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ABSTRACT 

The f i r s t  and second order  Raman s p e c t r a  of ZnSe, 

ZnTe, and Gap have been i n v e s t i g a t e d .  An a n a l y s i s  of t h e  spec- 

tra has  provided va lues  f o r  t h e  phonon f requenc ies  a t  t h e  c r i -  

t i c a l  p o i n t s  X, L, and W i n  t h e  B r i l l o u i n  zone. I n  c a r r y i n g  

ou t  t h e  a n a l y s i s  a t h e o r e t i c a l  model has  been used and t h e  v a l -  

ues  obta ined  f o r  t h e  c r i t i c a l  po in t  f r equenc ies  a r e  c o n s i s t e n t  

wi th  both t h e  experimental  r e s u l t s  and t h e  t h e o r e t i c a l  model. 

-The e l a s t i c  c o n s t a n t s  have been used as c o n s t r a i n t s  i n  t h e  

de te rmina t ion  of t h e  parameters used i n  t h e  t h e o r e t i c a l  model. 

I n  a d d i t i o n ,  i n  t h e  case of ZnSe only, Raman s p e c t r a  were ob- 

t a i n e d  f o r  va r ious  c r y s t a l  o r i e n t a t i o n s  and p o l a r i z a t i o n s  of t h e  

i n c i d e n t  and s c a t t e r e d  l i g h t .  This enabled a  comparison t o  be 

made between t h e  assignments f o r  ZnSe and group t h e o r e t i c a l  

s e l e c t i o n  r u l e s .  I n  a l l  cases  t h e  r e s u l t s  were checked f o r  

cons i s t ency  us ing  t h e  Brout sum r u l e  and r e g u l a r i t i e s  previous ly  

observed i n  t h e  phonon s p e c t r a  of z incblende semiconductors. 

The t h e o r e t i c a l  model has  a l s o  been used t o  c a l c u l a t e  

t h e  phonon f requenc ies  throughout t h e  B r i l l o u i n  zone. The 

d e n s i t y  of s t a t e s  has been f u r t h e r  c a l c u l a t e d  from t h e s e  d i s -  

p e r s i o n  curves and t h e  r e s u l t s  have been compared with i n f o r -  

mation obta ined  from s p e c i f i c  h e a t  and neut ron  s c a t t e r i n g  meas- 
1 

urements . 
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CHAPTER 1 

INTRODUCTION 

A t  t h e  p resen t  t ime,  t h e  only  d i r e c t  means of obtain-  

ing  t h e  phonon d i spe r s ion  curves throughout the  B r i l l o u i n  zone 

(B.Z.  ) of any m a t e r i a l  i s  by t h e  method of neutron s c a t t e r i n g .  

However t h i s  method i s  expensive both  with r e s p e c t  t o  time and 

equipment. Also t h i s  method i s  n o t  a p p l i c a b l e  t o  many mate r i a l s  

because of unfavourable neu t ron-sca t t e r ing  c ross - sec t ions  o r  

t h e  u n a v a i l a b i l i t y  of s u f f i c i e n t l y  l a r g e  s i n g l e  c r y s t a l s  on 

which t o  perform t h e  experiment. This i s  p a r t i c u l a r l y  important 

f o r  some 1 1 - V I  and 1 1 1 - V  compounds a s  l a r g e  s i n g l e  c r y s t a l s  a r e  

as y e t  unava i l ab le .  To da te  only t h r e e  zincblende mate r i a l s  

I have been i n v e s t i g a t e d  by neutron s c a t t e r i n g .  Waugh and Doll ing 
i 

I (1963) measured t h e  phonon d i s p e r s i o n  of G u s .  Gap was s t u d i e d  

1 by Yarnel l  e t  a l .  (1968) and ZnS by Feldkamp, Venkataraman and 

King (1969).  For ZnS, the  experimenters had t o  work with r a t h e r  

s m a l l  c r y s t a l s  with a volume of about 1 . 5  cc and i n  f a c t  the  

Gap sample i n v e s t i g a t e d  was f a b r i c a t e d  by g lu ing  together  or ien-  

1 t e d  s i n g l e  c r y s t a l  p l a t e l e t s .  For these  reasons it i s  d e s i r e -  

/ I a b l e  t o  have an a l t e r n a t e  means of ob ta in ing  phonon dispersion 
1 curves .  Severa l  approaches have been used i n  t h e  p a s t  and the  
I 
i var ious  experimental  methods a r e  descr ibed  b r i e f l y  i n  Chapter 2 .  

I 
I I 

This work descr ibes  an  a t tempt  t o  deduce the  phonon 
E 
t 

d i s p e r s i o n  curves f o r  some zincblende semiconductors from a 
1 

1 
s t udy  of t h e  Raman s p e c t r a  of these  m a t e r i a l s .  

I 
L 

A s tudy  of t h e  l a t t i c e  v i b r a t i o n s  of zincblende com- 
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pounds i s  a l s o  i n h e r e n t l y  a t t r a c t i v e  because of t h e i r  r e l a t i v e l y  

simple c r y s t a l  s t r u c t u r e .  This makes an  i n t e r p r e t a t i o n  of the  

Raman s p e c t r a  e a s i e r  than it would be f o r  say  wur tz i t e  m a t e r i a l s  

and thus  f a c i l i t a t e s  the  comparison of experimental  d a t a  with 

t h e  t h e o r e t i c a l  models which can be app l i ed  t o  t h e  r e s u l t s .  I n  

a d d i t i o n  a l a r g e  number of c r y s t a l s , b o t h  semiconducting and in-  

s u l a t i n g  possess  t h i s  c r y s t a l  s t r u c t u r e  . 

This work p resen t s  a s tudy of t h e  f.irst and second 

order  Raman s p e c t r a  of these  ma te r i a l s :  ZnTe, a p-type 1 1 - V I  

semiconductor; ZnSe, an  n-type 1 1 - V I  semiconductor; and GaP an  

n-type 1 1 1 - V  semiconductor. In t h e  p a s t  t h e  l a t t i c e  v i b r a t i o n s  

and i n f r a - r e d  p r o p e r t i e s  of these  m a t e r i a l s  have been s t u d i e d  by 

s e v e r a l  workers us ing  t h e  techniques of i n f r a - r e d  a b s o r p t i o n ( a ) .  

However, due t o  t h e  advent of l a s e r s  and modern de tec t ion  meth- 

ods, Raman s c a t t e r i n g  now provides an  a l t e r n a t e  technique which 

y i e l d s  a d d i t i o n a l  and complementary information t o  t h a t  obtained 

from i n f r a - r e d  measurements. In  p a r t i c u l a r  the  f i r s  t -o rde r  

Raman e f f e c t  g ives  t h e  values of t h e  phonon v i b r a t i o n a l  mode 

f requencies  a t  the  B.Z. cen t re  and t h e  second-order Raman e f f e c t  

should provide information on t h e  values of the  phonon frequen- 

c i e s  a t  o the r  po in t s  of the B r i l l o u i n  zone. 

(a) I . R .  s t u d i e s  of ZnTe: Nahory and Fan e t  a l .  
(1967) and Riccius  (1968); ZnSe, 
a l .  (1961) and Mitra  (1963) ; Gap, 
and S p i t z e r  ( 1960) and Fray e t  a l .  ( 1969). 
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The previous Raman experiments on the  compounds in-  

v e s t i g a t e d  h e r e  have been q u a l i t a t i v e  i n  n a t u r e  and l i t t l e  

q u a n t i t a t i v e  information has been obta ined .  In p a r t i c u l a r  t h e  

Raman s c a t t e r i n g  experiments c a r r i e d  o u t  on both ZnTe and ZnSe 

(Taylor, 1967, Ushioda e t  a l . ,  1967, Krauzman, 1967) were de- 

voted t o  t h e  f i r s t  o rde r  spectrum and a d e t a i l e d  i n v e s t i g a t i o n  

of t h e  second order  Raman spectrum w a s  n o t  c a r r i e d  o u t .  The 

second o rde r  s p e c t r a  of ZnSe has been observed by Krauzman 

(1969) and Ni lsen  (1969) b u t  no s e r i o u s  a t tempt  was made t o  

analyse t h e i r  r e s u l t s  and no d e f i n i t i v e  r e s u l t s  were obta ined .  

The second order  Raman spectrum of Gap has undergone 

the  most thorough i n v e s t i g a t i o n  (Hobden and Russel, 1964 and 

Russel, 1965) .  Hobden and Russel were t h e  f i r s t  experimenters 

t o  use a l a s e r  a s  t h e  source f o r  a measurement of f i r s t  and 

second order  Raman s p e c t r a  of any c r y s t a l .  These workers have 

made assignments t o  the  observed Raman fea tu res  t o  be cons is  t e n t  

with a chosen s e t  of f requencies  a t  t h e  c r i t i c a l  po in t s  X, L 

and W on t h e  B.Z. boundary. The i n f r a - r e d  absorpt ion  spectrum 

of Gap has a l s o  been observed ( ~ l e i n m a n  and S p i t z e r ,  1960) and 

a similar a n a l y s i s  made. There is, however, considerable  d i s -  

agreement between these  r e s u l t s .  The second o rde r  Raman s p e c t r  

urn of Gap is aga in  s t u d i e d  i n  t h i s  work ,par t ly  t o  c l e a r  up the  

above discrepancies b u t  mainly t o  v e r i f y  the  method of a n a l y s i s  

presented  here  by comparing t h e s e  r e s u l t s  t o  t h e  measured neut-  

ron  d a t a  f o r  Gap. 

I n  i n t e r p r e t i n g  . the f e a t u r e s  of a second order  Raman 

spectrum of a zincblende mate r i a1 ,a  t h e o r e t i c a l  model i n t r o -  
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duced by Banerjee and Varshni (1969) has been used i n  t h i s  work. 

This model incorpora tes  the  s h o r t  range f o r c e  model of Smith 

(1948) t o  second n e a r e s t  neighbours and the  long range Coulomb 

f o r c e  model of Kellerman (1940).  This model i s  r e f e r r e d  t o  as 

t h e  second neighbour ion ic  (S . N . I . )  model. A s e t  of frequenc- 

i e s  i s  obta ined  f o r  the  zone boundary c r i t i c a l  po in t s  X, L and 

W .  These f requencies  a r e  chosen t o  f i t  both  the  experimental  

Raman spectrum and t h e  t h e o r e t i c a l  model us ing  the  measured 

e l a s t i c  cons tan t s  as a c o n s t r a i n t  on the  model parameters.  A 

d e s c r i p t i o n  of t h e  t h e o r e t i c a l  model i s  given i n  Chapter 3. 

In t h e  case  of ZnSe it has a l s o  been poss ib le  t o  in-  

v e s t i g a t e  t h e  Raman spectrum of ZnSe wi th  regard  t o  i t s  polar -  

i z a t i o n  c h a r a c t e r i s t i c s .  The p o l a r i z a t i o n  c h a r a c t e r i s  t i c s  of 

t h e  observed Raman f e a t u r e s  can be compared with the  p o l a r i z -  

a t i o n s  p red ic ted  from group theory .  This method of analys-  

ing  t h e  Raman s p e c t r a  of zincblende m a t e r i a l s  has been previous- 

l y  app l i ed  t o  ZnS by Krauzman (1969) and Ni lsen  (1969a) and i s  

o u t l i n e d  i n  Chapter 4. 

A s e t  of S.N.I. model parameters has been obtained 

from t h e  a n a l y s i s  of t h e  Raman s p e c t r a  of ZnTe, ZnSe, Gap and 

ZnS ( ~ r w i n ,  1970) and t h e  r e s u l t s  a r e  presented  i n  Chapter 6. 

The cons is tency of t h e  frequency assignments i s  check- 

ed i n  Chapter 7 us ing  the  Brout sum r u l e  ( ~ i t r a ,  1963) and re-  

g u l a r i t i e s  previous ly  observed i n  t h e  phonon s p e c t r a  of z inc-  

blende semiconductors ( ~ i t r a ,  1963; Keyes, 1962; and Marshall  

and Mitra, 1964). 
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Using the  S . N . I .  model parameters obtained, the 

phonon dispers ion of ZnTe, ZnSe, ZnS and Gap has been calcu- 

l a t e d  throughout the  e n t i r e  Br i l l ou in  zone with the a i d  of a 

high speed e lect ronic-  computor. I n  addi t ion,  the  frequency 

d i s t r i b u t i o n  funct ion and spec i f i c  heats  have been calcula ted 

and a comparison has been made with the  measured values of the  

spec i f i c  heat  of these mate r ia l s .  For Gap and ZnS, where 

neutron r e s u l t s  a r e  avai lable ,  a d i r e c t  comparison of the  phon- 

on branches has been made. These r e s u l t s  a r e  presented in 
I 

Chapter 8. 

Chapter 9 contains a summary of the  r e su l t s ,  conclu- 

s ions,  and suggestions f o r  f u r t h e r  work. 
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CHAPTER 2 

EXPERIMENTAL METHODS 

2 . 1  In t roduc t ion  

In t h e  p a s t  s e v e r a l  experimental  methods have been 

used t o  o b t a i n  information about the  v i b r a t i o n a l  s p e c t r a  of 

s o l i d s .  The methods used d i f f e r  g r e a t l y  in t h e i r  ease  of ap- 

p l i c a t i o n ,  expense, and type and amount of information t h a t  

they  provide.  The b a s i c  p r i n c i p l e s  involved in these  exper i -  

ments and the  ch ie f  advantages and disadvantages a r e  b r i e f l y  

reviewed in t h i s  chap te r .  

2 .2  Thermodynamic Measurements 

The e a r l y  measurements of s p e c i f i c  h e a t  were of g r e a t  

1 I importance t o  t h e  development of l a t t i c e  dynamics. They showed 

I 
I t he  inadequacy of t h e  E i n s t e i n  model, l ead ing  t o  the  Debye and 

~orn-~krm6.n  models and l a t e r  t o  t h e  l a t t i c e  models of Blackman 

(1937), Kellerman (1940) and Smith (1948). 

The s p e c i f i c  hea t ,  however, depends only on an in -  

t e g r a l  over the  frequency d i s t r i b u t i o n ,  g ( v ) ,  of the  v i b r a t i o n -  

a l  modes of a c r y s t a l  and thus only provides information about 

t h e  average of phonon spectrum, and does no t  t e l l  one about in -  

I d iv idua l  modes. Therefore,  a d e t a i l e d  s tudy of the  phonon d i s -  

I pers ion  cannot be based on s p e c i f i c  h e a t  d a t a .  
i 
i 
i 
t 



2.3  Ul t ra son ic  Measurements 

The long wavelength acous t i c  v i b r a t i o n a l  modes of a 

s o l i d  can be exc i t ed  by u l t r a s o n i c  techniques.  Longitudinal o r  

t r ansverse  e l a s t i c  waves a r e  exc i t ed  by a t ransducer  a t  frequen- 

c i e s  up t o  about 1 0 " ~ ~  and the  v e l o c i t y  of the  d is turbance  i s  

determined by measuring t h e  time taken by a pulse  t o  c ross  a 

sample c r y s t a l .  The r e s u l t s  provide the  s lope  of the  approp- 

r i a t e  d i s p e r s i o n  curves a t  long wavelengths and a r e  u s u a l l y  ex- 

pressed i n  terms of the  e l a s t i c  c o n s t a n t s .  

