of the  q u a te r n a r y  alloys InG aA sP /InP  an d  

th e  p re s e n t  s tu d y  of G aA lInA s/InP  have  rev ea led  n e g a t iv e  v a lues  of 

c (Aq) as  well as c(A ^). L is ted  in Table  V a re  th e  v a lu es  of a ,  b an d  c
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fo r  Aq an d  Â  fo r  th e se  q u a te r n a r y  system s as  de te rm in ed  b y  v a rio u s

in v e s t ig a t io n s .  Note th a t  fo r  InG aA sP /InP  system  e v en  th o u g h  th e re  is

some v a ria t io n  in c(A^) all th e  r e p o r te d  n u m b ers  a re  n e g a t iv e .  We have

also l is ted  in Table  V th e  a v e rag e  of th e  th re e  v a lues  of a , b ,  a n d  c.

6 7A ccord ing  to th e  VV-B-W model ’ a pos it ive  va lue  of £(Aq) a r is e s

from an  in te rb a n d  mixing of th e  s - l ike  conduction  b a n d  s ta te s  (T )x , c

in to  th e  p like valence  b an d  s ta te s  v ) w hich e ffec t iv e ly  d e c re a se s

Aq . I t  should  be p o in ted  ou t th a t  su ch  a m ixing may be d u e  to  e i th e r  

alloy p o ten tia l  f lu c tu a t io n s ,  b o n d le n g th  a l te rn a t io n s  o r  b o th .  In  th e  

VV-B-W model th is  in te rb a n d  e ffec t  can be w r i t te n  as

AQ(x) = [ l - f (x ) ]< A 0 (x)>  (83)

w here  <A^(x)> = a + b 'x  see Eqn. 82. T he  func tion  f ( x )  is th e  f rac tion  

of th e  conduction  b a n d  s ta te s  mixed in to  th e  va lence  b a n d s  by  alloy 

d is o rd e r  and  can be w r i t te n  as:

f (x )  = D ( x ) /E 0 (x) (84)



Table  V. Values of th e  q u a d ra t ic  p a ra m ete rs  a ,  b ,  a n d  c fo r  

th e  s p in -o rb i t  s p l i t t in g  p a ra m ete rs  Aq an d  Â  fo r

In .  Ga As P . a n d  1-y  y x  1 -x (Gal - x A1x^0 .4 7 In0. 53As

la tt ice  m atched  to InP . All m easurem en ts  w ere  made 

a t  room te m p e ra tu re .

a b c

InG aA sP /InP

0 .1 1 4 (a) 0 . 2 6 ^ - 0 .1 2 (a)

Ao 0 .1 1 9 (b) 0 .3 0 (b) - 0 . 1 0 7 ^

0 .1 1 (C) 0 .4 2 (c) -0 .1 5 2 (c)

a v e rag e 0.114 0.327 -0.093

0 .1 3 5 (a) 0 . 3 3 ^ - 0 .2 0 (a)

A1 0 .1 4 5 (b ) 0 .3 3 (b) -0 .0 6 4 (b)

0 .1 3 3 (d) 0.124^d) - 0 . 0 7 ^

av e rag e 0.138 0.209 -0 .11

G aA lInA s/InP

Ao 0 .3 7 (e) o . i o (e) - o . i o (e)

A1 0 .2 8 (e) 0 .0 3 (e) - 0 .0 3 (e)

(a) R eference  78 (b )  R eference 79

(c) R eference  80 (d )  R eference 76

(e) T h is  w ork
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w here  D (x ) is th e  mean s q u a re  f lu c tu a tio n  in c ry s ta l  p o ten tia l  d iv ided  

b y  an  a p p ro p r ia te  b a n d w id th ,  an d  EQ(x) is a w e igh ted  e n e rg y  gap 

g iven  by :

3 /E Q(x) 2/<EQ(x)> 1 / < E q ( x ) + A q ( x ) > (85)

In E qn . 85 <E^(x)> a n d  <E^(x) + A^(x)> a re  the  compositionally l inea r

a v e ra g e d  e n e rg y  gap a n d  sp in  o rb i t  sp lit com ponent, re sp e c t iv e ly .

For th e  alloy MF. G 1-x  x

D (x) = x ( 1 - x ) C ^ g / A  ( 8 6 )

w here  A is a b a n d w id th  c o n s ta n t  (A=l eV) and  C_,„ is th e  d ie lectr ica lly
.bLr

defined  e le c t ro n e g a t iv i ty  d if fe ren ce  betw een elem ents F an d  G.

CFG = b e 2 ( zG/ r G ‘ zF/ r F )e x P ( ' R k s ) (87)

In  th e  above e x p re s s io n  b is a c o n s ta n t  (b= 1 .5 ) ,  is th e  va lency  andLr

r _  is th e  covalen t r a d iu s  of th e  element G, k is th e  l inea rized  Thom as- G s

Fermi sc ree n in g  w av ev ec to r  fo r  the  valence e lec tro n s  an d  R = ( r„ + rT,) /2 .
Cj r
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For the  sp in  o rb i t  s p l i t t in g  of th e  va lence  b a n d s ,  VV-B-W 

p ro p o sed  a d is o rd e r  in d u c ed  in t r a b a n d  in te rac t io n  w hich e ffec t ive ly  

in c re a se s  Â  i . e . ,  n e g a t iv e  va lue  fo r  c (A ^). T h is  te rm  can be w ri t ten  

a s  :

Af(x) = <A (x )>  + K D (x ) /< A 1 (x )>  (88)

w here  K is a fac to r  w hich in d ica tes  th e  s t r e n g th  of th e  p ro p o sed  

selec tion  ru le  fo r th e  d is o rd e r  in d u ced  f lu c tu a t in g  po ten tia l .

The n eg a tiv e  value  of £(Aq) an d  c(A^) fo r the  q u a te r n a r y  alloys can 

be accoun ted  fo r  b y  inc lud ing  bo th  in t r a  an d  in te rb a n d  e ffec ts  fo r 

th e se  sp in  o rb i t  sp l i t t in g s ,  th u s  gen era l iz in g  th e  VV-B-W model. By 

inc lud ing  th e se  e ffec ts  fo r  th e  sp in  o rb i t  s p l i t t in g s  we can  w rite :

D (x )
A.(x) = <A.(x)> - f 7 ^ ) <Ai (x)> + K D (x)/<A .(x)>  (89)

i

w h ere  i= 0 o r  1. In th e  above e x p re s s io n  E ^(x) is g iven  by  Eqn . 85. 

a n d  E^(x) by:

3 /E 1(x) = 2 /<E1(x)> + l /< E 1(x)+A1(x)> (90)



120

fo r  th e  q u a te r n a r y  alloy In^ G a ^ A s ^ P ^ ^

D ( x ,y )  = <C^a In y ( l - y )  ♦ C ^ s _p  x ( l - x ) } / A  (91)

w here  A is the  b an d w id th  c o n s ta n t  (A=l eV) an d  is th e

e lec tro n e g a t iv i ty  d if fe ren ce  be tw een  elem ents  A a n d  B . Note th a t  we

have  in te rc h an g e d  x a n d  y  in  th e  u su a l  no ta tion  fo r  InGaAsP. T he
2

la t t ice  m atched condition x = 2 .2 y  p lu s  th e  v a lu es  of . (-'Qa _jn  anc  ̂

C ^ - p  from Ref. (83) y ie lds

D (x) = 0 .07x  + 0 . 1 4 9 x ( l -x )  (92)

In th e  case  of the  o th e r  q u a te r n a r y  system  (Ga, Al ) ,  In  As theM J ^ '  1 -x  x  1 -y  y

e x p re ss io n  fo r  D ( x ,y )  is g iven  by :

D ( x )y) = { C ^ a _A1x y ( l - x ) + C ^ a _I n ( l - x ) ( l - y ) y  + C ^ 1_In x y ( l - y ) } / A  (93)

For la tt ice  m atched system  y=0.47 a n d  hence :

D (x ) = 0.07 + 0.02Gx + 0 .0 1 5 x ( l - x ) (94)
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w here  we have  u s e d  . .  an d  T from Ref. (83) an d  CGa-Al G a-In  Ga-Al

form R ef. (84). In e q n .  92 and  94 only th e  te rm  con ta in ing  x ( l - x )  a re  

r e le v a n t  to calculate  th e  bow ing, since th e  o th e r  te rm s a re  re la te d  to 

th e  en d  p o in ts .