IJnfortunately t ransducers  a r e  l i m i t e d  i n  opera t ion  t o  

f requencies  I 101•‹ Hz and thus only t h e  a c o u s t i c  phonons with 

s m a l l  energ ies  near  the  B.Z. c e n t r e  can be inves t iga ted  by t h i s  

method. Huntington (1958) has given a review of the  experimen- 

t a l  technique and of many r e s u l t s  obtained by u l t r a s o n i c  measure- 

ments. 

2 .4  X-ray S c a t t e r i n g  

X-ray wavelengths a r e  t y p i c a l l y  about 1 angstrom and 

thus  the  momentum of an X-ray quantum i s  comparable t o  t h a t  of 

phonons i n  c r y s t a l s ;  however, X-ray energies  (10 k e ~ )  a r e  many 

times g r e a t e r  than t h e  phonon energies  (10  me^) and t h e  energy 

change on s c a t t e r i n g  cannot be de tec ted  d i r e c t l y .  The frequen- 

c i e s  of the  phonons a r e  obtained by measuring t h e  s c a t t e r e d  in-  

t e n s i t y  and comparing it  with t h e o r e t i c a l  expressions f o r  t h e  

c ross - sec t ion  ( ~ o c h r a n ,  1966) .  Correct ions must be made f o r  Com- 

pton s c a t t e r i n g  and f o r  the  s c a t t e r i n g  by multi-phonon processes .  

The experiment and a n a l y s i s  a r e  d i f f i c u l t  and become more s o  f o r  

c r y s t a l s  with many atoms per  u n i t  c e l l .  



Some s u c c e s s f u l  exper iments  have been performed how- 

eve r ,  f o r  example, on aluminum (Walker, 1956) )  and on a l k a l i  

h a l i d e s  ( ~ u y e r s  and Smith, 1966; Iveronova e t  a l . ,  1967) b u t  t o  

da.te no such exper iments  have been c a r r i e d  o u t  on z incb lende  

m a t e r i a l s .  

2 .5  Neutron S c a t t e r i n g  

A d i r e c t  measurement of t h e  phonon d i s p e r s i o n  i n  cry-  

s t a l s  i s  provided by neu t ron  s c a t t e r i n g .  Thermal neu t rons  from 

a r e a c t o r  have wavelengths and e n e r g i e s  about  equa l  t o  t h e  l a t -  

t i c e  spac ing  and v i b r a t i o n a l  f r e q u e n c i e s  r e s p e c t i v e l y  and t h e  

energy change and s c a t t e r i n g  a n g l e  can be measured t o  p rov ide  

t h e  f requency  and wavevector of t h e  s c a t t e r i n g  phonon. This  

makes n e u t r o n  s c a t t e r i n g  t h e  most powerful  exper imenta l  method 

f o r  t h e  s tudy  of phonon d i s p e r s i o n  i n  c r y s t a l s .  

The phonon spectrum i s  determined by measuring t h e  one- 

phonon cohe ren t  s c a t t e r i n g  from s i n g l e  c r y s t a l s . ,  This i s  done by 

a l l o w i n g  neu t rons  of a p a r t i c u l a r  energy t o  be i n c i d e n t  on t h e  

specimen and observ ing  energy of t h o s e  s c a t t e r e d  through a  

p a r t i c u l a r  ang le .  One method of doing t .h i s  i s  t o  use a  t r i p l e -  

a x i s  c r y s t a l  spec t rometer  which was l a r g e l y  developed a t  Chalk 

River  by Brockhouse (1961). 

A schemat ic  diagram of a t r i p l e  a x i s  c r y s t a l  s p e c t r o -  

meter  i s  shown i n  F igure  1. The neu t rons  from a  r e a c t o r  a r e  i n -  

c i d e n t  on a  s i n g l e  c r y s t a l  monochromater (XI i n  F igu re  1 )  and 

r e f l e c t e d  t o  g i v e  a beam of neu t rons  of p a r t i c u l a r  energy i n c i -  

d e n t  on t h e  specimen S. The neu t rons  s c a t t e r e d  from specimen S, 
f 



Figure  1. A schematic diagram of a  t r i p l e - a x i s  c r y s t a l  spec t ro -  
meter (Btockhouse, 1961). 

a r e  analysed wi th  a second s i n g l e  c r y s t a l  monochromater X2 ,  and 

d e t e c t e d  by a  s u i t a b l e  neut ron  d e t e c t o r  and counter .  The p a r t s  

marked M and C i n  Figure 1 a r e  monitor counters  and co l l ima to r s ,  

r e s p e c t i v e l y .  

Another method of measuring neutron s c a t t e r i n g  from 

c r y s t a l s  uses  a time of ' f l i g h t  technique .  However, t h i s  

technique w i l l  no t  be d iscussed  he re .  ('1 Both t h e s e  methods 

have many drawbacks. The neutron beams a r e  no t  i n t e n s e  and t h e  

s c a t t e r e d  neutrons provide only about 10  counts per minute. 

Therefore a g r e a t  dea l  of time and expensive equipment a r e  

needed ad jacen t  t o  a neutron source such a s  a r e a c t o r  i n  order  t o  

(1) A d i s c u s s i o n  of time of f l i g h t  technique and t h e  d e t e r -  
minat ion of phonon s p e c t r a  by neut ron  s c a t t e r i n g  has  been 
g iven  by Cowley (1969). 



c a r r y  out  the  experiment. The energy r e s o l u t i o n  i s  n o t  a s  good 

a s  can be obtained by o p t i c a l  techniques and l a r g e  samples a r e  

r equ i red  ( t y p i c a l l y  about 50an-3. Some m a t e r i a l s  a r e  no t  s u i t -  

a b l e  f o r  t h i s  method because of h igh  neut ron  absorp t ion  cross-  

s e c t i o n  or t o o  l a r g e  an incoherent  s c a t t e r i n g  c ross - sec t ion  

( ~ o w l e y ,  1969). For these  reasons it i s  d e s i r a b l e  t o  have a l t e r -  

n a t i v e  methods f o r  ob ta in ing  t h e  phonon d i s p e r s i o n  of c r y s t a l -  

l i n e  s o l i d s .  

2.6 Opt ica l  Measurements 

Opt i ca l  methods inc lude  t h e  measurement of t h e  absorp t ion  

and r e f l e c t i o n  of f a r  infra-red r a d i a t i o n ,  Raman s c a t t e r i n g  and 

B r i l l o u i n  s c a t t e r i n g  of l i g h t  by phonons. I n  most cases  t h e  

wavelength of t h e  l i g h t  used i s  more than l o 3  times g r e a t e r  than 

t h e  l a t t i c e  spacing.  Consequently f i r s t  order  o p t i c a l  techniques 

a r e  l i m i t e d  t o  momentum t r a n s f e r s  which a r e  very smal l  compared 

t o  t h e  momenta of most of t h e  phonons. B r i l l o u i n  s c a t t e r i n g  pro- 

vides information about the  a c o u s t i c  phonons near  1:1= 0 whereas 

t h e  o the r  methods i n  f i r s t  order  provide measurements of t h e  

phonon energ ies  i n  t h e  o p t i c a l  branches near  131. 0. 

It would appear t h a t  f a r  i n f r a - r e d  absorp t ion  a n d  Raman 

s c a t t e r i n g  measure the  same f requenc ies ;  t h i s ,  however, is n o t  

u s u a l l y  the  c a s e .  Raman s c a t t e r i n g  depends on the  modulation of 

the  p o l a r i z a b i l i t y  of the  c r y s t a l  by the  phonons, whereas i n f r a -  

red absorp t ion  depends on the  d ipo le  moment. The symmetry of the  

p o l a r i z a b i l i t y  t e n s o r  and t h e  d ipo le  moment u s u a l l y  d i f f e r  and 

t h e r e f o r e  d i f f e r e n t  phonons c o n t r i b u t e  t o  t h e  two p rocesses .  
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The two methods tend t o  be complimentary, f o r  example, the  f i r s t  

order  o p t i c  modes of a l k a l i  h a l i d e s  can be s tud ied  by in f ra - red  

but  no t  Raman techniques,  while f o r  diamond the  s i t u a t i o n  is 

reversed .  

To o b t a i n  information on the  v i b r a t i o n a l  f requencies  

a t  o t h e r  po in t s  i n  t h e  B.Z. t he  second o rde r  in f ra - red  and Raman 

s p e c t r a  of c r y s t a l s  must be examined. Conservation of momentum 

r e q u i r e s  t h a t  t h e  wavevectors of the  c o n t r i b u t i n g  phonons be ap- 

proximately equal  i n  magnitude and oppos i te  in d i r e c t i o n .  The 

presence of sharp  f e a t u r e s  i n  t h e  second order  spectrum a r e  as-  

sumed t o  be due t o  c r i t i c a l  po in t s  i n  the  B.Z. and an  i n t e r p r e -  

t a t i o n  of observed s p e c t r a  can be made accordingly .  I n  a d d i t i o n  

an a n a l y s i s  of the  symmetry p r o p e r t i e s  of the  c r i t i c a l  po in t s  

and the  p o l a r i z a t i o n  p r o p e r t i e s  of the  observed Raman f e a t u r e  

al lows,  i n  p r i n c i p l e ,  a good dea l  of information t o  be obtained 

about the  phonon d i spe r s ion  of c r y s t a l s .  This l a t t e r  p o i n t  w i l l  

be discussed i n  more d e t a i l  i n  Chapter 4.  

Opt ica l  techniques a r e  one of t h e  most accura te  me- 

thods of ob ta in ing  information about phonon d i spe r s ion  and one 

of the  most g e n e r a l l y  a v a i l a b l e .  I n  a d d i t i o n  t h e r e  a r e  e s sen t -  

i a l l y  no r e s t r i c t i o n s  on c r y s t a l  s i z e ,  o r  type, o the r  than t h a t  

the  c r y s t a l  t r ansmi t  a p o r t i o n  of the  e x c i t i n g  l i g h t .  
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CHAPTER 3 

THE LATTICE DYNAMICS OF ZINCBLENDE 

3 .1  I n t r o d u c t i o n  

' In r e c e n t  yea r s  a  g r e a t  d e a l  of e f f o r t  has  been ex- 

pended by many workers i n  an e f f o r t  t o  o b t a i n  a s a t i s f a c t o r y  

t h e o r e t i c a l  model f o r  t h e  l a t t i c e  v i b r a t i o n a l  s p e c t r a  of com- 

pounds which c r y s t a l l i z e  i n  t h e  zincblende s t r u c t u r e .  This work 

has  been s t imula ted  i n  p a r t  by t h e  eve r  i n c r e a s i n g  a v a i l a b i l i t y  

of r e l e v a n t  experimental  d a t a  on t h e s e  compounds; i n  add i t ion ,  

many compounds c r y s t a l l i z e  i n  t h i s  s t r u c t u r e  and t h e  r e s u l t s  of 

a t h e o r e t i c a l  c a l c u l a t i o n  would have many a p p l i c a t i o n s .  

3 . 2  T h e o r e t i c a l  Models 

The t h e o r e t i c a l  models which have been employed i n  an 

a t tempt  t o  e x p l a i n  the  l a t t i c e  v i b r a t i o n a l  f r equenc ies  observed 

i n  zincblende m a t e r i a l s  can be broadly c l a s s i f i e d  i n  t h r e e  c a t a -  

g o r i e s :  ( a )  convent ional  f o r c e  cons tan t  models (Born-Kgrmbn, 

1912, and Smith, 1948); ( b )  r i g i d  ion  models (Kellerman, 1940; 

Born and Huang, 1954; Merten, 1958  and 1962); ( c )  d i p o l e  approx- 

imation model (Tolpygo, 1961 and Mashkevich and Tolpygo, 1957) 

and t h e  l a r g e l y  equ iva len t  s h e l l  model ( ~ i c k  and Overhauser, 1958; 

Cochran, 1959 and Cowley, 1962).  

I n  t h e  Born-Kgrm6.n theory  of l a t t i c e  dynamics t h e  

motion of t h e  n u c l e i  i s  determined by an e f f e c t i v e  p o t e n t i a l  

which depends only  on the  n u c l e a r  c o o r d i n a t e s .  The e l e c t r o n s  



a r e  regarded simply as  a medium f o r  e x e r t i n g  i n t e r n u c l e a r  fo rces ,  

and the  wave func t ion  of the  e l e c t r o n s  i s  taken t o  be the  same 

a t  any i n s t a n t  a s  i f  the n u c l e i  c o n t i n u a l l y  occupied t h e i r  in- 

s tan taneous  p o s i t i o n s  ( a d i a b a t i c  approximation) . This conven- 

t i o n a l  f o r c e  cons tan t  model has been appl ied  t o  the  diamond-type 

l a t t i c e  of germanium t o  f i t  t he  measured d i spe r ion  curves f o r  

t h a t  m a t e r i a l ( ~ o p e ,  1965) .  It was found t h a t  i n  order  t o  f i t  

the  d a t a ,  i n t e r a c t i o n s  out  t o  a t  l e a s t  f i f t h  neighbours had t o  

be included and t h a t  the  values deduced f o r  most of the  f o r c e  

cons tants  were n o t  s  t a t i s i c a l l y  s i g n i f i c a n t  . Although t h i s  

model has no t  been appl ied  t o  zincblende mate r i a l s  it i s  f e l t  

t h a t  such a f i t  would be of no more s i g n i f i c a n c e  than f o r  germ- 

anium. 
I 

I n  the  r i g i d  ion  model the  ions a r e  assumed t o  be 

s p h e r i c a l  and r i g i d  meaning t h a t  they  a r e  n o t  p o l a r i z a b l e  or  

def ormable, s o  t h a t  regards t h e i r  Coulomb i n t e r a c t i o n  the  ions 

a r e  equiva lent  t o  po in t  charges.  The motion of the  ions i s  de- 

termined by long range Coulomb f o r c e s  which extend throughout 

the  c r y s t a l .  The a p p l i c a t i o n  of the r i g i d  ion model t o  zinc-  

blend by ~ e r t e n ( l g 5 8 )  has been r a t h e r  unsuccessful  ( s i n c e  the  

bonding i n  the  zincblende s t r u c t u r e  i s  only p a r t i a l l y  i o n i c )  

and i s  n o t  capable of c o r r e l a t i n g  the  l a r g e  range of a v a i l a b l e  

experimental  information (Kaplan and Su l l ivan ,  1963). 