We have  u sed  the  g en era l iz ed  e x p re s s io n  E qn . 89 to f it  th e  A^(x),

an d  A^(x) da ta  fo r  InG aA sP, w ith  Eqn . 92 an d  InGaAlAs w ith Eqn . 94,

grow n la ttice  m atched to  InP . T h e  re s u l t s  fo r InGaAsP a re  d isp lay ed  in
2

Fig. 33. The solid lines  a re  g iven  b y  the  re la tion  E=a+bx+cx , w ith  a ,b

an d  c fo r  A^(x), an d  A^(x) be ing  the  av e rag e  va lues  l is ted  in  Table

V. T he d a sh ed  line in Fig. 33 shows the  fit to  the  genera lized  VV-B-W

model (E qns. 89 and  92). We have  a d ju s ted  th e  m agn itude  of th e

p a ra m ete rs  K to  g e t  th e  r e s u l t s  fo r  bo th  A^(x) a n d  A^(x)

sim ultaneously , th u s  y ie ld ing  a value of K=0.15. Note th a t  the

ag reem en t be tw een  th e  a v e rag e  experim en ta l va lues  (solid  l in e s ) ,  an d

th e  th e o ry  (d a sh ed  line) is good, and  the  nega tive  bowing of A  ̂ and  Â

have  been  accoun ted  fo r .  By c o n s id e r in g  only th e  in te rb a n d  e ffec t  on

th e  Â  d a ta ,  VV-B-W have  ob ta ined  a value of K = 0 .14  fo r  t e r n a r y

76alloys , while Kelso e t . a l  have  found  a value of K = 0 .07 fo r  the  

InGaAsP system . O ur va lue  of K is close to th a t  of VV-B-W b u t  is 

somewhat l a r g e r  th a n  th a t  q u o ted  by  Kelso e t .  al.

P lo tted  in Fig. 34 a re  th e  compositional v a r ia t io n  of Aq(x ) andA^(x) 

fo r  G aA lInA s/InP . T h e  solid line r e p r e s e n t  a q u a d ra t ic  f it  to the
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ex per im en ta l p o in ts  w ith  th e  p a ra m e te rs  ( a , b , c )  l is ted  in Table  V. The 

d a sh e d  line again  shows th e  f it  to th is  d a ta  u s in g  E qns . 89 an d  94. We 

ob ta ined  a value of K=1.4 fo r  th is  q u a te r n a r y  alloy system . As fo r  the  

InGaAsP system , th e  gen era l ized  VV-B-W model aga in  acco u n ts  fo r  the  

u p w ard  bowing of A  ̂ as  well as A^.

T h e  v a r ia tion  in m agn itude  of K be tw een  th e  two alloy system s is 

no t completely u n d e rs to o d  a t  p r e s e n t .  I t  may ind ica te  th e  d iffe ren ce  in 

s t r e n g th  of th e  p ro p o se d  selection ru le  fo r  th e  f lu c tu a t in g  p o ten tia l ,  as 

p o in ted  ou t b y  VV-B-W. For th e  (Ga^ Al )q 4 y* n 0  5 3 ^ s a^ ° y  system , 

s ince  th e  e lec tro n e g a t iv i ty  d iffe ren ce  of Ga an d  Al is small, we ex p ec t  

no s ign if ican t dev iation  from l in e a r i ty ,  fo r  b o th  ^q(x) anc* t see

E qn . (9 4 )] .  The  fac t th a t  we o b se rv e  an  u p w a rd  bowing fo r  b o th  Aq (x ) 

a n d  A j(x) th u s  n e c e s s i ta t in g  a l a rg e r  va lue  fo r  K, may s u g g e s t  th a t ,  

t h e r e  is more alloy d is o rd e r  p r e s e n t  in th is  system  o r th e re  is a l a rg e r  

c o n tr ib u t io n  to the  v a len ce -co n d u c tio n  b an d  mixing as a r e s u l t  of the  

s t r u c tu r a l  d is to r t io n  in th is  alloy system .
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C h a p te r  IV 

ION BEAM SPECTROSCOPY

In re c e n t  y e a r s  th e r e  has  been  a trem endous  grow th  in th e  use  of

ion beams fo r  m ateria l a n a ly s is .  D epth  p ro f il ing  of th e  c o n s t i tu e n ts  of

v a r io u s  sem iconductor s t r u c tu r e s  can be accom plished b y  sev e ra l  of

th e se  ion beam te ch n iq u es  inc lud ing  R u th e r fo rd  b a c k s c a t te r in g  (R B S),

n u c lea r  p ro fil ing , an d  seco n d a ry  ion mass sp ec tro m e try  (SIMS)^^. SIMS

86and  o th e r  te ch n iq u es  like A uger  e lec tro n  sp ec tro sc o p y  (AES) ,

a l th o u g h  have  been  u sed  ex ten s iv e ly  fo r d e p th  p ro f i l in g ,  have  the

d isad v a n ta g e  th a t  th e y  re q u i re  th e  removel of the  la y e rs  of m ateria l by

su ch  p ro c e d u re s  as ion milling and  hence  a re  d e s t r u c t iv e .

87In RBS l ig h t  MeV ions (p r im arily  p ro to n s  o r  a lpha  p a r t ic le s )  a re  

s c a t te re d  from ta r g e t  nuclei th ro u g h  th e i r  coulombic in te rac t io n .  This  

te ch n iq u e  has  been  ex trem ely  u se fu l  fo r  th e  an a ly s is  of composition of 

su r fa ce  films an d  th ic k n e ss  of th e se  films. RBS, th o u g h  n o n d e s t ru c t iv e ,  

in no t su ited  to de term ine  th e  p re se n c e  of low z (atomic num ber) 

elem ents in a h igh  z m atrix  s ince  the  s c a t te r in g  from th e  l ig h t  element 

is o b s c u re d  by  th a t  from th e  s u r ro u n d in g  h ig h  z e lem ents . T he  u se  of 

n u c lea r  re ac t io n s ,  in th e se  c a se s ,  p ro v id e s  a d eq u a te  s e n s i t iv i ty  an d  

re so lu tion .

- 125 -
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Ion ind u ced  n u c lea r  re ac tio n s  have  been  app lied  to  a wide ra n g e  of

n e a r  su r fa ce  ana lys is  p rob lem s. T h is  te ch n iq u e  co n s is ts  of i r r a d ia t in g  a

sample with a beam of n u c lea r  p a r t ic le s  h av in g  su ff ic ien t e n e rg y  so th a t

n u c lea r  reac tio n s  a re  p ro d u c e d  a n d  d e te c t in g  th e  re s u l t in g

c h a ra c te r is t ic  rad ia tion . T he  p re se n c e  of n a r ro w  re so n an ces  in many

lig h t  nuc lei p rov ide  a m ethod of a c c u ra te  d e p th  p ro f ile .  In  composite

m ateria ls  w ith  Al as  a c o n s t i tu e n t  n o n d e s t ru c t iv e  d e p th  p ro f il ing  can be

27 28done b y  th e  u se  of Al (p ,* )  Si re ac t io n .  T he app licab ili ty  of th is  

te ch n iq u e  fo r  o th e r  elem ents is limited only b y  th e  re q u ire m e n t  th a t  

s h a r p  and  isola ted  re so n an c es  e x is t  in  th e i r  re ac tio n  c ro ss  sec tion .

4 .1  N uc lea r p ro f il ing  te ch n iq u e

T h e  Al p ro filing  te ch n iq u e  makes u se  of th e  n u c lea r  reac tio n

p + 27A 1 ------> 28Si + *(10 .7  MeV) (95)

In  th e  c ro ss  section of th is  re ac t io n  th e re  is a v e r y  n a rro w  isolated  

re so n an ce  a t  a p ro to n  e n e r g y  of 992 KeV ( la b o ra to ry ) ,  th e  re sonance  

w id th  be ing  only abou t 100 eV. H ence, if a sample is bom barded  with 

p ro to n s  a t  th e  re so n an ce  e n e r g y ,  th e  c h a ra c te r is t ic  10.7 MeV * r a y  is 

p ro p o r t io n a l  to  th e  nu m b er of Al atoms p r e s e n t  a t  th e  su r fa ce  of the
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t a r g e t  m ateria l,  since a s  the  p ro to n s  p e n e t r a te  th e  sample th e y  lose 

e n e r g y  an d  hence  th e y  a re  no lo n g e r  a t  re so n an c e .  If th e  in c iden t 

beam e n e rg y  is ra is e d ,  the  yield  of X  r a y s  from th e  su rface  will be 

neglig ib le  becau se  the  p ro to n s  a re  above th e  re so n an ce  e n e rg y .  T h ese  

p ro to n s  re a ch  th e  re so n an ce  e n e rg y  a t  some d e p th  ins ide  the  m ateria l 

and  now th e  y ie ld  of th e  c h a ra c te r is t ic  X  r a y  yield  will be p ro p o r t io n a l  

to th e  Al a t  th is  d e p th .  Hence, by  m easu rin g  th e  X  r a y  yie ld  v e r s u s  

p ro to n  beam e n e rg y  the  d is t r ib u t io n  of Al as  func tion  of d e p th  x  can be 

d e te rm in ed . F igu re  35 shows th e  e n e rg y  sp ec tru m  of th e  X  r a y s  

em itted  from a p u re  GaAs sample and  a GaAlAs sample. T he  in te g ra te d  

reac tio n  c ro ss  section from a th ick  Al t a r g e t  is d isp lay ed  in Fig. 36, 

e x h ib i t in g  th e  s h a rp  re so n an ce  a t  992 KeV. When th e  GaAlAs la y e r  is 

th ic k e r  th a n  ~ 2 .5  ym, the  c o n tr ib u tio n  from w eaker  an d  b ro a d e r

re so n an c es  a t ~ 780 KeV and  1130 KeV have  to be tak en  in  to

*19accoun t

T h e re  a re  sev e ra l  e f fec ts  which te n d  to b ro a d e n  the  m easured  

profile  an d  th u s  limit th e  d e p th  re so lu t io n .  T he  p r in c ip a l  among th e se  

a re  (1) e n e rg y  s tragg ling , and  (2) in s tru m e n ta l  w id th .

4 .1 .1  E n e rg y  s t r a g g l in g

When a monochromatic beam of ions p a ss  th ro u g h  a g iven  th ic k n e ss  

of th e  m ateria l th e re  is an  e n e rg y  loss  fo r  the  m ateria l as well as  a 

sp re a d  in th e  e n e rg y  d is t r ib u t io n  due to th e  s ta t is t ic a l  n a tu re  of the
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e n e rg y  loss  mechanism, i . e . ,  e n e r g y  s t r a g g l in g .  T he  e n e r g y  s t ra g g l in g

is cau sed  by  two fa c to rs :  one due  th e  e lec tron ic  collision p ro c e sse s  and

th e  o th e r  due  to th e  n u c lea r  collision p ro c e s s e s .

S evera l  th eo rie s  hav e  been  p ro p o sed  to d e sc r ib e  th e  s t ra g g l in g

88phenom ena. T he f i r s t  th e o re t ic a l  w ork was done b y  B ohr who

d e sc r ib e d  the  p ro c e ss  b y  su cc ess iv e  b in a ry  collisions be tw een  the

pro jec tile  ion and  th e  t a r g e t  e lec tro n  an d  o b ta ined  th e  following

e x p re ss io n  fo r  the  s t r a g g l in g  w id th  ft-,:
15

ft?l = 8irNz e^x (96)
15 1 2

w here  ft is th e  s t r a g g l in g  w id th  ( th e  full w id th  a t  ha lf  maximum of the  
15

i
beam = (41n2)2ft^, assum ing  a G auss ian  e n e rg y  d i s t r ib u t io n ) ,  z^ a n d  z^ 

a re  th e  atomic num bers  of th e  p ro jec ti le  a n d  th e  t a r g e t ,  r e s p e c t iv e ly ,  N 

is th e  atomic d e n s i ty ,  e is th e  e lec tron ic  c h a rg e ,  a n d  x  is th e  th ic k n e ss  

of th e  t a r g e t .  T h is  th e o ry  was b a se d  on th re e  a ssum ptions :

1. T he  velocity  of the  p ro jec tile  is much g r e a te r  th a n  th a t  of the

o rb ita l  e lec tro n s  of th e  t a r g e t  atom s.

2. T he  e n e rg y  loss is small com pared to th e  to ta l e n e rg y  of the

pro jec tile  an d

3. The ta r g e t  atoms a re  random ly  d i s t r ib u te d .
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At low and  medium e n e rg ie s  th e  f i r s t  assum ption  s t a r t s  to  b re a k  down.

T he  th i r d  assum ption  n e g lec ts  a n y  co rre la tion  e f fec ts  a n d  e ffec ts  due  to

89c h an n e lin g . L in h ard  a n d  S h a rf f  (LS) have  e x te n d e d  B ohrs  th e o ry  b y  

ap p ly in g  a co rrec t io n  fa c to r  fo r  low and  medium e n e rg ie s  to ge t:

^LS = f ° r  X “  3 (97)

= j£ l ( x) fo r  x < 3 (98).Lo r>

w here  x is the  re d u c e d  e n e rg y  variab le

* = y 2 / ^VoZ2)

v is th e  velocity  of the  p ro jec ti le ,  v^ is the  o rb i ta l  ve locity  of the  Bohr
2

h y d ro g e n  atom (v^ = e / i l )  and  L(x) is the  s to p p in g  num ber which is

re la te d  to th e  e n e r g y  loss

d E /dx=  (4 irz^e^N z2)L(x)/(m v^) (100)

90w h ere  m is th e  e lec tro n  m ass. B o n d u ru p  and  H ve lp lund  has  re f in e d  

LS calculations b y  u s in g  a more rea lis t ic  model fo r  th e  atomic ch arg e



91d is t r ib u t io n .  Chu ca lcu la ted  th e  s t ra g g l in g  w id ths  b y  u s in g  an  atomic 

c h a rg e  d is t r ib u t io n  b a sed  on th e  H a r t re e -F o c k -S la te r  model a n d  the  

B o n d u ru p  an d  H ve lp lund 's  form ulation. His r e s u l t s  re v e a l  an  oscil la to ry  

s t r u c tu r e  in th e  s t ra g g l in g  w id th  as a fu nc tion  of th e  atomic num ber of 

th e  t a rg e t  m aterial. A com parison of th e se  v a r io u s  th eo re t ic a l  r e s u l t s  

a re  shown in Fig. 37.

T he  e ffec t  of th e  e n e r g y  s t r a g g l in g  is to  p ro d u c e  an  approx im ate ly  

G aussian  d is t r ib u t io n  fo r  th e  e n e rg y  of th e  p ro to n  beam w ith  a mean 

e n e r g y  g iven  by  the  d e p th .  For a g iven  m ateria l th e  s t r a g g l in g  w id th  

ca lcu la ted  from th e o ry  v a r ie s  s ign if ican tly  from model to  model, a n d  also 

d i f fe re n t  exper im en ts  yield  d i f f e re n t  va lue  fo r  K fo r  th e  same m ateria l. 

One common fe a tu re  of all th e  above th eo re t ic a l  t re a tm e n ts  is  th a t  th ey
i

p re d ic t  a s t ra g g l in g  w id th , (full w id th  a t  ha lf  maximum = (41n2)

p ro p o r t io n a l  to th e  s q u a re  ro o t of th e  th ic k n e ss  of th e  t a r g e t  m ateria l 

x ,  i . e . ,

8 = Kx* (101)s

T h e  p ro p o r t io n a l i ty  c o n s ta n t  K d if fe rs  from model to  model. T h e  above 

re la t io n sh ip  has  also been  v e r if ied  by  ex p e r im en ts .
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FIG. 37. Energy straggling calculated for protons (right scale) and for 
He ions (left scale) for all elements at various energies. The dashed 
curve represent the calculations using Thomas-Fermi model uhile the solid 
curves represent the calculations of Chu (Ref. 91).
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In o r d e r  to e x t r a c t  th e  t r u e  A1 profile  from th e  m easu red  y ie ld  i t  is 

n e c e s sa ry  to have  an  a cc u ra te  va lue  fo r  th e  s t ra g g l in g  w id th  in  th e  

m ateria l. T h is  is espec ia lly  im portan t in  th e  case  of h e te r o s t r u c tu r e s  

w ith an  a b r u p t  o r  g ra d e d  in te r fa c e  reg io n  o r  b u r ie d  la y e r  s t r u c tu r e s  

w here  fo r  example GaAlAs la y e r  in b u r ie d  in s ide  th e  GaAs e p ilay e r .