The s h e l l  model i s  an e x t e n t i o n  of the  ~ o r n - ~ & m & n  

I theory  of l a t t i c e  dynamics i n  which each atom i s  no longer  r i g i d  
I 

1 but  i s  regarded as a charged core c o n s i s t i n g  of the  nucleus and 
I 



i n n e r  e l e c t r o n s  and an o p p o s i t e l y  charged s h e l l  r e p r e s e n t i n g  ' 

t h e  o t h e r  e l e c t r o n s .  The s h e l l  and core  a r e  coupled t o  one an- 

o t h e r  by an i s o t r o p i c  f o r c e  cons tant ,  and each r e t a i n s  s p h e r i c a l  

symmetry al though a d ipo le  moment may be generated by t h e i r  

r e l a t i v e  displacements .  The s h e l l  model thus  al lows t h e  atom t h e  

p r o p e r t y  of p o l a r i z a b i l i t y  i n  an e l e c t r i c  f i e l d ,  and of It d is- 

t o r t i o n  p ~ l a r i z a b i l i t y ~ ~  under the  in f luence  of shor t - range  f o r c e s  

a c t i n g  through both cores  and s h e l l s .  

The s h e l l  model has been a p p l i e d  to '  s e v e r a l  zindblende 

m a t e r i a l s  by Kaplan and S u l l i v a n  (1963) u s i n g  e leven d i f f e r e n t  

parameters.  They found t h a t  i t  was impossible  t o  g e t  a unique 

s e t  of parameters t o  desc r ibe  t h e  experimental  r e s u l t s  and con- 

cluded t h a t  the  s h e l l  model was too  f l e x i b l e  t o  be of g r e a t  use 

i n  zincblende compounds. Also t h e  "simple" s h e l l  model, u t i l i z -  

ing  only t h r e e  or  f o u r  parameters,  almost i n v a r i a b l y  f a i l e d  t o  

g ive  even an approximate phonon d i s p e r s i o n  r e l a t i o n  f o r  z inc-  

blende c r y s t a l s  (Vetel ino and Mitra, 1969). I n  cases  where t h e  

s h e l l  model has  given good agreement wi th  t h e  neu t ron-sca t t e r ing  

data, e .  g. GaAs (Waugh and Dolling, 1963) and Gap ( ~ a r -  

n e l l  e t  a l . ,  1968), t h e  model has  employed a l a r g e  number of 

parameters which do not  have any more phys ica l  s i g n i f i c a n c e  than  

t h a t  of f i t t i n g  cons tan t s  t o  an i n t e r p o l a t i o n  formula. 

If one wishes t o  c a l c u l a t e  t h e  phonon d i s p e r s i o n  i n  

zincblende from r e s t r i c t e d  information it i s  necessary  t o  have a 
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l a t t i c e  dynamic model l i m i t e d  t o  a few p h y s i c a l l y  s i g n i f i c a n t  

parame t e r s  . The above models a r e  n o t  s u i t a b l e  f o r  t h i s  purpose.  

Recent ly,  however, a combined f o r c e  c o n s t a n t  and r i g i d  ion  model 

has- been in t roduced.  This model has  r e l a t i v e l y  few parameters 

and t h e s e  a r e  p h y s i c a l l y  s i g n i f i c a n t .  Hence t h e  model l ends  it- 

s e l f  t o  t h e  purpose of t h i s  t h e s i s .  The model i s  c a l l e d  t h e  

S.N.I. model and is d i scussed  in t h e  remainder of t h i s  c h a p t e r .  

3.3 The S.N.I. Model 

The S.N.I.  model was introduced by Banerjee and Varshni 

(1969) and has been app l i ed  t o  both, 1 1 1 - V  zincblende compounds 

(Banerjee and Varshni, 1969) and 1 1 - V I  z incblende compounds 

(Irwin and LaCombe, 1970a and l97Ob). The binding i n  zincblende 

semiconductors i s  known t o  be p a r t i a l l y  i o n i c  and it i s  t h e r e f o r e  

reasonable  t h a t  t h e  S.N.I. model a s s i g n  a n  e f f e c t i v e  charge eg 

t o  t h e  ions .  The value of e: f o r  d ia tomic  c r y s t a l s  i s  defined i n  

terms of exper imenta l ly  determined q u a n t i t i e s  by t h e  fo l lowing 

r e l a t i o n  f i r s t  der ived  by S2iget . i  (1949), 

where N i s  t h e  number of ion  p a i r s  per u n i t  volume, p, i s  t h e  r e -  

duced mass of an  ion  p a i r ,  rnt/2fl i s  t h e  exper imenta l ly  observed 

t r ansverse  resonance absorp t ion  frequency, and ,, and 6o a r e  t h e  

s t a t i c  and o p t i c a l  d i e l e c t r i c  c o n s t a n t s  r e s p e c t i v e l y .  

I n  t h e  S.N.I.  mode'l t h e  f o r c e s  i n  t h e  c r y s t a l  a r e  as- 

sumed t o  a r i s e  from two c o n t r i b u t i o n s :  (a )  s h o r t  range f o r c e s  



d e s c r i b e d  by a c o n v e n t i o n a l  f o r c e  c o n s t a n t  model up t o  and i n -  

c l u d i n g  second ne ighbours  (Smith, 1948)  and ( b )  a long  range  

f o r c e  due t o  Coulomb i n t e r a c t i o n s  between t h e  i o n i c  cha rge s  

(Kellerman, 1940 ) .  Combining t h e s e  two f o r c e s  and t a k i n g  i n t o  

accoun t  t h e  symmetry of t h e  c r y s t a l  s t r u c t u r e  e n a b l e s  one t o  c a l -  

c u l a t e  the e lements  of t h e  dynamical  m a t r i x .  Th i s  m a t r i x  can  be 

d i a g o n a l i z e d  t o  o b t a i n  t h e  normal mode f r e q u e n c i e s  of t h e  l a t t i c e .  

The a p p l i c a t i o n  of t h e  S .N.I .  model t o  t h e  z i n c b l e n d e  

l a t t i c e  i s  d e s c r i b e d  i n  d e t a i l  i n  s e c t i o n  3.5. A s  a f i r s t  s t e p  

it i s  n e c e s s a r y  t o  review t h e  s t r u c t u r e  and geometry of the z inc -  

b l ende  t y p e  l a t t i c e .  This i s  done i n  t h e  n e x t  s e c t i o n .  

3 . 4  The Z incb lende  S t r u c t u r e  

( a )  The d i r e c t  l a t t i c e .  The 111-V and 1 1 - V I  compounds s t u d i e d  

h e r e  can  be grown i n  t h e  z i n c b l e n d e  s t r u c t u r e .  Th i s  i s  a two com- 

ponent  diamond s t r u c t u r e ,  o r  r a t h e r ,  two f a c e - c e n t r e d  cub i c  l a t -  

t i c e s  w i t h ,  f o r  example, one l a t t i c e  c o n t a i n i n g  z i n c  atoms and 

t h e  o t h e r  t e l l u r i u m  atoms. The cube s i d e  h a s  a l e n g t h  2a  and 

t h e  two s u b l a t t i c e s  a r e  d i s p l a c e d  f rom each  o t h e r  a l ong  and e q u a l  

t o  one q u a r t e r  o f  t h e  body d i a g o n a l  (e a /2 ) .  Th i s  s t r u c t u r e  i s  

i l l u s t r a t e d  i n  F i g u r e  2 .  The u n i t  c e l l  i s  a rhombohedra1 p a r a l -  

l e l e p i p e d  d e f i n e d  by t h e  t h r e e  b a s i s  v e c t o r s  

+ The volume of t h e  u n i t  c e l l  i s  va = !%, x % a, 1 = 2a3 , 
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and con ta ins  one atom of each element. 

Figure 2. The zincblende l a t t i c e  s t r u c t u r e .  

I n  Figure 2 t h e  l a t t i c e  s t r u c t u r e  of Zincblende has  

been drawn s o  t h a t  l a t t i c e  1 , c o n t a i n s  t h e  l i g h t e r  atoms (b lack)  

and l a t t i c e  2 con ta ins  t h e  heav ie r  atoms (whi te) .  The atoms 

of l a t t i c e  1 a r e  loca ted  by 

where 1, , l a ,  a r e  i n t e g e r s ,  o r  Dnne can w r i t e  correspondingly,  

where 11, = 2 N  ( N  i s  an m t e g e r ) .  L a t t i c e  I1 can be genera ted  

by d i s p l a c i n g  t h e  f i r s t  l a t t i c e  through a displacement where 



The l o c a t i o n  of t h e  atoms of l a t t i c e  I1 a r e  given by 

We can a l s o  w r i t e  t h i s  as 

where 1 rn, = 2 N  - 3 / 2 .  The second l a t t i c e  Is taken as d i s -  

placed i n  the  nega t ive  d i r e c t i o n  s o  as t o  conform wi th  the 

d e s c r i p t i o n  of o t h e r  au thors  (Kellerman, 1940; Cochran, 1959; 

Merten, 1959 and Banerjee and Varshni, 1969). 

(b) The r e c i p r o c a l  i a t t i c e .  The r e c i p r o c a l  l a t t i c e  v e c t o r s  

corresponding t o  t h e  b a s i s  v e c t o r s  of t h e  d i r e c t  l a t t i c e  a r e  

given by 

The r e c i p r o c a l  l a t t i c e  v e c t o r s  corresponding t o  t h e  l a t t i c e  

po in t s  i n  t.he d i r e c t  l a t t i c e  a re  g iven  by 
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= ki (L,  h > ,  L) 
where hx, h hZ a r e  e i t h e r  a l l  odl 

Y' 
3 o r  a l l  even i n t e g e r s .  Any 

vec tor  i n  r e c i p r o c a l  space can be expressed as 

where q,, qy, qz a r e  the  reduced r e c r o c a l  l a t t i c e  coord ina tes .  

The f i r s t  B r i l l o u i n  zone f o r  t h e  ;-space of t h e  zinc-  

blende l a t t i c e  i s  i l l u s t r a t e d  in Figure  3. The boundaries a r e  

given by the  equat ions  

The symmetry p o i n t s  

Figure 3.   he' f i r s t  B r i l l o u i n  zone of the  zincblende r e c i p r o c a l  
l a t t i c e .  



marked i n  Figure 3 a r e  expressed i n  terms of the  reduced rec ip -  

r o c a l  l a t t i c e  coordina tes  ( q x y  
•÷Y' 

q Z )  i n  Table I along with the  

group r e p r e s e n t a t i o n  f o r  each po in t  and the  number of such 

po in t s  i n  t h e  Br i l lou in .  zone. I n  Figure 3 g i s  an a r b i t r a r y  

poin t ,  fi i s  a poin t  i n  the  plane def ined  by ~ A L K ~  and the  o the r  

po in t s  a r e  c l e a r  from t h e  f i g u r e .  Although they have been given 

d i f f e r e n t  des ignat ions  i n  Figure 2, p o i n t s  U and K have the  same 

symmetry p roper t i e s ;  T, h, , h2 and h3 a r e  numbers with values 

from 0 t o  1. 
TABLE I 

The Symmetry Po in t s  of t h e  Reciprocal  L a t t i c e  of Zincblende. 

Symmetry P o s i t i o n  Group Number of Points 
Poin t  ( q p  q Y y  qz )  Representat ion i n  B.Z. 
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3.5 Descr ip t ion  of t h e  S .N . I .  Model 

(a)  Equations of motion of a c r y s t a l l i n e  l a t t i c e .  Consider 

small  a r b i t r a r y  displacements,  Ci ( K ) ,  of the  ions  from e q u i l i -  

brium where K = 1, 2 l a b e l s  t h e  type of ion .  The p o t e n t i a l  en- 

e rgy  of t h e  deformed l a t t i c e  can be expanded i n  powers of 

these  displacements . The l i n e a r  term of t h i s  expans ion  vanishes 

i n  equ i l ib r ium and the  second order  term is  

where 
0 

and xi(:) a r e  the  r ec tangu la r  components of ~(i). In the  har -  

monic approximation h igher  order  terms i n  t h e  expansion of 5 
a r e  neg lec ted .  $ i j  i s  the  dynamical mat r ix  r ep resen t ing  the  f o r c e  

cons tan t s  between the  ions i n  the  l a t t i c e .  

The equat ion of motion of an  ion of type K and mass mK 

i s  given by 

For an  independent normal v i b r a t i o n  of the  l a t t i c e  t h i s  equat ion  

has plane wave s o l u t i o n s  of the  form 



then  t h e  equat ion  of motion can be w r i t t e n  as 

where 

a r e  the  elements of the  dynamical mat r ix  i n  r e c i p r o c a l  space.  

4 The equat ion  of motion (3.5) f o r  a wavevector q  i n  t h e  r e c i -  

p roca l  space of t h e  l a t t i c e  a r e  a s e t  of s i x  homogeneous eq- 

ua t ions  i n  t h e  amplitudes v ~ ( K ) .  The necessary  and s u f f i c i e n t  

cond i t ion  t h a t  t h i s  s e t  should have a n o n - t r i v i a l  s o l u t i o n  i s  

t h a t  

I n  the  case of the  S.N.I.  model the  dynamical ma- 
-+ 

t r i x ,  C X y ( K q K f ) ,  i s  made up of two p a r t s ,  a s h o r t  + range p a r t  
4 

SrC ( , )  and a long range Coulomb p a r t  'C ( q K  I )  such t h a t  
Xy K K xy tC \ 

(b) Shor t  range f o r c e s .  From t h e  symmetry of the  l a t t i c e  it 

may be shown (Merten, 1958) t h a t  t h e  f o r c e  cons tan t  matr ix  f o r  

t h e  f i r s t  neighbours i s  



and f o r  t h e  second n e a r e s t  neighbours, assuming c e n t r a l  f o r c e s  

(Smith, 1948, and Braunstein,  Herman and Moore, 1958) 

where K = 1, 2 l a b e l s  t h e  type of ion.  I n  terms of t h e s e  f o r c e  

cons tan t s  t h e  s h o r t  range parts of t h e  dynamical ma t r i ces  a r e  

g iven  i n  q,, qy, q, space by 



The remaining elements a r e  obta ined  by a c y c l i c  per -  

mutat ion of the  i n d i c e s  and by us ing  t h e  f a c t  t h a t  

i s  t h e  he rmi t i an  con jugate  of Cxy(l'2). . where C*Jl 2) 

( c )  Long range f o r c e s .  The e f f e c t i v e  c o n t r i b u t i o n  of t h e  long 

range f o r c e s  t o  the  dynamical mat r ixes  were obtained by Ke l l e r -  

man (1940) f o r  the  N a C l  l a t t i c e .  Cochran (1959) has  app l i ed  

- t h i s  theory  t o  t h e  diamond l a t t i c e  and i t  has been extended t o  

zincblende by Banerjee and Varshni (1969).  