T h e re  have  been  s e v e ra l  ex per im en ta l s tu d ie s  fo r  th e  de term ina tion

92-93of th e  s t r a g g l in g  w id th  fo r  d i f f e r e n t  e lem ents  . T he  d isc rep e n c ie s

in th e  r e s u l t s  be tw een  th e  v a r io u s  m easu rem en ts  fo r  th e  same elem ent is

as  much as  30 p e rc e n t .  F u r th u rm o re ,  p re v io u s  to  th is  s tu d y  th e r e  hav e

been  no ex per im en ta l  s tu d ie s  of s t r a g g l in g  in  GaAlAs. T he  estim ation

of th e  s t r a g g l in g  w id th  b y  in te rpo la tion  b e tw een  m easu red  s t r a g g l in g

va lues  in n e a r b y  elem ents  in th e  period ic  tab le  is also q u es t io n ab le ,  due

th e  ex is ten ce  of an o sc il la to ry  b e h av io r  in  s t r a g g l in g  w id th  as a

91function  of atomic n u m b er ,  as  shown b y  Chu

T he  simple re la t io n sh ip  be tw een  th e  s t r a g g l in g  w id th  a n d  th e  

th ic k n e ss  g iven  b y  E qn . 101 and  th e  ab il i ty  to  make GaAlAs/GaAs 

samples w ith a s tep  fu n c tio n  p rofile  p ro v id e s  a d i re c t  m ethod of 

a cc u ra te ly  d e te rm in ing  th e  s t r a g g l in g  p a ra m e te r  K in GaAlAs. In 

add ition , th is  m ethod is also app licab le  to  de term ine  th e  s t ra g g l in g  

p a ram e te r  in  GaAs if th e  samples w ith  know n p ro f i le s  a re  p r e p a r e d  su ch  

th a t  GaAs is grow n on th e  top  of GaAlAs.
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4 .1 .2  In s tru m e n ta l  w id th

In  add ition  to  th e  b ro a d e n in g  of th e  beam due  to e n e r g y  s t ra g g l in g  

th e re  is a c o n s ta n t  in s tru m en ta l  w id th  due  to  th e  e n e r g y  s p re a d  of the  

in c id en t  beam. T h is  e ffec t  b ro a d e n s  th e  m easu red  p rofile  a t  th e  su r fa ce  

of th e  sample as well a t  a n y  d e p th  ins ide  th e  sample. A typ ica l  

in s tru m e n t  w id th  is ~ 2 .8  KeV.

B ro ad en in g  due  to th e  in h e re n t  w id th  of the  re so n an ce  is completely 

neglig ib le  in th is  case since th e  re so n an ce  w id th  is on ly  ~ 100 eV fo r  

th e  A1 (p,2f) Si reac tion  a t  = 992 KeV,

4.2 E xperim en ta l de ta ils

All th e  n u c lea r  p ro f il ing  exper im en ts  were done a t  th e  B rooklyn  

College Dynam itron acc e le ra to r .  T he  schematic of th e  exp er im en ta l s e tu p  

is shown in Fig. 38. T h e  ion sou rce  a t  th e  h ig h  vo ltage  en d  of th e  

machine g e n e ra te s  and  focuses  p ro to n s  fo r  acce le ra tion . T h ese  p ro to n s  

a f t e r  acce le ra tion  p a ss  th ro u g h  th e  e n e r g y  an a ly s in g  m agnet an d  a s lit 

feed b ack  system  which con tro ls  the  e n e r g y .  A sw itch ing  m agnet d i re c ts  

th e  beam to th e  beamleg con ta in ing  th e  t a r g e t .  T he  beam size is limited 

b y  two a p e r tu r e s ,  one, 1 mm in diam eter k e p t  n e a r  th e  sample a n d  th e  

o th e r ,  ~ 2 mm in d iam eter ~ 15 inches  a p a r t  from th e  f i r s t  a p e r tu r e .  

T h ese  w ere  made of tan ta lum  to  minimise an y  b a c k g ro u n d  ra d ia t io n  on 

p ro to n  bom bardm ent. The  p ro to n  beam in d i re c te d  th ro u g h  th e se
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a p e r tu r e s  an d  focused  onto  th e  sample u s in g  e lec tro s ta t ic  s te e r e r s  and  

q u ad ru p o le  len ses  (e lec tr ic  an d  m a g n e t ic ) , located  along th e  beam 

t r a n s p o r t  system .

T he  samples w ere  m ounted  on a c i rc u la r  d isc made of co p p er  on 

w hich fo u r  samples can  be m ounted  sim ultaneously . C opper was 

se lec ted  becau se  it  does no t p ro d u ce  an y  b a c k g ro u n d  n e a r  10.7 MeV 

and  also i t  a c ts  as a good h ea t  s in k .  T he  d isc  is a t ta c h e d  to a vacuum  

fe e d th ro u g h  b y  which th e  samples a re  ro ta te d  in to  position  w ithout

b re a k in g  th e  vacuum . T h e  vacuum  inside  th e  beam tube w ere  m aintained
_ g

a t  10 t o r r  u s in g  a tu rbom olecu la r  pump b ack ed  b y  a r o ta r y  pum p.

Sligh t am ounts of oil v a p o rs  reach in g  th e  beam tube from th e  pum ps 

give r is e  to  a se r io u s  problem  of ca rb o n  bu ildup  onto  th e  t a r g e t .  The

oil v a p o r  d issoc ia te  on p ro to n  bom bardm ent a n d  th e  r e s u l t in g  carbon
O

atoms d eposit  onto  the  t a r g e t  su r fa c e .  Even small t r a c e s  ( s e v e ra l  A) of

ca rb o n  deposit ion  can easily  be d e tec te d  b y  s tu d y in g  th e  X  r a y  yield

from a th ic k  A1 t a r g e t .  A fte r  long p e r io d s  (few h o u rs )  of r u n  the

midpoint of th e  excita tion  c u rv e  seem to sh if t  to h ig h e r  e n e rg ie s

in d ica tin g  th a t  th e  in c id en t  p ro to n  loses some of i ts  e n e rg y  before

re a c h in g  th e  re so n an ce  e n e r g y .  A coaxial cold t r a p  was c o n s t ru c te d

n e a r  th e  t a r g e t ,  which re d u c e d  th is  problem  s ig n if ican tly .

2
T he  beam c u r r e n t  was k e p t  = 200 nA/mm . A h ig h e r  beam c u r r e n t  

a p p e a re d  to  h ea t  u p  th e  sample.



P + 27AI — -  28Si + 7 (10 .7  MeV)

PROTON
BEAM

Na I  
DETECTOR

FIG. 38. Schem atic  r e p r e s e n t a t i o n  o f  th e  e x p e r im e n ta l  

a rrangem ent f o r  n u c l e a r  p r o f i l i n g .
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A block diagram  of th e  d e tec tion  system  is shown in  Fig. 39. T he  X  

r a y s  em itted from th e  sample a re  d e tec te d  b y  th e  Nal d e te c to r  (3" th ick  

an d  3" in d iam eter) k e p t  ~ 1 cm from th e  sample. At th is  d is ta n ce  a 

leakage  c u r r e n t  (~ 10 nA) was no ticed  be tw een  th e  t a r g e t  a n d  th e  

g ro u n d ,  when th e  h ig h  vo ltage  was app lied  to th e  d e te c to r .  To avoid 

th is  e ffec t  th e  d e te c to r  was enclosed  in an  in su la t in g  cup . T he s ignals  

from th e  Nal d e tec to r  was fed  in to  a p ream plif ie r  an d  th e n  to an  

amplifier (ORTEC model 452), the  o u tp u t  of which was s en t  to  th e  TN 

1700 m ultichannel a n a ly s e r .  T he  d isc r im ina to rs  were  s e t  such  th a t  only 

th e  10.7 MeV peak  is s e lec ted ,  as in d ica ted  b y  th e  window in Fig. 35. 

In th is  e n e rg y  reg ion  a beam in d e p en d e n t  b a c k g ro u n d  of ~ 10 coun ts  

(due  to cosmic r a y s )  was found  for a ru n n in g  time of ~ 5 m inu tes .  In 

add ition , th e re  was a c o n s ta n t  b a c k g ro u n d  ~ 25 c o u n ts /8 0  ycoulomb 

ex ited  b y  the  beam (in GaAs s u b s t r a t e ,  t a r g e t  cham ber and  b e a m le g ) . 

T he  o u tp u t  p u lses  w ere  g iven  to a sca la r  (ORTEC model 431) fo r 

co un ting .

T he  ch a rg e  accum ulated  onto th e  sample su r fa ce  is fed  into a ch a rg e  

in te g ra to r  (ORTEC model 439) which g ives a p u lsed  o u tp u t  fo r  p re s e t  

amount of c h a rg e .  T h is  o u tp u t  p u lses  w ere  coun ted  w ith a second sca la r  

(ORTEC model 776) o p e ra te d  in the  m a s te r  mode con tro ll ing  the  sca la r  

coun ting  the  X  r a y s .  T h e  sca la rs  w ere  u sua lly  se t  to  coun t the  X  r a y s  

fo r  80 ycoulombs of c h a rg e .
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FIG. 39. Schem atic r e p r e s e n t a t i o n  o f  th e  d e t e c t i o n  system  f o r  th e  

n u c l e a r  p r o f i l i n g  m easurem ents.
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T he in c id en t  e n e r g y  was con tro lled  u s in g  a s lit  feed b ack  system  

following m agnetic  a n a ly s is .  P rev ious  to each  r u n  th e  e n e rg y  ca lib ra t ion  

of th e  system  was de te rm ined  in d e p en d en tly  b y  m easu rin g  th e  exc ita tion  

cu rv e  n e a r  fo r  th e  A1 (p,2f) Si reac tion  fo r  a p u re  th ick  A1 t a r g e t .  