From Cochranls  paper ( l959) ,  t h e  elements of t h e  dy- 

namical ma t r ix  of the  long range f o r c e s  due t o  Coulomb i n t e r -  

a c t i o n  of the  ions  i n  t h e  l a t t i c e  a r e  g iven  by 

C 
2 , a e x p ( i < . s )  

x Y A axay 17 - - 5 1 
and 

where 5 = f(: ) and Ze is  the  e f f e c t i v e  charge of the  ion .  

If one takes  i n t o  account t h e  s t r u c t u r e  of the  zinc-  

blende l a t t i c e ,  the  elements of the Coulomb dynamical mat r ic  
4 

a r e  given by Ccxy(K 5 ' )  



and 2 2 c  s'. 
( v , h  e ) C ( K  K') = G ( K K )  -Hxy(m) 

XY ?rY 

Hxy (m) = 22 [-f (m) ~xy+g(m)mxmy/m2  exp pin({.$) 
m 
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where c i s  an a r b i t r a r y  parameter and A ,  m, q, h, a r e  appro- 

p r i a t e  l a t t i c e  and r e c i p r o c a l  l a t t i c e  vec to r s .  

The ca lcu la ted  values f o r  ( z / ~ )  'C ( ' , ) f o r  the  
I xy K 

c r i t i c a l  po in t s  X, L and W of t h e  zincblende s t r u c t u r e  a r e  

l i s t e d  i n  Table 11. , 

I 

( c )  Dynamical matr ix  and e l a s t i c  cons tan t s  f o r  S.N.I. model. 

The f i n a l  dynamical mat r ix  element i s  g iven  by equat ion 3.8. 

The matr ix  i s  Hermitian and can be diagonal ized t o  ob ta in  the  

normal mode f requencies  of the  l a t t i c e  a t  any po in t  i n  the  

B.Z.: 

In genera l  t h i s  equat ion i s  a s i x  by s i x  complex 
I 

determinant whose s o l u t i o n  i s  n o t  simple; however, a t  t h e  c r i -  

t i c a l  po in t s  F, X, L and W, the  determinant f a c t o r s  and r e l a -  

t i v e l y  simple a n a l y t i c a l  s o l u t i o n  a r e  obta ined .  These s o l -  

u t i o n s  a r e  given below i n  terms o f ,  t h e  seben S . N . I .  model par- 

ameters a ,  8 ,  P I ,  P2, 11, 1 2 ,  and X *  



TABLE I1 

-4 

The values of  ( 2 / X ) C ~ x y ( K q K f )  i n  u n i t s  of lo3 dynes/cm f o r  the  

c r i t i c a l  po in t s  X, L and W. 

(1) Merten, 1958. 



W 
2  4  

LA (X) = - 
m [ a  + 4u2 + . 5 4 1 2 5 ~ 1  

2  

Where 



Where 

(U -U -v +v ) 

2 2 1  + (W-X 



Where 
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One can a l s o  deduce the  r e l a t i o n  between the  coupl- 

ing parameters  of t h e  model and t h e  e l a s t i c  cons tan t s  of a 

c r y s t a l l i n e  m a t e r i a l  ( ~ o r n  and Huang, 1954) . These ca lcu-  

l a t i o n s  have been c a r r i e d  out  by Blackrnan (1958) and t h e  r e -  

s u l t s ,  v e r i f i e d  by Merten (1958) a r e  g iven  by 

where 
2 2  5 2  A = 2.519 Z e /2a -$/a 

and 
2 2  

B = 4a-4nz e /6a3 

C B 
In t h e  eva lua t ion  of C X y t K  , )  and the  e l a s t i c  cons tan t s  t h e  

a c t u a l  charge Ze is  considered .as a parameter and is  repre -  

sen ted  by x = z2e2/a3. This g ives  a measure of t h e  i o n i c i t y  

of t h e  c r y s t a l .  

!The S.N.I. model can be f i t t e d  t o  the  c r i t i c a l  p o i n t  

f requencies  deduced from the  observed Raman s c a t t e r i n g  d a t a  

us ing  thb equat ions  f o r  the  normal mode f requencies  a t  the  

c r i t i c a l  p o i n t s r ,  X, L, W .  The e l a s t i c  cons tan t s  a r e  used a s  

a c o n s t r a i n t  -of  the  values of the  model parameters obtained 
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and t h e r e f o r e  a l s o  c o n s t r a i n  the  assignments of the observed 

Raman f e a t u r e s .  The a p p l i c a t i o n  of the  S  . N . I .  model t o  the  

a n a l y s i s  of the  Raman s p e c t r a  of the  zincblende mate r i a l s  

s tudied  i n  t h i s  work i s  .found i n  Chapter 6 .  

I n  order  t o  make the  f i r s t  t e n t a t i v e  assignments t o  

the  f e a t u r e s  of an observed Raman spectrum i t  i s  necessary t o  

know the  processes  c o n t r i b u t i n g  t o  these  f e a t u r e s .  To t h i s  end 

the  theory of Raman s c a t t e r i n g  i n  zincblende m a t e r i a l s  i s  r e -  

viewed b r i e f l y  i n  Chapter 4. Since i t  d e s i r a b l e  t o  compare the 

p o l a r i z a t i o n  c h a r a c t e r i s t i c s  of the  observed Raman f e a t u r e s  

with the p o l a r i z a t i o n s  predic ted  from group theory,  the r e l a v e n t  

group theory and method of a n a l y s i s  i s  a l s o  presented i n  the 

fol lowing Chapter. 



CHAPTER 4 

RAMAN SCATTERING IN ZINCBLENDE CRYSTALS 

4.1 The Raman Effect . 

The Raman effect can be viewed quantum mechanically 

in the following way. Electromagnetic radiation of energy hwi, 
4 

L 

wave vector ki and polarization vector ei is incident on a 

crystal interacts with the electrons in the crystal through its 

polarizability, and a photon is absorbed, thereby exciting a 

transition from an initial electronic ground state to a virtual 
-# 

intermediate state. A second photon (hms, ks' &,) is emitted 

with an accompanying transition from the virtual intermediate 

state back to the initial electronic ground state. At the same 

time there are accompanying changes in the vibrational states 
4 

of the lattice and one or more phonons (hn, q, G )  are created or 
destroyed (Burstein, 1964). 

The mechanics of the Raman scattering process are il- 

lustrated in Figures 4 and 5. In Figure 5, ne and n, designate 

the electronic and vibrational energy levels respectively, while 

nj is the quantum mechanical occupation number of the phonon 

energy states of the crystal. 

The requirement of conservation of energy and momentum 

are expressed for one phonon by 



Figure 4. Raman scattering geometry and corresponding wave- 
vector diagram. 

Figure 5. The electronic and vibrational transitions which 
occur in Stokes and anti-Stokes Raman scattering. 



where t h e  + s i g n  r e f e r s  t o  the  c r e a t i o n  of a phonon and t h e  - 
s i g n  t o  t h e  a n n i h i l a t i o n  of a phonon. Since 

This r e q u i r e s  t h a t  Dhe phonon c rea ted  o r  destroyed i n  t h e  Raman 

process must have a wavevector corresponding t o  a po in t  near the  

B r i l l o u i n  zone cen t re .  

For two phonons 

and again,  s i n c e  

and t h e  wavevector of the  two phonons must be approximately equal  

i n  magnitude and opposi te  i n  d i r e c t i o n .  

The e l e c t r i c  f i e l d  of t h e  i n c i d e n t  r a d i a t i o n  i n t e r a c t s  

d i r e c t l y  with the  e l ec t rons  i n  t h e  c r y s t a l  and i n d i r e c t l y  with 

t h e  l a t t i c e  v i a  t h e  e l e c t r o n s .  The i n c i d e n t  r a d i a t i o n  can be 

II - 
+ 

charac ter ized  by ei = ii E .  exp i (ki r - % t i .  This f i e l d  
1 

4 

when inc iden t  on the  c r y s t a l  inddces a d ipo le  moment M proporticn- 

a 1  t o  the  p o l a r i z a b i l i t y  t ensor  a of t h e  c r y s t a l .  
iJ 



Sca t t e red  l i g h t  i s  produced by r e - r a d i a t i o n  of energy by t h e  
4 

induced d ipo le  moment M. The i n t e n s i t y  depends on the  s t a t e  

of p o l a r i z a t i o n  of the  inc iden t  and s c a t t e r e d  r a d i a t i o n  a n d . t h e  

e l e c t r o n i c  p o l a r i z a b i l i t y  t ensor  : 

=t 
where da r e p r e s e n t s  the  change i n  a s soc ia ted  with t h e  cre-  

=$ 
a t i o n  or d e s t r u c t i o n  of the  phonons. This change, da can be 

w r i t t e n  i n  terms of the  ion ic  displacements (Loudon, 1964) : 

where uk(9) ,  u i  ( 4 )  r ep resen t s  t h e  displacement of the  atoms 

and t h e  s u b s c r i p t s  i n d i c a t e  t h e  v i b r a t i o n a l  branch. The f i r s t  

term on the  r i g h t  of equat ion (3.5) i s  r e spons ib le  f o r  f i rs t -  

order  ( o r  one-phonon) s c a t t e r i n g ,  the  second i s  respons ib le  f o r  

second-order (o r  two-phonon) s c a t t e r i n g ,  and s o  on. 

The f i r s t - o r d e r  p o l a r i z a b i l i t y  c o e f f i c i e n t  ha 
s $ y q ) ,  Is 

a  th i rd - rank  t ensor ,  t h e  non-zero components of which a r e  de te r -  

mined by t h e  symmetry of t h e  phonons. These Raman t ensors  have 

been worked out f o r  t h e  symmetries of the  v i b r a t i o n a l  modes 

which occur i n  zincblende by Loudon (1964) and a r e  found i n  

Table 111. The t ensor  components a r e  r e f e r r e d  t o  t h e  cubic cry- 

s t a l l o g r a p h i c  axes :, 3 and k of Figure 2. The 

of t h e  zincblende l a t t i c e  which a r e  Raman a c t i v e  a r e  i l l u s t r a t e d  

i n  Figure 6a. The normal mode v i b r a t i o n s  with r, ,  symmetry 

spec ies  a r e  a l s o  i n f r a r e d  a c t i v e  and t h e  d i r e c t i o n  of polar iza-  

t i o n  of each mode i s  ind ica ted  i n  brackets  beside r15 i n  Figure 6. 
t 



Figure  6- Some normal modes of v i b r a t i o n  f o r  t h e  t e t r a -  
h e d r a l  molecule wi th  Td ~ ~ e t r y .  The t e t r a -  
h e d r a l  molecule has n ine  i n t e r n a l  degrees of 
freedom and thus n ine  normal modes of v i b r a t i o n ;  
however, only  the  s i x  which a r e  shown he re  par -  
t i c i p a t e  i n  e i t h e r  f i r s t  o r  second o rde r  Raman 
processes  ( ~ o u d o n , l 9 6 4 )  . 



TABLE I11 

The Raman tensors for zincblende. 

0 

Irreducible Raman- Tensor Irreducible Raman Tensor 
Representation Representation 

(: : :) 
o d o  

4.2 The Temperature Dependence of Raman Processes 

The scattering intensity of Raman processes are temp- 
- f 

erature dependent through the mean occupation number, n, of 

the phonon states involved. 

where v is the wave number v = v = of the phonon state, 
7 A% 

h is Planckfs constant, c is the velocity of light, k is the 

Boltzman constant and T is the temperature. The temperature 

dependent factors for the various Raman processes are listed in 

Table IV for both Stokes and anti-Stokes radiation. 



TABLE I V  - 

The Temperature Dependence of Raman P roces se s .  

P roces se s  Frequency ' Stokes  Anti-Stokes 

4.3 S e l e c t i o n  Rules f o r  t h e  ~ i r s - t  Order Raman E f f e c t  

It has  been seen  i n  S e c t i o n  4 .1  t h a t  t h e  phonons 

c r e a t e d  o r  de s t royed  i n  t h e  f i r s t  o r d e r  Raman process  have a l -  

most z e r o  wavevector.  These phonons a r e  non-propagat ing and do 

n o t  s e e  t h e  t r a n s l a t i o n a l  p r o p e r t i e s  of t h e  l a t t i c e ,  t hus ,  on ly  

t h e  p o i n t  group of t h e  u n i t  c e l l  r a t h e r  t h a n  t h e  space grodp of 

t h e  c r y s t a l  need be cons idered  t o  d e r i v e  t h e  s e l e c t i o n  r u l e s  

f o r  f i r s t  o rde r  Raman a c t i v i t y .  It i s  found t h a t  f o r  t h e  z inc -  

b lende s t r u c t u r e  a t  t h e  zone c e n t r e ,  bo th  t h e  a c o u s t i c  and o p t i c  

modes have symmetry s p e c i e s  r,, and a r e  t r* ly  degene ra t e  by 

group theory  (Ni l sen ,  196911) . 

I n  a d d i t i o n  t o  c r y s t a l  symmetry c o n s i d e r a t i o n s  Pou le t  

(1955) has  shown t h a t  i n  p o l a r  c r y s t a l s  t h e r e  i s  a macroscopic 

e l e c t r i c  f i e l d  a s s o c i a t e d  w i t h  t h e  l o n g i t u d i n a l  o p t i c a l  (LO)  

mode g i v i n g  i t  a h i g h e r  energy t h a n  t h e  t r a n s v e r s e  o p t i c a l  ( T O )  

mode. Thus t h e  degeneracy of t h e  o p t i c a l  branch i s  p a r t l y  r e -  

f I 
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moved leaving  a  LO mode and a  doubly-degenerate TO mode. The 

LO and TO f requencies  near  the  B . Z .  c e n t r e  obey a  r e l a t i o n  

e s t a b l i s h e d  by Lyddane, Sachs and T e l l e r  (1941) 

(3.7) 

where c s  i s  t h e  s t a t i c  d i e l e c t r i c  p e r m i t t i v i t y  and C, i s  the  

d i e l e c t r i c  p e r m i t t i v i t y  a t  f requencies  s u f f i c i e n t l y  high t h a t  

the  ions cannot respond t o  t h e  e l e c t r i c  f i e l d  o f ,  t h e  r a d i a t i o n .  

The Raman t ensors  f o r  t h e  r,, v i b r a t i o n a l  modes (see 

Table 111) a r e  transformed so  t h a t  t h e  p o l a r i z a b i l i t y  t ensor  

i s  expressed i n  terms of the  coordina tes  •÷,,which i s  p a r a l l e l  

t o  the  wavevector of t h e  phonon, and q and q t 2  which a r e  mu- 
t 1 

t u a l l y  perpendicular  t o  t h e  phonon wavevector. I n  t h i s  way t h e  

t ensors  r e f e r  t o  purely l o n g i t u d i n a l  and t r ansverse  phonons. 

The t e n s o r s  a r e  then transformed t o  t h e  l abora to ry  re fe rence  

frame. I n  order t o  ob ta in  q u a n t i t i e s  p ropor t iona l  t o  the  Raman 

i n t e n s i t y  t h e  elements of t h e  r e s u l t i n g  t ensors  a r e  squared and 

the  r e s u l t s  f o r  the  TO modes a r e  added toge the r .  The s c a t t e r i n g  

i n t e n s i t y  matrices f o r  the  two c r y s t a l  o r i e n t a t i o n s  which r e s u l t  

a r e  given by (Poulet ,  1955) 1 

where Ei r e f e r s  t o  the  e l e c t r i c  f i e l d  i n t e n s i t y  of t h e  inc iden t  
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The s ing le  c r y s t a l s  inves t igated here were prepared 

having two p a r t i c u l a r  o r i en t a t i ons .  These two c r y s t a l  o r i en t a -  

t ions  a r e  designated (100) and (110).  The (100) c r y s t a l  is c u t  

and polished with a l l  100 faces;  whereas, the (110) c r y s t a l  is  

cu t  with four  110 faces  and two 100 f aces .  I n  both cases the 

c r y s t a l s  a r e  i n  the shape of rec tangular  para l lopipeds .  

Figure 6b shows the  c r y s t a l  o r i e n t a t i o n  r e l a t i v e  t o  

the s c a t t e r i n g  geometry used i n  the  Raman s c a t t e r i n g  experi-  

ments .  In a l l  cases the  inc iden t  l i g h t  was di rected along the 

laboratory  Z a x i s  and the  s ca t t e r ed  l i g h t  detected along the 

laboratory  X a x i s .  

(100) CRYSTAL (110) CRYSTAL 

Figure 6b - The s c a t t e r i n g  geometry and s ing l e  c r y s t a l  orien-  
t a t i o n s  used i n  the Raman s c a t t e r i n g  experiments. 

C 



I n  order  t o  des igna te  t h e  p o l a r i z a t i o n  and d i r e c t i o n  

of t h e  i n c i d e n t  and s c a t t e r e d  l i g h t s  t h e  fo l lowing n o t a t i o h  w i l l  

be used: t h e  f i r s t  and las t  l e t t e r s  i n  Z ( W ) X  i n d i c a t e  t h e  d i -  

r e c t i o n  of propagat ion f o r  t h e  i n c i d e n t  and s c a t t e r e d  l i g h t ,  

r e s p e c t i v e l y ;  t h e  f i r s t  and last  l e t t e r s  i n s i d e  t h e  p a r e n t h e s i s  

i n d i c a t e  t h e  p o l a r i z a t i o n  d G e c t i b n s  of t h e  i n c i d e n t  and s c a t -  

t e r e d  l i g h t ,  r e s p e c t i v e l y .  For example, f o r  a (100) c r y s t a l  

-and p o l a r i z a t i o n s  Z (XZ)X one would expect  from t h e  i n t e n s i t y  

ma t r i ces  above a- very  weak l o n g i t u d i n a l  o p t i c a l  peak and a s t r o n g  

t r a n s v e r s e  o p t i c a l  phonon peak i n  t h e  Raman spectrum. For t h e  

same experimental  s e t  up bu t  us ing  a (110) c r y s t a l  one would: 
I 

expect  both very weak LO(r) and TO(r) l i n e s  where t h e  symbol i n  

t h e  bracket  r e f e r s  t o  t h a t  p o i n t  of t h e  B.Z .  w i th  which t h e  I 

phonon i s  a s s o c i a t e d .  

4.4 S e l e c t i o n  Rules f o r  t h e  Second Order Raman E f f e c t  

The .second order  Raman e f f e c t  involves  two phonons; \ 

because of t h i s  t h e  conservat ion  of momentum does n o t  r e q u i r e  

t h a t  t h e  s c a t t e r i n g  process  t ake  p l a c e  near  t h e  B.Z. c e n t r e .  In- 

.deed, second order  Raman s c a t t e r i n g  can o r i g i n a t e  from every 

po in t  i n  t h e  B. 2 .  However, t h e  d e n s i t y  of two phonon s t a t e s .  

tends  t o  become g r e a t e r  f o r  l a r g e r  phonon wavevectorsand thus  

most second order  Raman s c a t t e r i n g  t a k e  p lace  near  t h e  B.Z.  

boundary. Even though t h e  s c a t t e r i n g  even t s  may be assumed t o  



occur near  t h e  B.Z. boundary an i n t e r p r e t a t i o n  of t h e  Raman 

spectrum as such would be impossible i f  it were no t  f o r  t h e  ex- 

i s t e n c e  of c r i t i c a l  po in t s  i n  t h e  B.Z. (Van Hove, 1953 and 

P h i l l i p s ,  1956). 

C r i t i c a l  po in t s  f o r  t h e  zincblende r e c i p r o c a l -  l ' a t t i c e  

occur a t  X(1, 0, 0) ,  L($, 3, 3) and W(1, *,0) on t h e  B.Z. bound- 

a r y  (Parmenter, 1955). These po in t s  l o c a t e  r eg ions  of h igh  

phonon d e n s i t y  of s t a t e s .  

S c a t t e r i n g  from phonons a t  t h e s e  c r i t i c a l  p o i n t s  i s  

be l ieved t o  be r e spons ib le  f o r  t h e  s h a r p  f e a t u r e s  i n  t h e  second 

order  Raman s p e c t r a  and many r e s e a r c h e r s  have i n t e r p r e t e d  t h e i r  

Raman s p e c t r a  accordingly.  It should be noted t h a t  r ( 0 ,  0, 0 )  

is  a l s o  a c r i t i c a l  po in t  due t o  t h e  f l a t t e n i n g  of t h e  d i s p e r s i o n  

curves a t  t h e  B.Z. c e n t r e  but  r does no t  have t h e  h igh  d e n s i t y  of 

s t a t e s  a s s o c i a t e d  with t h e  zone boundary c r i t i c a l  p o i n t s .  

The second o rde r  Raman s e l e c t i o n  r u l e s  have been der-  

ived f o r  t h e  zincblende c r y s t a l  s t r u c t u r e  by Birman (1963).  

The procedure used t o  o b t a i n  these  s e l e c t i o n  r u l e s  i s  b r i e f l y  

ou t l ined  i n  t h e  Appendix. These s e l e c t i o n  r u l e s  a r e  sumrnar- 

ized  i n  Table V. In Table V, cblumn 2 g i v e s  the  i r r e d u c i b l e  

r e p r e s e n t a t i o n s  of t h e  Raman a c t i v e  modes a t  each c r i t i c a l  

p o i n t .  Column 3 g ives  t h e  p ~ l a r i i ~ ~ a t i o n  of t h e s e  modes where 

d i s t i n g u i s h a b l e  by group theory .  Column 4 l i s t s  t h e  p o s s i b l e  

two phonon processes  poss ib le  a t  each c r i t i c a l  p o i n t .  Columns 

5 and 6 express  the  i n f r a - r e d  and Raman a c t i v i t y ,  r e s p e c t -  

ive ly ,  i n  terms of t h e  i r r e d u c i b l e  r e p r e s e n t a t i o n s  of t h e  
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po in t  group Td ( ~ i r m a n ,  1963 and Krauzman, 

be seen from the  t a b l e  t h a t  a l l  two phonon 

1969). It can 

processes  a r e  Raman 

a c t i v e .  Also it should be noted t h a t  t h e  ~ U I ( L )  and ~ L O ( L )  

two phonon processes  a r e  forb idden in i n f r a - r e d  absorp t ion .  

4.5 P o l a r i z a t i o n  P r o ~ e r t i e s  of t h e  Second Order Raman S ~ e c t r u m  

I n  order  t o  d i s t i n g u i s h  which symmetry s p e c i e s  a r e  

present  i n  a Raman spectrum it i s  necessary  t o  know t h e  s c a t -  

- t e r i n g  i n t e n s i t y  matr ices  f o r  t h e  i r r e d u c i b l e  r e p r e s e n t a t i o n s  

of the  Raman a c t i v e  v i b r a t i o n s .  The Raman t e n s o r s  correspond- 

ing t o  t h e  t h r e e  i r r e d u c i b l e  r e p r e s e n t a t i o n s  rl, r,, and r1 of 

t h e  p o l a r i z a b i l i t y  t ensor  are' g iven  i n  Table I11 r e l a t i v e  t o  t h e  
A A A 

cubic c e l l  a x i s  i, j and k. By t ransforming t h e s e  ma t r i ces  from 

t h e  c r y s t a l  o r i e n t a t i o n  under examination t o  t h e  l a b o r a t o r y  co- 

o rd ina tes  X, Y and Z and squar ing  t h e  element of t h e  transformed 

t ensors  one ob ta ins  the  Raman s c a t t e r i n g  i n t e n s i t y  ma t r i ces  f o r  

t h e  i r reducib le  r e p r e s e n t a t i o n s  (Nilsen, 1969b ): 

The r,, matr ices  f o r  each c r y s t a l  o r i e n t a t i o n  may 

be obtained from t h e  sum of Raman s c a t t e r i n g  i n t e n s i t i e s  f o r  

t h e  LO and TO modes given i n  s e c t i o n  3.4. 
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The i n t e n s i t y  matr ices  p r e d i c t  which i r r e d u c i b l e  r e -  

p resen ta t ions  a r e  p resen t  i n  a Raman spectrum. For example con- 

s i d e r  a Z ( X Z ) X  spectrum f o r  a (110) c r y s t a l ;  only the  I?,, v i -  

b r a t i o n a l  spec ies  a r e  .p resen t  i n  the  s p e c t r a .  S i m i l a r l y  a 

Z ( X Y ) X  spectrum f o r  a  (110) c r y s t a l  conta ins  only T,, spec ies  

i n  second order  and the LO and TO modes i n  f i r s t  order  ( r e f e r -  

r i n g  t o  s e c t i o n  2 . 4 ) .  The f e a t u r e s  i n  the  Rman s p e c t r a  which 

conta in  T, spec ies  can be obtained i n d i r e c t l y  from s p e c t r a  con- 

t a i n i n g  both T, and T,, spec ies  and comparison with a spectrum 

conta in ing  only the r,, s p e c i e s .  A knowledge of t h e  p o l a r i z a -  

b i l i t y  r ep resen ta t ions  p resen t  in each f e a t u r e  of the  Raman 

s p e c t r a  should give some i n d i c a t i o n  as t o  which c r i t i c a l  

po in t  c o n t r i b u t e s  t o  each f e a t u r e .  This method of a n a l y s i s  

should, i n  p r i n c i p l e ,  be of g r e a t  a s s i s t a n c e  i n  making ass ign-  

ments t o  t h e  var ious f e a t u r e s  observed in the  second order  

Raman spectrum. 
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CHAPTER 5 

EXPERIMENTAL 

5.1 Apparatus 

Raman s c a t t e r i n g  experiments have been c a r r i e d  out 

by s e v e r a l  experimenters f o r  many yea r s  now. Indus t ry  has r e s -  

ponded t o  t h i s  and t h e  a c t i v i t y  of r e l a t e d  f i e l d s  of physics t o  

produce equipment p a r t i c u l a r l y  s u i t e d  t o  the  needs of Raman 

s p e c t r o s c o p i s t s  (monochromators, l a s e r s  and photomul t ip l ie r  

tubes ) . 

Figure 7 shows a schematic diagram of the  experimental  

apparatus  used i n  t h i s  study. Experiments were c a r r i e d  out over 

a four  year  per iod on d i f f e r e n t  compounds and some changes i n  

equipment occurred. These v a r i a t i o n s  a r e  summarized i n  Table 

VI . 

TABLE V I  

Summary of changes i n  experimental  appara tus .  

Compound Laser E lec t ron ics  . PM Tube Temperature Varied 
X ( A )  

ZnTe 63 28 PAR EM1 
9558 

ZnSe 4880 PAR I T T  
5145 FW 130 

Zn Se (2) 4880 Photon Cooled 
5145 Counting FW 130 

Gap 6328 Photon Cooled 
Counting FW 130 

Yes 

Yes 

No 

No 

(1) Polycrys ta l .  ( 2 )  Oriented s i n g l e  c r y s t a l s .  
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Figure 7. A schematic diagram of experimental set up. 
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In genera l ,  however, t h e  Raman s p e c t r a  were exci ted  

with e i t h e r  an argon ion l a s e r  opera t ing  a t  4880A or  5145i a t  

powers between 20 and 200 m i l l i w a t t s  or  a He-Ne l a s e r  operat-  

ing  a t  63281 with an output power of about 50 m i l l i w a t t s .  A 

90 degree s c a t t e r i n g  geometry was employed; t h a t  i s  the  sca t -  

t e r e d  l i g h t  was co l l ec ted  i n  a  d i r e c t i o n  perpendicular  t o  t h e  

inc iden t  beam. The sample was mounted on a goniometer and could 

be c a r e f u l l y  a l igned i n  a l l  o r i e n t a t i o n s .  

The s p e c t r a  were analysed us ing  a Spex double mono- 

chromator (model 1400). The l a s e r  output  was h igh ly  polar ized  

and i t s  o r i e n t a t i o n  was varied us ing  a half-wave r e t a r d a t i o n  

p l a t e .  A polaro id  shee t  was used t o  s e l e c t  t h e  des i red  po la r i z -  

a t i o n  component of t h e  s c a t t e r e d  l i g h t .  A quartz  wedge was used 

t o  depolar ize  t h e  l i g h t  en te r ing  t h e  monochromator ensuring a 

monochromator response independent of t h e  p o l a r i z a t i o n  of the  

s c a t t e r e d  l i g h t .  