C are  was ta k en  no t to a l te r  th e  e n e rg y  ca lib ra t ion  d u r in g  each  r u n  b y  

m ain ta in ing  th e  fo cus ing  p a ra m e te rs  w hich seem to a ffec t  the  

c a l ib ra t io n .

4 .3  Sample d e ta i l s .

T he samples u s e d  in th is  s tu d y  were GaAlAs/GaS s t r u c tu r e s  grown 

by  MBE with v a r io u s  ep ilay er  th ic k n e ss e s .  The sample c h a ra c te r is t ic s  

a re  p re s e n te d  in T ab le  VI. Two of the  samples w ere  fa b r ic a te d  w ith  

MBE grown GaAs b u f f e r  la y e rs  while th e  th i r d  sample was grow n 

d irec t ly  onto  th e  GaAs s u b s t r a t e .  For sample MBE 31-3 a b u f f e r  la y e r  

of p-GaAs (~ 1 ym ), followed by  a la y e r  of n -G aA s s u b s t r a te  (~5000 A)
O

was grow n on an  n - ty p e  s u b s t r a t e  a t  600 C. T h is  was followed b y  a 

GaAlAs ep ilay e r  (~ 1000 A ). For sample MBE 32-x , th e  ep ilay e r  of
O

GaAlAs (~ 4000 A) was grown on a sem i- in su la ting  GaAs s u b s t r a te  on 

which two b u f f e r  la y e r s  of GaAs - one p - ty p e  (~ 1.5ym) an d  the  o th e r
O

n  ty p e  (~ 2 ym) was grow n b y  MBE a t  550 C. In  p r e p a r in g  the  th i r d  

sample MBE 49-4 th e  ep ila y e r  was grown d ire c t ly  onto a p - ty p e  GaAs 

s u b s t r a t e ,  which was therm ally  c leaned  w ithou t ex ce ss  As. T he MBE
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T able  VI. C h a r a c t e r i s t i c s  o f  th e  Ga^_xAlxAs/GaAs sam ples  used  f o r  
n u c l e a r  p r o f i l i n g  m easurem ents .

Sample S u b s t r a t e B u ffe r  
l a y e r  1

B u f fe r  
l a y e r  2

E p i la y e r
t h i c k n e s s

A1
c o m p o s i t io n

MBE 31-3 GaAs 1/an 0. 5/,m 1200A 0 .4

P ty p e n ty p e

MBE 32-x GaAs 1.5/>m 2/.m 4000A 0 .4

P type n ty p e

MBE 49-4 GaAs n i l n i l 8000A 0 .5

T able  V I I .  The m easured s t r a g g l i n g  c o e f f i c i e n t  0% ) and t h i c k n e s s  f o r  
th e  two sam ples  MBE 31-3 and MBE 32-X. The r a t i o  Kjf/Kg, 
where Kg i s  th e  Bohr s t r a g g l i n g  c o e f f i c i e n t ,  i s  a l s o  l i s t e d .

Sample T h ick n ess  KM Kw
(A°) (eV X°-*S) ^

kb

MBE 31-3 1080 + 20 7 2 .0  + 3 .6  0 .8 9  + 0 .0 5

MBE 32-x  3880 + 80 68 .3  + 1 .4  0 .8 4  + 0 .0 2
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p ro c e d u re s  u se d  fo r a ll sam ples w ere d e s ig n e d  to  p ro d u ce  a b ru p t

in te rfa c e s  betw een  th e  GaAlAs an d  GaAs re g io n s . T he com position x

32was ev a lu a te d  b y  Raman s c a tte r in g  an d  fo u n d  to  be 0 .4  fo r sam ples 

31-3 an d  32-x  and  x = 0 .5  fo r  sam ple MBE 49-4 . T h ese  v a lu es  w ere 

th e  same as  p re d ic te d  from  th e  g row th  co n d itio n s .

4.4 Data analysis and results

F ig u re  40a an d  40b show s th e  ex p erim en ta l Z  r a y  y ie ld , in d ica ted  by  

d o ts , fo r  sam ple MBE 31-3 an d  MBE 3 2 -x , th e  two s tep  fu n c tio n  

sam ples, re sp e c tiv e ly , a f te r  b a ck g ro u n d  s u b tra c tio n . In  o rd e r  to 

ca lcu la te  th e  e n e rg y  lo s t by  th e  p ro to n  beam in t r a v e r s in g  a g iven  

th ic k n e ss  of th e  m ate ria l th e  following re la tio n  w as u sed :

e n e rg y  lo ss  of th e  p ro to n s  in  th e  so lid . Fox* th e  sam ples u sed  in th is  

s tu d y  th e  maximum e n e rg y  lo ss  was < 60 KeV an d  it  was su ffic ien t to 

u se  a lin e a r  f it  to  d E /d x .

( 102)

w here  E^ is th e  re so n an ce  e n e rg y  (992 KeV) an d  d E /d x  is th e  ra te  of

d E /d x  = a + bE (103)
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w here  th e  p a ra m e te rs  a an d  b w ere  d e te rm in ed  from  th e  s to p p in g  pow er

94d a ta  compiled b y  A n d erso n  an d  Z ieg ler . T he  s to p p in g  pow er fo r th e

95com posite m ateria l w as de te rm in ed  b y  u s in g  th e  B ra g g 's  ru le

A  B  A  B  e m n = m s  + ns (104)

A Bw here  e m n  is th e  s to p p in g  c ro ss  sec tio n  of the  com pound AmBn or a
A

m ix tu re  of atom s A an d  B in th e  atomic ra tio  m to  n an d  w here  £ and  

B
e a re  th e  s to p p in g  c ro ss  sec tion  of th e  c o n s ti tu e n ts  A and  B.

T he d e p th  x ( E q )  in d ica ted  a t  the  top  of th e  f ig u re  w as th en

ca lcu la ted  fo r w hich th e  e n e rg y  loss was eq u al to  th e  d iffe ren ce

betw een  an d  th e  re so n an c e  e n e rg y  E .0 r

A ssum ing a G aussian  d is tr ib u tio n  fo r th e  in c id en t beam p ro file , th e  

sp re a d  in e n e rg y  of th e  in c id en t beam (in s tru m en ta l w id th ) was

determ ined  by  m easu rin g  th e  d iffe ren c e  betw een  0 .12 an d  0 .88  p o in ts  of 

th e  s tep  h e ig h t of th e  ex c ita tio n  y ie ld  c u rv e  fo r th e  p u re  th ic k  A1 

t a r g e t .  We o b ta in  a v a lue  = 2 .8  KeV fo r th e  in c id en t beam sp re a d . 

T h is  has again  b een  v e rif ie d  from  th e  slope of th e  f ro n t su rfa ce  yield 

of th e  G aAlAs/GaAs sam ples.

T he beam e n e rg y  d is tr ib u tio n  a t  a d e p th  x in s id e  th e  m ateria l 

f (x ,E g )  is g iven  ap p ro x im ate ly  b y  a G aussian  fu n c tio n , i . e . ,
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£(x,E0) = ( Q ^ ) " i exp[-(E 0-E(x ) ) 2/ ( no+Qs ) l (105)

w here  fl is  th e  in c id e n t beam  w id th , is th e  s tra g g lin g  w id th , EQ is

th e  in c id en t p ro to n  e n e rg y  an d  E (x ) is th e  mean e n e rg y  of th e  p ro to n s  

a t  a d e p th  x  as o b ta in ed  from  E qn . 102. F ig u re  41 show s a p lo t of th e  

beam p ro file  s p re a d  d u e  to  th e  s tra g g lin g  a t v a rio u s  d e p th s  in s id e  th e  

sam ple acco rd in g  to  th e  B ohr th e o ry . T he  e n e rg ie s  lab e lin g  th e  c u rv e s  

a re  p ro to n  bom bard ing  e n e rg ie s . Each c u rv e  its e lf  r e p re s e n ts  th e  d e p th  

d is tr ib u tio n  of p ro to n s  re a c h in g  992 KeV, th e  re so n an ce  e n e rg y . An 

in itia l beam s p re a d  = 2 .8  KeV is assum ed  in th e  ca lcu la tion .

T he  t ru e  A1 p ro file  p (x ) is re la te d  to  th e  m easu red  y ie ld  Y(E^) by  

th e  e x p re ss io n :

w here  A is th e  norm aliza tion  d ep en d in g  on th e  d e tec tio n  geom etry , 

re a c tio n  c ro s s  sec tion  e tc .

4.4 .1  Evaluation of the straggling parameter.

Since sam ples MBE 31-3 an d  MBE 32-x a re  fa b r ic a te d  to  have  s tep  

fu n c tio n  p ro f ile s . T he fu n c tio n a l form  of p(x) in E qn . 106 is know n

(106)

i.e.,
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FIG . 4 1 . Beam p r o f i l e  due t o  s t r a g g l i n g  a t  v a r io u s  d e p t h s ,  a c c o r d in g  t o  Bohr 
t h e o r y .  The e n e r g ie s  l a b e l in g  t h e  c u r v e s  a r e  p r o to n  bom barding e n e r g ie s .  
Each c u r v e  r e p r e s e n t s  t h e  d e p th  d i s t r i b u t i o n  o f  p r o to n s  r e a c h in g  992 KeV, 
assu m in g  an i n i t i a l  beam e n e r g y  sp rea d  o f  2 .8  KeV (FWHM) 'ab ou t th e  bombard­

in g  e n e r g y .
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(107)

w here  t  is th e  th ic k n e ss  of th e  e p ila y e r an d  C is  th e  ab so lu te  A1 

c o n ce n tra tio n  of th e  film. T he in c id en t beam w id th  is know n from  th e
i

th ic k  A1 ta r g e t  y ie ld  a n d  th e  s tra g g lin g  w id th  is g iven  b y  = K x2.

A le a s t sq u a re  f i t t in g  of th e  d a ta  was done on th e  Jf r a y  y ie ld  fo r

sam ples MBE 31-3 a n d  MBE 32-x  u s in g  E qns. 105, 106 an d  107 w ith A,

th e  norm alization , K, th e  s tra g g lin g  p a ram ete r an d  t ,  th e  th ic k n e ss  as

ad ju s tab le  p a ra m e te rs . All th e  in te g ra tio n s  w ere  done u s in g  S im pson's

ru le . T he  p a ra m e te rs  w ere v a rie d  to  g e t th e  b e s t  f it  w ith  the

ex p erim en ta l y ie ld  c u rv e . T h u s  bo th  ep ila y e r th ic k n e ss  an d  the

s tra g g lin g  p a ram e te r K could  be o b ta in ed  from th e  ex p erim en ta l d a ta .

T he d a sh ed  lines F ig s . 40a an d  40b re p re s e n ts  th e  ca lcu la ted  yield

Y (E q) u s in g  th e se  b e s t f it v a lu e s . T he solid line  r e p re s e n ts  the

re s u lta n t  s te p  fu n c tio n  p ro file s  u sed  in g e n e ra tin g  th e s e  b e s t fit

c u rv e s . T he ag reem en t be tw een  th e  ex p erim en ta l p o in ts  an d  the

calcu la ted  y ie ld  is q u ite  good.

T able  VII ta b u la te s  th e  r e s u l ts ,  p re s e n te d  as th e  b e s t  f it  v a lues of

th e  s tra g g lin g  p a ra m e te r  K an d  th e  ep ilay e r th ic k n e ss  t  fo r sam ples

MBE31-3 an d  MBE 3 2 -x . In  th i r d  colum n, th e  m easu red  coeffic ien t K .M

from  E qn . 101 is p re s e n te d , an d  in th e  fo u r th  column is  com pared 

w ith  , th e  co effic ien t ca lcu la ted  form th e  B ohr th e o ry  E qn . 96. T he
D
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ic o n sis te n cy  of fo r  b o th  sam ples confirm s th e  x  d ep en d en ce  of th e  

s tra g g lin g  w id th  a n d  th e  fa c t th a t  is som ew hat sm aller th a n  

is c o n s is ta n t w ith  th a t  of th e  m ore re c e n t  c a lcu la tio n s . T he 

ex p erim en ta lly  d e te rm in ed  th ic k n e ss  fo r  b o th  sam ples is  in  good 

ag reem en t w ith th a t  p re d ic te d  from  th e  g ro w th  co n d itio n s .

4 .4 .2  E ffec t of s u b s t r a te  p re p a ra t io n .

H aving  th u s  ev a lu a te d  K it  is  now p o ssib le  to  exam ine GaAlAs/G aA s 

s t ru c tu re s  grow n u n d e r  d if fe re n t co n d itio n s . F ig u re  42 shows th e  2f 

ra y  y ield  re s u l ts  fo r th e  sam ple MBE 49-4 , th e  sam ple w here  th e  

e p ila y e r was grow n d ire c tly  on th e  GaAs s u b s t r a te .  For th is  sam ple 

th e  tra n s itio n  reg io n  could n o t be fit a ssum ing  a s tep  fu n c tio n  

d is tr ib u tio n  fo r p(z) a n d  u s in g  th e  same deconvo lu tion  p ro c e d u re  an d  

the  s tra g g lin g  p a ra m e te rs  as fo r  th e  p re v io u s  two sam ples. T he d a ta  

in d ica te  a n o n a b ru p t t ra n s it io n  a t  th e  in te rfa c e  of th is  sam ple. For 

sim plicity  we h ave  ch osen  to  r e p re s e n t  th is  t ra n s it io n  b y  a  s t r a ig h t  

lin e , th e  slope of w hich was v a rie d  in th e  f i t t in g  p ro c e d u re  sim ilar to 

th a t  u sed  fo r th e  o th e r  two sam ples. T he s t r a ig h t  line  g iv in g  th e  b e s t 

f it  to  th e  d a ta , a f te r  convo lu tion  w ith  th e  s tra g g lin g  fu n c tio n  o b ta in ed  

as d e sc rib e d  above an d  w ith  th e  in itia l beam b ro a d e n in g , is r e p re s e n te d  

b y  th e  solid line  in F ig . 42. A lthough  th is  line  is  a sim plified 

re p re se n ta tio n  of th e  n o n a b ru p tn e s s  of th e  tra n s i t io n , i t  does in d ica te
Q

an in te rfa c ia l reg io n  of app ro x im ate ly  2000 A in  w id th  fo r  th is  sam ple.
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T he n o n a b ru p tn e ss  of th e  in te rfa c e  in th is  sample is p ro b ab ly  due to 

d iffe ren c es  in  sto ich iom etry  betw een  th e  s u b s tr a te  su rfa c e , w hich  is 

therm ally  c leaned  w ith o u t ex cess  A s, an d  th e  MBE grow n GaAs su rfa c e s  

(sam ple MBE 31-3 an d  MBE 32-x) w hich w ere  grow n u n d e r  ex ce ss  A s, 

an d  a lso  h ad  a s h o r te r  e x p o se r  time p r io r  to  g row th  of th e  GaAlAs 

la y e r . T h is  n o n a b ru p t in te rfa c e  is sim ilar to  th a t  seen  in  a  p re v io u s  

p ro filin g  s tu d y  done on GaAlAs la y e rs  grow n by  LPE. T h is  s im ilarity  

ra is e s  th e  p o ss ib ility  th a t  th e  A1 co n cen tra tio n  g ra d ie n t a t  th e  in te rfa c e  

may be re la te d  to  s u b s tr a te  p re p a ra t io n  r a th e r  th a n  to  e p ila y e r g row th  

te c h n iq u e s , an d  open s up  th e  specu la tio n  th a t  a b ru p t  in te rfa c e  

co n cen tra tio n  g ra d ie n ts  m ight be  p ro d u ced  in sam ples in  w hich GaAlAs 

la y e rs  w ere LPE grow n on top  of b u ffe r  la y e rs  of GaAs.