Two d i f f e r e n t  de tec t ion  systems were used: (a )  t h e  

inc iden t  l i g h t  was chopped a t  40 Hz and t h e  Raman s i g n a l  ana- 

lysed with a lock- in  ampl i f i e r  (Pr ince ton  Applied Research, model 

HR 8 )  or ( b )  the  photomult ipl ier  was cooled t o  dry  i c e  - a lcoho l  

temperature and t h e  s c a t t e r e d  photons were counted us ing  a  pre- 

ampl i f i e r ,  pulse  he igh t  ana lyser  and ra temeter  (Ortec ). Two 

d i f f e r e n t  photomul t ip l ie r  tubes were used, a EM1 9558 and a I T T  

FW-130, both of S-20 response. l'he e f f e c t i v e  cathode s i z e  of 

the  I T T  photomul t ip l ie r  used was 0 . 1  inches i n  diameter .  This 

tube when cooled t o  dry i c e  - a lcoho l  temperature had a dark 

count of about 1 per second. 



The i n c i d e n t  l a s e r  beam was focused onto the  sample 

using a 180 rnm l e n s  and t h e  s c a t t e r e d  l i g h t  was c o l l e c t e d  by a 

f/2, 55 rnm f o c a l  l e n g t h  l e n s .  This l e n s  was matched t o  the  f 

number of the  ent rance  s l i t  of t h e  spectrometer .  

The f i r s t  order  s p e c t r a  were measured with a s l i t  

width g iv ing  a r e s o l u t i o n  of about 1 cm-I and t h e  second order  

s p e c t r a  wi th  a s l i t  width g iv ing  a r e s o l u t i o n  of about 4 cm'l. 

The s p e c t r a l  l i n e s  from a neon Ge i s s l e r  tube were superimposed 

on the  s p e c t r a  f o r  purposes of c a l i b r a t i o n .  

The Raman s p e c t r a  of ZnTe and ZnSe were measured a t  

temperatures between ~ O K  and 300•‹K. A helium-cooled v a r i a b l e  

temperature dewar manufactured by Andonian Associa tes  Inc . 
served as the  c r y o s t a t  i n  these  experiments.  

5.2 Acqu i s i t ion  and Prepara t ion  of Samples 

(a)  ZnTe . Pas t  experiments on ZnTe have been made d i f f i c u l t  by 

s t r o n g  luminescence. For t h i s  reason s e v e r a l  ZnTe c r y s t a l s  

were s t u d i e d  i n  t h i s  work. These came from t h r e e  sources:  

(i) One which came from Harshaw Chemical Company and 

showed no luminescence. 

(ii) A c r y s t a l  rece ived  frdm P.C. Eastman and L. Bradf ie ld  

of t h e  Univers i ty  of Waterloo. This c r y s t a l  was grown i n  a 

carbon c r u c i b l e  from the  melt  and showed no luminescence. 

( i i i )  Crys ta ls  grown by the  author  from t h e  vapour us ing  

t h e  technique of P iper  and Po l i ch  (1961).  B r i e f l y  a 
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s to ichemet r i c  mixture of Zn and Te was heated i n  an r f  

furnace  with a peak temperature of 1150•‹C t o  1175'~.  

Some of these  c r y s t a l s  showed luminescence and some d i d  

n o t .  

It should be mentioned t h a t  luminescence i n  ZnTe 

occurred i n  s p i t e  of t h e  f a c t  t h a t  t h e  l a s e r  energy (1.955 e ~ )  

i s  much l e s s  than  the  bandgap ( -  2.25 eV a t  room temperature) . 

The luminescence cons i s t ed  of a broad band centered  

a t  about 1.88 eV. Previous workers ( ~ o p f i e l d ,  Thomas and Lynch, 

1960) have i d e n t i f i e d  such a band and have a t t r i b u t e d  i t  t o  

oxygen impur i t i e s  s u b s t i t u t e d  i s o e l e c  t r o n i c a l l y  in the  c r y s t a l  . 
Raman s p e c t r a  were obtained from a l l  of these  c r y s t a l s .  

Two o r i e n t e d  s i n g l e  c r y s t a l s  of ZnTe were c u t  and 

pol ished with f aces  ( l o o ) ,  (010) and (001) f o r  the  c r y s t a l  

designated (100) and with f a c e s  (110),  (:lo) and (001) f o r  the  

c r y s t a l  designated (110) . 

The o r i e n t a t i o n ,  o r  cu t ,  of the  c r y s t a l s  s t u d i e d  here  

was c a r r i e d  ou t  t o  wi th in  one degree accuracy. The c r y s t a l s  

w e r e p ~ l i s h e d  f l a t  t o  an o p t i c a l  f i n i s h  us ing  Logitech po l i sh -  

ing  equipment. Because of the  s o f t n e s s  of the ma te r i a l s ,  t i n  

lapping  p l a t e s  were used. 

( b )  ZnSe. Two s e t s  of experiments were c a r r i e d  out  on ZnSe. 

The f i r s t  was performed on a l a r g e  p o l y c r y s t a l l i n e  sample of 

ZnSe obtained. from Harshaw Chemical Company. It measured 4 mm 



x 8 mm x 8 mm i n  s i z e .  The second was performed on two s i n g l e  

c r y s t a l s  obtained from the o r i g i n a l  polycrys t a l l i n e  ZnSe . The 

c r y s t a l s  f o r  the  second experiment were c u t  and pol i shed  with 

s i d e s  ( l o o ) ,  ( O l O ) ,  (001) f o r  the  c r y s t a l  designated (100) and 

w i t h  s i d e s  (110) ,  ( i 1 0 ) ,  (001) f o r  t h e  c r y s t a l  designated (110). 

These two c r y s t a l s  measured about 2 mm x 2 rnm x 4 mm i n  s i z e .  

Some luminescence was observed i n  the  ZnSe m a t e r i a l .  

A t  room temperature the  luminescence occurred as a broad band 

around 6400i; however, t h e r e  was no v i s i b l e  luminescence i n  

the  s p e c t r a l  reg ion  around 4880A and 514% where the  Raman 

s c a t t e r i n g  experiments were c a r r i e d  o u t .  When the  sample temp- 

e r a t u r e  was lowered t o  temperatures below 100•‹K t h e  ZnSe cry- 

s ta ls  luminesced q u i t e  s t r o n g l y  and the  luminescence tended t o  

completely mask t h e  second order  spectrum. K r  and He-Ne l a s e r  

l i n e s  were used i n  an e f f o r t  t o  avoid t h e  luminescence problem 

but  these  at tempts  were n o t  very s u c c e s s f u l .  Despite t h e  lum- 

inescence t h e  major f e a t u r e s  of t h e  Raman spectrum were s t u d i e d  

with regard  t o  t h e i r  r e l a t i v e  i n t e n s i t y  t o  determine whether 

d i f f e r e n c e  frequency modes were p r e s e n t .  

( c )  Gap. The Gap m a t e r i a l  s t u d i e d  here  was obtained from two 

sources:  

(i) s i n g l e  c r y s t a l  p l a t e l e t s  from D r .  Konrad Colbow of 

t h i s  department o r i g i n a l l y  obtained from Semi-Elements 

Inc .  and 

(ii) s i n g l e  c r y s t a l  p l a t e l e t s  from D r .  Pe te r  Barnes a t  



B e l l  Telephone Laboratories,  Murray H i l l ,  N e w  Jersey .  

Although t h e r e  was no d i f ference  i n  t h e  two mate r i a l s  in t h e i r  

Raman spec t ra ,  the  r e s u l t s  reported here  were taken with a s i n -  

g l e  c r y s t a l  from sourc-e (ii) . 

The s i n g l e  c r y s t a l  ma te r i a l  s t u d i e d  showed no lumines- 

cence i n  the  region of the  spectrum observed. The c r y s t a l  

s i z e  a v a i l a b l e  a t  t h i s  time d i d  n o t  permit  t h e  c u t t i n g  of 

o r i en ted  s i n g l e  c r y s t a l s  f o r  a s tudy of the  p o l a r i z a t i o n  pro- 

p e r t i e s  of the  Raman spectrum of Gap. 
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CHAPTER 6 

RESULTS 

6.1 In t roduc t ion  

In t h i s  chapter  the  Raman s p e c t r a  of ZnTe, ZnSe and Gap 

a r e  presented .  The r e s u l t i n g  s p e c t r a  a r e  analysed us ing  the  

S.N.I. model. In s e c t i o n  6.4 the  p o l a r i z a t i o n  p r o p e r t i e s  of t h e  

Raman spectrum of ZnSe a r e  a l s o  presented .  These r e s u l t s  a r e  

compared with t h e  assignments made t o  the  Raman f e a t u r e s  based 

on the  S.N.I. model. In s e c t i o n  6.5 the  Raman spectrum of Gap 

is  analysed with t h e  purpose of comparing t h e  r e s u l t s  with the  

d i r e c t l y  measured values of the l a t t i c e  mode f requencies  ob- 

t a ined  from neutron s c a t t e r i n g  experiments.  

6 .2  Zinc T e l l u r i d e  

The Raman s p e c t m o f  ZnTe f o r  a  nonluminescent c r y s t a l  

a t  room temperature i s  shown i n  Figure 8 .  The f i rs t  order  modes 

have been l a b e l l e d  by the  l e t t e r s  A and B and t h e i r  f requencies  

have been measured t o  be 
- 

A: v = 2 0 8 . 3 + 0 . 5 c m - l  
- 

B: v = 1 7 7 . 5 & 0 . 5 c m - l  

The phonon f requencies  were independent of the  c r y s t a l  used t o  

wi th in  experimental  e r r o r  and thus a r e  no t  s t r o n g l y  inf luenced 

by i m p u r i t i e s .  The impuri ty  concent ra t ions  i n  t h e  ZnTe c r y s t a l s  

used va r i ed  from 5 x lo1" t o  5 x 1017 ~ m - ~ .  A t  these concentra- 

t i o n s  plasma e f f e c t s  ( ~ o o r a d i a n  and Wright, 1966) a r e  n e g l i g i b l e  

i n  ZnTe. The f i r s t  order  Raman s p e c t m o f  ZnTe was a l s o  observed 
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as  a function of c r y s t a l  o r ien ta t ion  (using (100) and (110) 

s ing le  c rys t a l s  j and incident  and sca t te red  l i g h t  po la r iza t ions .  

The r e s u l t s  f o r  the f i r s t  order modes were i n  good 

agreement with the predict ions of Poulet (1955) and the  se lec-  

t i o n  ru les  derived from Loudon's (1964) polarizabi ' l i ty tensors . 

The values obtained f o r  the  zone center  frequencies 

can be compared t o  the  d i e l e c t r i c  constant  by using the  Lyddane- 

Sachs -Te l l e r  (LST) r e l a t i o n  of equation (4.7). Agreement was 

obtained between the frequencies and the  published d i e l e c t r i c  

constant t o  about 3%. In TableVII a r e  found the  published d i -  

e l e c t r i c  constants  and the measured room temperature values 

of the f i r s t  order Raman frequencies and the percentage agree- 

. ment between the  two f o r  ZnTe, ZnSe and Gap. 

TABLE VII 

A comparison of the measured room temperature f i r s t  order Raman 
frequencies t o  the measured d i e l e c t r i c  constants  using the LST 
r e l a t i o n .  

ZnTe 208.32.5 177.5r.5 * 1 0 . 4 ( ~ )  7.3(p) ' . 3% 

ZnS e 250. f l  203. ?1 g . l 0 ( ~ )  5 . 9 0 ( ~ )  1% 

Gap 402.821 366.6 h 10 .18(~)  8.46(e) 1% 

- -- 

Nahory and Fan (1967); ( b )  Aten e t  al. 
Berl incourt  e t  a1. (1963); ( d )  Marpole 
Barker (1968). 



The numbers i n  Figure 8 designate the  observed fea-  

t u re s  i n  the  second order spectrum and Table hJI contains . a . l i s t  

of the  frequencies corresponding t o  these f ea tu res .  Column four  

of Table K h  g&s the mode assignments made t o  these f ea tu res .  

Column three  l i s t s  f o r  comparison purposes the  frequencies of 

the second-order fea tures  measured by Nari ta e t  a l , (1967) .  

- .  

The assignments have been made on the following bas i s .  

It w i l l  be noticed t h a t  a Raman peak has been obsetved a t  364cm-l 

which i s  missing from Nar i ta ' s  in f ra red  spectrum. This peak has 

been assigned t o  2 ~ 0 ( X )  s ince i t s  p a r t i c u l a r  overtone i s  forbid- 

den i n  in f r a red  absorption but  allowed in Raman s c a t t e r i n g  (see  

Table V ) . 
The f ea tu res  below 160-I could be due t o  combinations 

of transverse acoust ic  phonons (sums and overtones) or  t o  d i f -  

ferences such a s  LA(x)-W(X). The dif ferences  a r e  ruled out  f o r  

two reasons. F i r s t l y ,  the i n t e n s i t y  of fea tures  due t o  d i f -  

ferences decreases much more rapidly  with temperature than the 

i n t e n s i t y  of sums and overtones (see Table IV). Secondly, d i f -  

ferences which combined a longi tudinal  mode and a transverse 

mode should be depolarized ( ~ i r m a n ,  1963). The i n t e n s i t y  of a l l  

the f ea tu res  below 100 cm'l were observed t o  decrease a t  the 

same r a t e  with decreasing temperature, and i n  addi t ion were 
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s t r o n g l y  po la r i zed .  On t h e  b a s i s  of these  observat ions  the  low- 

energy f e a t u r e s  were assigned t o  overtones and sums of t r a n s -  

verse  a c o u s t i c  phonons. The S.N.I. model descr ibed i n  s e c t i o n  

3.5, was employed i n  making t h e  remainder of t h e  assignments.  

The seven parameters a, X, 8 ,  p,, pa, A , ,  X2 were determined i n  

t h e  fol lowing manner. a and x were evaluated from the  f requencies  

a t  r, p1 from the  value of LO(X) and pa us ing  the  e l a s  t i c  con- 

s t a n t  C, , .  The e l a s t i c  cons tan t s  C,, and C,, were then used t o  

es t imate  p and 1, + 1,. The values of 8 ,  X, and A, were then  

va r i ed  t o  ob ta in  a good f i t  of t h e  c a l c u l a t e d  zone boundary f r e -  

quencies t o  t h e  experimental  r e s u l t s .  Agreement was obtained 

with t h e  e l a s t i c  cons tants  t o  b e t t e r  than  5%. 