C h a p te r  V 

Sum m ary an d  C onclusions

T h is  th e s is  is an  in v e s tig a tio n  of th e  com pound sem iconducto r alloy 

system s Ga A1 A s/G aA s an d  (G a, A1 ) n d7In n __A s/inP  u s in g  th re e
I X  X  1 " X  X  U . 4 1 U ,  D o

sp ec tro sco p ic  te c h n iq u e s , i . e . ,  Raman s c a tte r in g , e lec tro ly te

e le c tro re f le c ta n c e , as  well as  n u c lea r p ro f ilin g . Sam ples u se d  in  th is

s tu d y  w ere p re p a re d  b y  a v a r ie ty  of g row th  te c h n iq u e s  in c lu d in g  MBE,

LPE, MOCVD an d  VPE, an d  ra n g e  in com position 0<x<0.9 fo r

Ga, A1 As and  0<x<l fo r  (G a, A1 )„  .r-In-, -„A s.1 -x  x  1-x  x O A i  O.o3

T he e ffe c t of m icroscopic alloy d is o rd e r  on th e  v ib ra tio n a l p ro p e r tie s  

as well as in th e  e lec tro n ic  p ro p e r tie s  w ere in v e s t ig a te d  from  th e  

re s u l ts  of Raman s c a tte r in g  a n d  EER m easu rem en ts . T he f i r s t  o rd e r  LO 

phonon  Raman s p e c tra  in  th e  re p re s e n ta t iv e  te r n a r y  alloy system s 

Ga A1 A s/G aA s (tw o mode b e h a v io r ) , an d  Gan A s/in P
1 " X  X  U . T l  U . d d

(a p p a re n t one mode b e h a v io r ) , shows an  asym m etrica lly  b ro ad en ed  

lin e sh ap e . We find  fo r small v a lu es  of x , th e  "AlAs like" mode in 

Ga A1 As is v e ry  b ro a d  a n d  asym m etric , w h e rea s  th e  "GaAs like"
-L “  X  X

mode is m ore sym m etric an d  s h a r p e r .  As th e  A1 com position in c re a se s , 

th e  "GaAs like" mode becom es b ro a d e r  an d  le ss  sym m etric w h ereas  th e

- 151 -
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r e v e r s e  h ap p en s  to  th e  "AlAs like" mode i . e . ,  th is  mode becomes 

s h a rp e r  an d  more sym m etric .

We have  fo r  th e  f i r s t  time q u a n tita tiv e ly  ex p la in ed  th is  asym m etric 

b ro ad en in g  of the  f i r s t  o rd e r  LO phonon  Raman lin e sh ap e s  in  th e se  

alloy system s u s in g  a " sp a tia l co rre la tio n "  model re la te d  to  q  v e c to r  

re lax a tio n  in d u ced  b y  th e  m icroscopic alloy d is o rd e r . Due to  th e  alloy 

p o te n tia l f lu c tu a tio n s  th e  c o rre la tio n  le n g th  of th e  phonon  becom es fin ite  

w hich lead s  to  a re lax a tio n  of th e  q -0  selec tion  ru le  of th e  f i r s t  o rd e r  

Raman s c a tte r in g .

A q u a n tita tiv e  an a ly s is  of th e se  lin e sh ap es  have  p ro v id e d  im p o rtan t 

inform ation  re g a rd in g  th e  n a tu re  of th e  d is o rd e r . A G aussian  co rre la tio n  

fu n c tio n  seem to b e s t  d e sc r ib e  th e  e ffe c t of th e se  m icroscopic alloy 

d is o rd e r . From th is  an a ly s is  we fin d :

1. T he "GaAs like" mode an d  "AlAs like" mode in Ga, A1 As have1-x  x

d if fe re n t c o rre la tio n  le n g th s , d ep en d in g  on th e  com position, 

w hich su g g e s ts  th a t ,  th e re  is d if fe re n t d e g re e  of d is o rd e r  in  th e  

two su b la ttic e s . At low A1 com position th e  A1 su b la ttic e  have  a 

h ig h  d e g re e  of d is o rd e r  as  seen  b y  th e  re la tiv e ly  small 

co rre la tio n  le n g th , w h ereas  th e  GaAs su b la ttic e  is fa irly  

o rd e re d . As th e  A1 com position x in c re a se s  th e  s itu a tio n  

r e v e r s e s .  i . e . ,  th e  A1 su b la ttic e  becom es m ore an d  more 

o rd e re d  a t th e  e x p en se  of th e  Ga su b la ttic e .
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2. T he c o rre la tio n  le n g th  an d  hen ce  th e  alloy d is o rd e r  d ep en d s  on 

th e  g ro w th  te c h n iq u e s  as well as  th e  g ro w th  p a ra m e te rs .

O ur r e s u lts  f u r th u r  in d ica te  th a t  th e  Ga su b la ttic e  in 

Ga^ 4 7 l n 0 5 3 ^ s is morG o rd e re d  th a n  GaQ ^Al^ ^A s.

We h ave  p erfo rm ed  th e  f i r s t  EER s tu d y  on th e  q u a te rn a ry  alloy 

system  (Ga A1 )_ /17In f. [.„As. g row n la ttic e  m atched  to  InP . T he
i. “ X  X  U , t  ( U  • OO

v a rio u s  in te rb a n d  tra n s it io n  e n e rg ie s  Eq (fu n d am en ta l g a p ) , ^ q+^0 ( sP*n 

o rb it sp lit com ponen t), E^, E^+A^, E^' a n d  Eq '+Aq ' a s  well as th e  sp in  

o rb it  sp li t t in g s  of th e  va len ce  b a n d s  A  ̂ a n d  Â  w ere a c c u ra te ly  

d e te rm in ed . T he e n e rg ie s  of th e  v a r io u s  in te rb a n d  tra n s it io n s  as well as 

th e  sp in  o rb it  sp li t t in g s  a re  found  to  follow a q u a d ra tic  re la tio n sh ip . 

P rev io u s  to  th is  s tu d y , only  th e  v a ria tio n  of E^ w ith  com position was 

know n fo r th is  m ateria l (from  room te m p e ra tu re  pho to lum inescence 

m e a su re m e n ts ) . T he v a ria tio n  of th e  fu n d am en ta l gap  E^ is  in  good 

ag reem en t w ith  th e  availab le  b a n d s t r u c tu r e  ca lcu la tion  as  well as  th e  

pho to lum inescence m easu rem en ts.

T he sp in  o rb it  sp li t t in g s  A  ̂ an d  Â  e x h ib it a n eg a tiv e  bow ing sim ilar 

to  th a t  found  in  th e  o th e r  q u a te rn a ry  alloy system  G alnA sP . In la ttic e  

m atched  alloys th e  bow ing of th e  sp in  o rb it  s p li t t in g s  is a re s u lt  of th e  

APF an d  th e  s t r u c tu r a l  d is to r tio n  due  to  th e  b o n d le n g th  a lte rn a tio n s . 

VV-B-W p ro p o sed  a model b a se d  on th e  d is o rd e r  in d u c ed  m ixing of th e  

valence b an d  w ave fu n c tio n  in to  th e  co n d u ctio n  b a n d  w ave fu n c tio n s .
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T h e ir  model p re d ic t  an  u p w ard  bow ing fo r  Â  w h ereas  a dow nw ard 

bow ing fo r  A^. We h av e  g en era lized  th e  VV-B-W model in c lu d in g  bo th  

in tr a  an d  in te rb a n d  m ix ing , d iso rd e r  in d u ced  o r th a t  due  to  th e  

s t ru c tu ra l  d is to r tio n , to  accoun t fo r  th e  com position d ep en d en ce  of th e  

valence b an d  sp in  o rb it  s p litt in g s  AQ an d  A  ̂ in th e  q u a te rn a ry  alloys 

InG aA sP and  GaAlInAs grow n la ttic e  m atched  to In P . T h e  gen era lized  

model su cc e ss fu lly  acco u n ts  fo r th e  u p w ard  bow ing fo u n d  on ly  in  the  

la ttic e  m atched  q u a te rn a ry  alloy system s as  well as  th e  b eh av io r of A^. 

T he model h a s  an  a d ju s tab le  p a ram ete r K , w hich is a m easu re  of th e  

s t r e n g th  of th e  p ro p o sed  selec tion  ru le  fo r th e  f lu c tu a tin g  p o te n tia l. We 

o b ta in  a value of K=0.15 fo r th e  G alnA sP system , an d  K=1.4 fo r the  

GaAlInAs system . T he d iffe ren ce  in  th e  value  of K may in d ica te  the  

v a ry in g  d e g re e  of alloy d iso rd e r  as well as  s t ru c tu ra l  d is to r tio n  in  th e  

two sy stem s.

Raman s c a tte r in g  s tu d y  in GaAlAs/G aA s h e te r o s t r u c tu r e s  p re p a re d  

u n d e r  d if fe re n t con d tio n s  h as  rev ea led  se v e ra l im p o rtan t a sp e c ts  

re g a rd in g  th e  e p ila y e r , in te rfa c e  as well as th e  s u b s tr a te  m ateria l. 

In form ation  is o b ta in ed  re g a rd in g  (1) c ry s ta l  q u a lity  (2) alloy 

com position of th e  ep ila y e r (3) b an d  b e n d in g  an d  (4) c a r r ie r  dep le tion . 