The values of the  parameters used in applying the  

S.N.I. model t o  ZnTe and t o  the  o t h e r  m a t e r i a l s  s t u d i e d  a r e  

found i n  Table I X .  The e l a s t i c  cons tan t s  c a l c u l a t e d  us ing  these  

parameters, t he  measured values of t h e  e l a s t i c  cons tants  and 

o t h e r  r e l e v a n t  d a t a  a r e  a l s o  found i n  Table I X .  The normal mode 

f requencies  c a l c u l a t e d  from the  S.N.I. model f o r  ZnTe a t  t h e  

c r i t i c a l  po in t s  a r e  found i n  column 3 of Table X .  Columns 4, 

5, and 6 of Table X gives  t h e  average zone boundary frequen- 

c i e s  es t imated  by Narita e t  al. (1967), Nahory and Fan (1967) and 

Nilsen (1969a), r e s p e c t i v e l y .  On comparison one can see  t h a t  a 

major discrepancy between t h i s  work and t h e i r s  i s  t h a t  t h e i r  

values f o r  the  IA mode a r e  20 cm" o r  more lower; however, it  

was found t h a t  a value of l e s s  than 140 cm-l i s  i n c o n s i s t e n t  

with t h e  S.N.I. model, l ead ing  t o  exhorb i t an t  e r r o r s  i n  the  c a l -  

cu la ted  e l a s t i c  cons tan t s .  Nilsen ( 1 9 6 9 )  has i n t e r p r e t e d  t h e  



S.N.I. model parameters for materials studied. 

- 

Material ZnTe ZnSe z~s(~) Gap 

ml gms.) 

m, gms . ) 
a (1) 

C, , Calculated 
Measured 

C, Calculated 

Measured 
C,, Calculated 

Measured 

( 1  Irwin, (1970) . 
(2) Berlincourt et al., (1963). 



C r i t i c a l  p o i n t  f requencies  ( i n  cm-l) f o r  ZnTe. 

C r i t i c a l  Mode S.N.I. Narita Nahory & Fan Nilsen 
Poin t  Model e t  a l ,  



2LO(r) mode as an overlap of the  boundary op t ica l 'over tones  and 

fea ture  2 of t he  Raman spectrum (see Figure 8 )  as an overlap of 

the  acoust ic  modes. These assignments d isagree  s t rong ly  from 

those presented here .  

The frequencies in Table X have be'en used t o  ca l -  

cu l a t e  the  proposed assignments and these  f i gu re s  a r e  given 

i n  column 5 of TableVIII. The d i f fe rence  between the  observed 

and ca lcu la ted  values i s  given in column 6 of ~ a b l e ' V r n .  It can 

- be seen t h a t  t he  maximum di f fe rence  i s  6 cm-' which implies a 

di f ference  of about 3 crn-I in  the  a c t u a l  frequency. This cor- 

responds t o  an uncer ta in ty  of l e s s  than 3% in the  frequency 

concerned. 

6.3 Zinc Selenide (unoriented ~ o l s c r ~ s  t a l )  - A " "  L 

The Raman spectrumof an unoriented ZnSe sample a t  room 

temperature i s  shown i n  Figure 9 .  The two f i rs t  order  vibra-  

t i o n a l  modes a r e  again l abe l l ed  A and B and these frequencies 

a t  room temperature have been measured t o  be 

A: v , = 250.0f1.0 cm- 1 

- 
B: v TO = 203 .09 .0  cm- 1 

The values a r e  i n  good agreement with those obtained by 

Krauzman (1969) and Nilsen (19Ba) but  disagree somewhat with 

, those repor ted by Taylor (1967) and Riccius (1968) ( see  Table 

X I I I )  . 
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TABrn XI 

A comparison of measured f i r s t  order  Raman f requencies  of ZnSe. 

Here Krauzman Ni lsen  Taylor Riccius  
(1969 ) (1969a) (1967) (1968) 

Applying t h e  LST r e l a t i o n  t o  t h e  f i r s t  order  mode f requencies  

b e t t e r  than  1% agreement was obtained between t h e  p red ic ted  and 

observed r a t i o s  ( see  Table VII). 

The f e a t u r e s  of t h e  Raman spectrum of the  unoriented 

ZnSe p o l y c r y s t a l  which have been a t t r i b u t e d  t o  second order  pro- 

cesses  a r e  designated numerical ly  i n  Figure 9 .  Their  frequen- 

c i e s  a r e  l i s t e d  i n  Table XI1 with t h e  corresponding mode ass ign-  

ments. 

Some assumptions have been made i n  t h e  i n t e r p r e t a t i o n  

of the  second o rde r  Raman spectrum. The degree of i o n i c i t y  of 

t h e  m a t e r i a l  s t u d i e d  can be c a l c u l a t e d  us ing  t h e  S z i g e t i  r e l a -  

t i o n  (3.9).  This equat ion  can be solved f o r  e f f e c t i v e  e l e c t r -  

onic  charge e*, and g ives  le: 1 = .8 implying t h a t  t h e  binding i n  

ZnSe i s  q u i t e  i o n i c .  On t h i s  b a s i s  it has been assumed t h a t  t h e  

LO and TO branches do n o t  c ross  and t h e r e f o r e  VLO i s  g r e a t e r  than  

V~~ a t  t h e  zone boundary. This p o i n t  w i l l  be discussed i n  

g r e a t e r  d e t a i l  i n  Chapter 7.  
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Cer ta in  f e a t u r e s  i n  the  spectrum could be i d e n t i f i e d  

r a t h e r  quickly.  For example t h e  peaks a t  501 and 407 cm-I were 

assumed t o  be resonances of GLO(r) and GT0(r) r e s p e c t i v e l y .  

The f e a t u r e s  around 450 cm-l were a t t r i b u t e d  t o  LO overtones 

from X and L and t h e  f e a t u r e s  around 415 cm-l t o  TO overtones 

from X and L. The s t r o n g  peaks around 150 cm-I were t e n t a t i v e l y  

a t t r i b u t e d  t o  TA overtones.  The o t h e r  p o s s i b i l i t y  i s  t h a t  they  

could be due t o  d i f f e r e n c e s  between the  o p t i c  and a c o u s t i c  

modes. Theore t i ca l ly ,  from Table 11, i t  can be expected t h a t  

f o r  a change i n  temperature from 3 0 0 ' ~  t o  7 5 ' ~ ,  i f  these  f ea -  

t u r e s  were sums o r  overtones t h e i r  i n t e n s i t i e s  would decrease 

by about a f a c t o r  of 6, and i f  they  were d i f f e r e n c e  f requencies ,  

about  a f a c t o r  of 11 while the  f i r s t  o rde r  modes would decrease 

only  by a f a c t o r  of 1.4. From observat ions  of the  spectrum a t  

7 5 ' ~  it was found t h a t  the  r e l a t i v e  i n t e n s i t y  of the  139 crn-I 

and 189 cm-l f e a t u r e s  d id  no t  d i f f e r  s i g n i f i c a n t l y  from the  

o t h e r  second o rde r  f e a t u r e s  of t h e  spectrum. These two f e a t u r e s  

were t h e r e f o r e  t e n t a t i v e l y  assigned t o  TA overtones a t  X and L. 

To make a more q u a n t i t a t i v e  i n t e r p r e t a t i o n  of the  

spectrum t h e  S.N.I. model was app l i ed  t o  t h e  data. The seven 

parameters were determined i n  t h e  fo l lowing way. a and x were 

determined from t h e  zone c e n t r e  f requencies  OLO and FTO. 1-1, and 

P2 were determined from the  f requencies  SL0(x) and h (~ ) .  In 

t h i s  case  they  were n o t  known but ,  based on t h e  above d iscuss ion ,  

a n  es t ima te  of QLO(x) was made and p, determined. The e l a s t i c  

cons tan t  C,,  was then used t o  g e t  an  es t ima te  of p, and t h i s  

should have given a reasonable value of OLA(x). S i m i l a r l y  8 ,  

t 
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X 1 ,  and X 2  were estimated from the  e l a s t i c  constants  C12 and 

C,, and then used i n  the  computation of qTO(x) and (x)  . When 

it was f e l t  t h a t  a reasonable s e t  of parameters had been ob- 

tained the  frequencies at  L and W were ca lcula ted.  These were 

then checked f o r  a f i t  with the  experimental values and i f  

agreement was not  obtained the  parameters were varied and a new 

s e t  of values was calcula ted.  The only cons t ra in t s  placed upon 

the parameters w a s  t h a t  they give reasonable agreement with the  

e l a s t i c  constants .  Thus one is  e s s e n t i a l l y  choosing a s e t  of 

c r i t i c a l  point  frequencies which a r e  cons i s ten t  with both the 

experimental r e s u l t s  and the  S.N.I. model. The measured e l a s t i c  

constants  used i n  t h i s  f i t  and the  s e t  of parameters a r r ived  a t  

f o r  the  case of ZnSe a r e  found i n  Table I X .  The r e su l t i ng  f r e -  

quencies a t  the  c r i t i c a l  points  r, X, L and W a r e  tabulated i n  

the  t h i r d  column of TableXIU These frequencies have been used 

t o  determine the  assignments given i n  c o l m  3 of Table X I I .  

These l i s t e d  frequencies a r e  accounted f o r  e n t i r e l y  by phonons 

from X and L. However i t  should be noted t h a t  f n  severa l  cases 

the  same peaks could be accounted f o r  by combinations of phonons 

from W. These have been l e f t  out of the t ab le  on the  assumption 

t h a t  the  s ca t t e r ed  i n t e n s i t y  from W w i l l  be somewhat weaker 

than t h a t  from L and X because of decreased symmetry and degen- 

eracy (Johnson, 1965). 

It should be mentioned t h a t  the  differences i n  column 

6 of Table X I1 a r e  qu i te  s m a l l  i nd ica t ing  very good agreement 

between the  assignments made on the  bas i s  of the  experimental 

r e s u l t s  and those predicted from the S . N . I .  model. In f a c t  



TABLE X I 1 1  

C r i t i c a l  point  frequencies f o r  Z ~ S ;  i n  cm-'. 

C r i t i c a l  Mode S.N.I. Mitra Nilsen 
Point  Model (1963) (19694 
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t h i s  agreement must be considered t o  be fo r tu i tous  i n  t h a t  the  

measured values a r e  only accurate t o  ? 4 cm-I and one would not  

expect much b e t t e r  than 5% agreement of the  t heo re t i ca l  model 

with the  a c t u a l  frequencies.  TableXm contains the  average zone 

boundary frequencies obtained by Mitra (1963) and those found by 

Nilsen (1969). A s  i s  seen the  agreement with the  r e s u l t s  i s  not  

p a r t i c u l a r l y  good i n  e i t h e r  case but  the  values of Mitra give 

the  b e s t  comparison. Nilsen 's  r e s u l t s  do not  seem t o  be compat- 

i b l e  with the  r e s u l t s  presented here o r  the  t heo re t i ca l  model. 

6.4 Zinc Selenide (oriented s ing l e  c r y s t a l s  1 

The Raman spec t ra  of or iented s ing l e  c r y s t a l s  of 

ZnSe a r e  shown i n  Figures 10 t o  17. Each f igu re  includes the  

c r y s t a l  o r ien ta t ion ,  e i t h e r  (100) o r  (110) as defined e a r l i e r ,  

the  po la r i za t ion  of the  incident  and sca t t e r ed  l i g h t  i n t ens i -  

t i e s ,  and the  symmetry species predicted from group theo re t i ca l  

considera t ions .  More d e t a i l  was observed i n  these spec t ra  

of ZnSe because ( a )  photon counting e lec t ron ics  were used giv- 

ing a higher s ignal- to-noise r a t i o  than obtained with a lock-in-  

ampl i f i e r  and (b)  the  contr ibut ing modes i n  the spec t ra  were 

separated out b e t t e r  by varying the  po la r iza t ion  and or ienta-  

t i o n  of the  s ing l e  c r y s t a l  samples. The f i r s t  order  v ibra t iona l  

'modes have again been designated as A and B i n  Figures 10 t o  17, 

and the  other  fea tures  of the spec t ra  have been numbered t o  be 

cons i s ten t  both with the  r e s u l t s  of t h i s  sec t ion  and with the 

spectrum reported i n  sec t ion  6.2. The observed fea tures  have 

been l i s t e d  i n  Table X I V .  The numbers which appear i n  these 
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Figure 10 - The Raman spectrum of a ZnSe (110) c r y s t a l  with 
Z (YY) x po la r iza t ion .  

ZnSe (100) 

t I I t I 
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Figure 11 - The Raman spectrum of a ZnSe (100) c r y s t a l  with 
Z (YY)X po la r iza t ion .  



FREQUENCY SHIFT (cm-') . . 
Figure 1 2  - The Raman spectrum of a ZnSe (110) c r y s t a l  

with Z (xZ)X po l a r i za t i on .  

FREQUENCY SHIFT (cm-') 
Figure 13 - The Raman spectrum of a ZnSe (110) c r y s t a l  

with Z (YZ) x po l a r i za t i on .  
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FREQUENCY SHIFT (cm-'1 
Figure 16  - The Raman spectrum of a ZnSe (100) c r y s t a l  

with Z (XZ)X polar izat ion.  

I I, 

100 200 300 400 500 

FREQUENCY SHIFT (cm-') . . 

Figure 17 - The Raman  spectrum of a ZnSe (100) c r y s t a l  
with Z (xY)x po la r iza t ion .  



TABLE XIV 
The observed ~ ~ w i e s  (cm'l) .assignments and predicted polariza- 
tion characteristics of  aman an- features in ~ n ~ e ,  

--- - 

rltrla ria rl8 S.N.1. Assignment Predicted Polarization 
Characteristics 
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f i g u r e s  do n o t  n e c e s s a r i l y  correspond t o  d i s t i n c t  peaks i n  

every  spectrum; f o r  example, numbers 22 t o  25 des ignate  d e t a i l  

i n  one f e a t u r e  i n  Figures  12 t o  17, b u t  numbers 24 and 25 ap- 

pear  a s  sepa ra te  peaks i n  Figures  10  and 11. 

The c r i t i c a l  p o i n t  f requencies  obtained e a r l i e r  f o r  

ZnSe (Table XITI) have been used t o  make t h e  assignments which 

appear i n  column 5 of Table XIv. Column 7 l i s t s  t h e  theore- 

t i c a l  p o l a r i z a t i o n  c h a r a c t e r i s t i c s  of the  assignments.  It 

should be noted t h a t  t h e r e  have been no changes in  t h e  a s s ign-  

ments made t o  t h e  Raman f e a t u r e s  r epor ted  i n  s e c t i o n  6.3. 