T he ep itax ia l la y e r  of GaAlAs in  sam ple SCL-379 w hich w as grow n on a 

s tra in e d  s u b s tr a te  h ad  s ig n ific an tly  p o o re r c ry s ta ll in e  q u a lity  com pared 

to  th o se  of SCL-392 a n d  SCL-400. T he s u b s tr a te s  E-820 a n d  E-1068



u sed  in  grow ing SCL-392 an d  SCL-400, re s p e c tiv e ly , w ere of much 

b e t te r  q u a lity  e x h ib itin g  v e ry  little  sym m etry  fo rb id d en  modes as  well 

as d is o rd e r  a c tiv a te d  m odes. T he p re se n c e  of LO phonon-p lasm on 

coupled  modes as  well a s  th e  u n sc re e n e d  LO phonon  c lea rly  show ed th a t  

th e re  is a c h a rg e  d ep le ted  reg io n  n e a r  th e  GaAs su rfa ce  re s u lt in g  from  

a su rfa ce  b a n d b en d in g . T he fre q u e n c y  p o sitio n  of th e  coupled  modes 

p ro v id ed  a d ire c t way of d e te rm in in g  th e  b u lk  c a r r ie r  c o n cen tra tio n  in  

th e se  s u b s t r a te s .  S ince th e  p e n e tra tio n  d e p th  of lig h t was la rg e  

en o u g h , s ig n a ls  w ere seen  from  b o th  e p ila y e r  as  well a s  GaAs n e a r  th e  

in te rfa c e . In  the  h e te r o s tr u c tu r e  th e  f re q u e n c y  p o sitio n  of th e  coupled  

mode a r is in g  from th e  GaAs reg io n  show ed th a t  th e  GaAs n e a r  th e  

in te rfa c e  reg io n  had  a low er c a r r ie r  c o n ce n tra tio n  th a n  th a t  w as p re s e n t  

in itia lly  b e fo re  th e  ep ila y e r w as g row n. T h ese  re s u l ts  a re  ex p la in ed  as 

due  to  c a r r ie r  dep le tion  from  th e  s u b s tr a te  to  th e  e p ila y e r. T he 

ab sen ce  of th e  u n sc re e n e d  LO phonon  modes from  th e  s u b s tr a te s  reg io n  

of th e  h e te ro s tru c tu re  show ed th a t  th e re  is no b an d b en d in g  a t  th e  GaAs 

n e a r  th e  in te rfa c e . A p o ssib le  m echanism  fo r th e  ac tiv a tio n  of th e  

sym m etry  fo rb id d en  modes as seen  in  sam ple SCL-379 is g iven  in term s 

of in te rn a l s tra in .

T he e lec tro re f le c ta n ce  m easurem en ts  on th e se  sam ples again  

confirm ed th e  conclusions re g a rd in g  th e  q u a lity  of th e  v a rio u s  

e p ila y e rs . T he com position of th e  th re e  sam ples as  de term in ed  from
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Raman s p e c tra  an d  th e  EER m easurem ents  a g re e  w ith in  exp erim en ta l 

e r r o r .

N uclear p ro filin g  te c h n iq u e  h as  been  d eveloped  as a pow erfu l tool to

ob ta in  a cc u ra te  d e p th  p ro file s  in  GaAlAs/GaAs s t r u c tu r e s .  T he m ajor

lim itation to  th e  d e p th  re so lu tio n  is th e  e n e rg y  s tra g g lin g  of th e

p ro jec tile s  re s u lt in g  from  th e  s ta t is t ic a l  n a tu re  of th e  e n e rg y  loss

m echanism . We have  done th e  f i r s t  e n e rg y  s tra g g lin g  m easu rem en ts  in

GaAlAs u s in g  n u c lea r  re a c tio n  te c h n iq u e . T he sam ples w ere p re p a re d  by

MBE. We o b ta in  in  GaAlAs th e  s tra g g lin g  p a ra m e te r to be low er th a n

th a t  p re d ic te d  by  th e  B ohr th e o ry . O ur r e s u l ts  a g re e  w ith  th e  more

re c e n t ca lcu la tio n s . T h ese  re s u l ts  f u r th u r  confirm  th a t  th e  s tra g g lin g

w id th  is p ro p o rtio n a l to  th e  sq u a re ro o t of th e  th ic k n e ss .

We have o b ta in ed  th e  ep ila y e r th ic k n e ss  a c c u ra te ly  in th e  v a rio u s

sam ples. We have also  n o ticed  th e  im portance of g row ing  b u f fe r  la y e rs

of GaAs fo r o b ta in in g  s h a rp  in te rfa c e  re g io n s . T he sample MBE 49-4

w hich was grow n w ith o u t th e  b u ffe r  la y e r  e x h ib its  a n  in te rfa c e  reg io n
o

w hich is  app rox im ate ly  2000 A w ide.

T he conclusions of th is , s tu d y  can  be sum m arized a s  follows:

1. Raman sp e c tro sc o p y , M odulated op tica l sp ec tro sc o p y  an d  N uclear

p ro filin g  te c h n iq u e  a re  pow erfu l tools to , in v e s tig a te  th e  

v ib ra tio n a l, e le c tro n ic , an d  p h y s ica l p ro p e r t ie s  of com pound 

sem iconducto rs  su c h  as  GaAlAs an d  G aA lInA s.



T he asym m etric  b ro ad en in g  of f i r s t  o rd e r  LO phonon  Raman 

lin e sh ap es  in  alloy  sem iconducto rs su ch  as GaAlAs an d  G alnA s is 

a m an ifesta tion  of q -v e c to r  re lax a tio n  in d u ced  b y  th e  m icroscopic 

alloy d is o rd e r . Q u an tita tiv e  inform ation  re g a rd in g  th e  d iso rd e r  

can be o b ta in ed  b y  a de ta iled  an a ly s is  of th e se  lin e sh a p e s .

T he m icroscopic alloy d is o rd e r  as  seen  b y  th e  p h o n o n s , is

d if fe re n t fo r th e  Ga su b la ttic e  an d  A1 su b la ttic e  in  GaAlAs, an d  

d ep en d s  in  g e n e ra l, on th e  com position, g row th  cond itions as 

well as th e  g ro w th  te ch n iq u e .

T he Ga su b la ttic e  in  Ga_ . - I n .  rr>A s /In P  seem s to  be more
U . 4  ( U . cm

o rd e re d  th a n  th a t  in  com parable GaAlAs.

T he com positional v a ria tio n  of th e  v a rio u s  in te rb a n d  tra n s itio n s

Eq (fu ndam en ta l g a p ) , Eq+Aq (sp in  o rb it  sp lit com ponen t), E^,

E^+Aj, Eq' an d  Eq '+Aq' as  well as  th e  sp in  o rb it sp litt in g s  of th e

valence  b a n d s  Â  an d  A^, fo r  th e  q u a te rn a ry

(G a, A1 ) n  „„In_ r „A s, w ere  a c c u ra te ly  d e te rm in ed . T he v 1 -x  x  0 .47  0 .53  ’ *

e n e rg ie s  of th e  v a rio u s  in te rb a n d  tra n s it io n s  as  well as  th e  sp in  

o rb it  sp li t t in g s  is  found  to  follow a  q u a d ra tic  re la tio n sh ip .

In  c o n tra s t  to  te rn a ry  alloy sem ico n d u c to rs , th e  sp in  o rb it 

sp littin g  Aq is fo u n d  to  h av e  an  u p w ard  bow ing in  la ttic e

m atched  q u a te rn a ry  a lloys GaAlInAs an d  G alnA sP .



T he g en era lized  VV-B-W model in c lu d in g  th e  in tr a  an d  in te rb a n d  

e ffe c ts  due  to  alloy d is o rd e r  a n d  th a t  du e  to  s t ru c tu ra l  

d is to r tio n , su cc e ss fu lly  acco u n ts  th e  u p w ard  bow ing of A  ̂ an d  Â  

in GaAlInAs as well as G alnA sP  grow n la ttic e  m atched  to  InP . 

Raman s c a tte r in g  is d em o n stra ted  to  be a p o w erfu l te ch n iq u e  to 

c h a ra c te r iz e  th e  e p ila y e r , in te rfa c e  a n d  s u b s tr a te  in 

GaAlAs/GaAs h e te ro ju n c tio n .

We have  o b ta in ed  th e  s tra g g lin g  p a ra m e te r in  GaAlAs u s in g  th e  

th e  n u c lea r  p ro filin g  te c h n iq u e . T he  s tra g g lin g  w id th  v a rie s  as 

th e  sq u a re ro o t of th ic k n e ss .

We have o b se rv e d  th e  im portance of g row ing  b u ffe r  la y e rs  to 

o b ta in  sh a rp  in te rfa c e s  in  G aAlAs/G aA s h e te r o s t r u c tu r e s .
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