The e i g h t  observed s p e c t r a  have been divided i n t o  

t h r e e  groups: t h e  group conta in ing  both  symmetry spec ies  T, and 

r,, (Figures  1 0  and l l ) ,  t h e  group conta in ing  t h e  symmetry spe- 

c i e s  r,, (Figure  1 2 )  and t h e  group con ta in ing  the  symmetry spe- 

c i e s  r,, (Figures  13 t o  17) .  It can be seen t h a t  a p a r t  from 

t h e  f i r s t  o rde r  f e a t u r e s ,  A and B, t h e  s p e c t r a  wi th in  a group 

a r e  very similar and t h a t  t h e r e  a r e  d i s t i n c t  d i f f e rences  between 

t h e  s p e c t r a  of t h e  t h r e e  groups.  Because of t h i s  the  f e a t u r e s  

a r e  l i s t e d  i n  Table X I V  i n  t h r e e  columns under t h e  heading of 

each group of s p e c t r a .  It must be noted t h a t  mere r e fe rence  t o  

Table XIV i s  no t  s u f f i c i e n t  t o  draw any conclusion concerning 

the  p o l a r i z a t i o n  c h a r a c t e r i s t i c s  of the  var ious f e a t u r e s ;  i n  

a d d i t i o n  i t  i s  necessary t o  s tudy t h e  e i g h t  s p e c t r a  of Figures  

10  t o  17 and t o  note  t h e  r e l a t i v e  i n t e n s i t i e s  which do no t  

appear i n  the  t a b l e .  Also t h e  presence of a s t r o n g  f e a t u r e  w i l l  

tend t o  mask a weak f e a t u r e  l o c a t e d  c l o s e  t o  i t .  
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With t h e  g r e a t e r  s e n s i t i v i t y  new f e a t u r e s  have been 

observed. A l l  b u t  two of these  new f e a t u r e s  have been assigned,  

namely f e a t u r e s  8 and 16. Features  15 and 16, a l though d i f -  

f e r e n t i a t e d  i n  t h i s  t reatment ,  may very wel l  be the  same peak 

i n  t h a t  they  a r e  only 8 cm-I a p a r t  and t h e  accuracy with which 

1 t h e  measurements have been made i n  about f 4  cm' . Features  21 

and 22 a r e  weak and appear i n  t h e  hollow between a shoulder  and 

a l a r g e r  peak. These f e a t u r e s  were ass igned as sm frequencies  

a t  t h e  c r i t i c a l  p o i n t  W.  

The Z(YY)X s p e c t r a  f o r  c r y s t a l s  (100) and (110), Fig- 

u res  10  and 11 a r e  i d e n t i c a l  except  f o r  t h e  Lo(T) c o n t r i b u t i o n .  

Here the (110) crystal spectrum has been shown us ing  4880i e x c i t a t i o n  

and t h e  (100) c r y s t a l  s p e c t m  has been shown us ing  5145 e x c i t -  

a t i o n .  The LO(T) and 2L0(T) l i n e s  were s t ronger  r e l a t i v e  t o  t h e  

o t h e r  f e a t u r e s  f o r  t h e  4 8 8 0 ~  e x c i t a t i o n .  Although n o t  shown 

h e r e  t h e  ~ L O ( T )  and ~ L O ( T )  f e a t u r e s  have a l s o  been observed us- 

i n g  4880A e x c i t a t i o n .  The occurance (of these  s t r o n g  peaks i s  

thought t o  a r i s e  from a resonant  Raman e f f e c t  (Loudon, 1964 and 

M a l m  and Haering, 1971) . 

In  comparing the  observed and t h e o r e t i c a l l y  p red ic ted  

p o l a r i z a t i o n  c h a r a c t e r i s t i c s  of t h e  Raman f e a t u r e s ,  i t  can be 

seen t h a t  t h e r e  i s  good agreement i n  most cases ,  and apparent  

disagreement i n  a few o the r  cases .  Consider f o r  example f e a t u r e  

7. This f e a t u r e  has a l l  t h r e e  p o l a r i z a t i o n  c h a r a c t e r i s t i c s  and 

i s  p a r t i c u l a r l y  s t r o n g  i n  r,. This f e a t u r e  has been ass igned a s  

~ T A ( L )  which has t h e  p o l a r i z a t i o n  p r o p e r t i e s  T, +I-,, . However 
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t h e  presence of f e a t u r e  7 i n  T, , s p e c t r a  can be accounted f o r  by 

a superpos i t ion  of t h e  To(L)-TA(L) mode with i t s  I?, , con ten t  on 

t h e  ~ ' I ! A ( L )  peak. 

There a r e  o t h e r  examples of apparent  disagreement. In 

p a r t i c u l a r  f e a t u r e  25 does n o t  appear d i s t i n c t l y  i n  the  I?,, spec- 

trum and y e t  t h e  assignment has  only  a T, , p r e d i c t i o n .  The ab- 

sence of a peak i n  a p a r t i c u l a r  spectrum i s  n o t  too  s i g n i f i c a n t  

s i n c e  one has no way of p r e d i c t i n g  t h e  i n t e n s i t y .  More s i g n i f i -  

c a n t  i s  t h e  presence of a f e a t u r e  wi th  unpredicted p o l a r i z a t i o n  

p r o p e r t i e s .  This occurs f o r  example f o r  f e a t u r e s  28 and 30. 

Here however i t  i s  be l ieved t h a t  s i n c e  t h e y  appear weakly t h e i r  

ex i s t ence  i n  t h e  I?,, s p e c t r a  could poss ib ly  be a t t r i b u t e d  t o  

e f f e c t s  i n  t h e  c r y s t a l .  

In  genera l ,  with the  except ion  of a few weak f e a t u r e s ,  

t h e  p o l a r i z a t i o n  p r o p e r t i e s  of t h e  Raman s p e c t r a  agree wel l  with 

t h e  chosen assignments.  These r e s u l t s  tend t o  r e i n f o r c e  t h e  

work on the  p o l y c r y s t a l l i n e  ZnSe and one must conclude t h a t  t h e  

p o l a r i z a t i o n  d a t a  provide a u s e f u l  a i d  i n  ob ta in ing  d a t a  from 

second o rde r  Raman s p e c t r a .  The disadvantages involved i n  t h e  

procedure w i l l  be discussed more' f u l l y  i n  s e c t i o n  7.4. 

6 G a l l i u m  Phosphide 

The Raman s p e c t r a  of an  unor iented  s i n g l e  c r y s t a l  of 

Gap a t  room temperature i s  shown i n  Figure 18. The f i r s t  o rde r  

Raman modes have been l a b e l l e d  by t h e  l e t t e r s  A and B and t h e i r  

f requencies  were found t o  be 
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A: FLO = 402.8 f 1 ern- 1 

B: FTO = 366.6 f 1 cm-I 

These measurements a r e  i n  reasonable agreement with other  Raman 

determinations of the  fundamental mode frequencies and a l s o  with 

the  frequencies determined by f a r  in f ra - red  techniques. These 

frequencies a r e  l i s t e d  i n  Table XV. 

Applying the  LST r e l a t i o n  t o  the  f i r s t  order mode f r e -  

quencies, one obtains,  using Barker 's  (1968) values f o r  co  and 

e,, b e t t e r  than 1s agreement between the predicted and observed 

r a t i o s  (see Table V I I ) .  

Experimental determinations of GLO(l?) and ?TO(T) f o r  Gap i n  cm-l . 

Mode Raman Infra-red 
Here Russel Fray e t  al. Kleiman & Spi tze r  Barker 

(1965) (1969) (1920) (1968) 

The fea tures  of the  Raman spectrum of Gap which have 

been a t t r i b u t e d  t o  second order processes a r e  numbered numeric- 

a l l y  i n  Figure 18 and a re  l i s t e d  i n  Table X V I  with the  mode 

assignments which have been made t o  them. 

In in t e rp re t ing  the  spectrum the i o n i c i t y  of the m a -  

t e r i a l  was considered f i r s t .  The e f f e c t i v e  charge of the ions 

i n  Gap were calcula ted using the  S z i g e t i  r e l a t i o n  and was found 
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'TABLE XVI 

The frequencies ( in  cm-l) and assignments of the Raman feature of GaP. 

Feature Number Frequency Shift Assignment Frequency Shift Cal- Error 
from Figure 18 Here 1.~0 (4 culated for Table X I X  

(a) Kleinman and Spitzer. 
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t o  be ( l e s l  = 0.64e).  This means t h a t  t h e  binding i n  Gap i s  

n o t  very  i o n i c .  By considering the  t r ends  observed by Keyes 

(1962) which w i l l  be discussed l a t e r  i n  s e c t i o n  7, t h e  o p t i c  

modes were expected t o - b e  approximately equal  t o  each o t h e r  

a t  t h e  zone boundary, o r  they  might perhaps even c r o s s .  A s  a 

s tar t  t h e  o p t i c  modes have been assumed t o  be equal  a t  t h e  

c r i t i c a l  p o i n t  X and have been t e n t a t i v e l y  assigned as f e a t u r e s  

21 i n  F igure  18. 

Since  the  l a s e r  frequency w a s  we l l  below t h e  band gap 

of Gap s t r o n g  2FLO(I') resonance w a s  n o t  expected a s  was observed 

i n  ZnTe and ZnSe. A r e l a t i v e l y  weak 2vLO(r) mode was observed 

as f e a t u r e  25. The f e a t u r e s  20 t o  24 were assigned t o  o p t i c  

mode overtones and sums from X and L. The f e a t u r e s  numbered 

4 and 5 were t e n t a t i v e l y  ass igned t o  t h e  overtones of TA(L) 

and TA(x) r e s p e c t i v e l y .  The f e a t u r e s  between 400 and 500 cm-l 

were considered t o  be LA overtones and sums between the  o p t i c  

and a c o u s t i c  modes. 

To make a more q u a n t i t a t i v e  i n t e r p r e t a t i o n  t h e  S . N .  I. 

model has  a g a i n  been used t o  t r e a t  t h e  d a t a .  The a n a l y s i s  

fo l lows t h e  same l i n e  i n d i c a t e d  f o r  t h e  case of ZnSe discussed 

i n  s e c t i o n  6.3. The measured e l a s t i c  cons tants  used i n  t h i s  

f i t  and t h e  s e t  of parameters a r r i v e d  a t  f o r  the  case of Gap 

have been l i s t e d  i n  Table Ix. The r e s u l t i n g  f requencies  a t  t h e  

c r i t i c a l  p o i n t s  i n  Gap a r e  t abu la ted  i n  column 3 of Table X V I I .  

These f r equenc ies  

g iven  i n  column 3 

, t h a t  t h e  f i t  as a 

have been used t o  determine t h e  assignments 

of Table X V I .  One can s e e  from Table X V I  

whole i s  f a i r l y  good. A couple of weak f e a -  
t 



TABU X V I I  

C r i t i c a l  point  frequencies f o r  Gap i n  cm-l. 

C r i t i c a l  Mode S.N.1. ~ e u t r o n '  I . R . 2  I . R . 3   ama an' 
Point Model 

( )  Yarnell  e t  a1 1968. (') Dean, 1967. Kleinman and 
Spi tzer ,  1960. ( Russel, 1965. 
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tures ,  numbers 1 and 19, were not accounted f o r  by the model. 

Features 2 ,  3, 6, 7 and 9 were assigned as  d j  fference f r e -  

quencies. Also no assignment has been given f o r  feature  20 on 

the shoulder of fea ture  21. 

The agreement of the calculated e l a s t i c  constants 

with those measured, C, , , C, , and C,, a r e  5$, 15% and 3576, res-  

pectively.  This agreement i s  not as close as obtained f o r  ZnSe 

or  ZnTe; however, it should a l s o  be noted t h a t  Gap i s  l e s s  

ionic  than e i t h e r  ZnSe o r  ZnTe; a l s o  Gap i s  the only 111-V 

compound invest igated here. 

The c r i t i c a l  point  frequencies reported by other 

authors f o r  Gap a re  a l so  l i s t e d  in Table XVII. Russel (1965) 

has assumed a strong crossing of the op t i ca l  modes in  the X 

di rect ion;  t h i s  is  inconsistent  with the S.N.I. model. Both 

Kleinman and Spi tzer  (1960) and Russel (1965) assigned TA(L) 

much lower than reported here. Dean (1967) and Kleinman and 

Spi tzer  (1960) i n  t h e i r  f a r  infra-red s tudies  of Gap assigned 

Lo(x) higher than To(x) i n  cont ras t  t o  the r e s u l t s  presented 

here.  Also l i s t e d  i n  Table XVII  a re  the c r i t i c a l  point  frequen- 

c i e s  measured d i r e c t l y  by neutron sca t t e r ing  by Yarnellet al. 

(1968). The assignments made using the S.N.I. model agree rea- 

sonably well with these values. The l a r g e s t  difference occurs 

f o r  the TA(L) mode where the discrepancy i s  about 9%. Otherwise 

the agreement between the measurements i s  within 4%. 
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CHAPTER 7 

DISCUSSION 

7.1  In t roduc t ion  

In t h i s  chapter  t h e  cons is tency of the  frequency as- 

signments made t o  the  Raman f e a t u r e s  observed f o r  ZnTe, ZnSe 

and Gap a r e  checked a g a i n s t  r e g u l a r i t i e s  t h a t  have been pre- 

v ious ly  observed i n  t h e  phonon s p e c t r a  of zincblende semi- 

conductors.  The Brout sum r u l e  i s  app l i ed  t o  these  r e s u l t s  as 

a t e s t  of t h e i r  cons is tency.  Also t h e  a p p l i c a t i o n  of t h e  S.N.I. 

model t o  t h e  a n a l y s i s  of the  Raman spectrum of zincblende ma- 

t e r i a l s  and t h e  information obta inable  from p o l a r i z a t i o n  s t u d i e s  

of t h e  Raman spectrum w i l l  be d iscussed .  

7.2 R e g u l a r i t i e s  i n  Zone Boundary Phonon Spect ra  

The phonon s p e c t r a  of s e v e r a l  zincblende semicon- 

ductors  have been analyzed by Keyes (1962), Mitra (1963) and 

Marshall  and Mitra (1964). Most of these  s p e c t r a  were ob- 

ta ined  from i n f r a - r e d  absorp t ion  s p e c t r a  and the  f requencies  

obtained r e p r e s e n t  some average of t h e  zone boundary f requencies  

from the  var ious  c r i t i c a l  p o i n t s .  They have found c e r t a i n  r e -  

g u l a r i t i e s  i n  t h e  var ious  s p e c t r a  and the  assignments made here  

can be checked by comparing them t o  these  r e g u l a r i t i e s .  

Keyes (1962) and Mitra (1963) found a s t rong  cor- 

r e l a t i o n  between the  r a t i o  (vL0/vT0)2 a t  t h e  zone boundary and 

t h e  i o n i c i t y  o r  e f f e c t i v e  charge r a t i o  (eE/e) squared. The 

q u a l i t a t i v e  o r i g i n  of t h i s  c o r r e l a t i o n  i s  i l l u s f r a t e d  i n  Figure 
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19 taken from Mitra (1963). Figure l g ( a )  i s  t y p i c a l  of s i l i c o n  

i n  which e;/e=0: here the  zone cen t re  op t i c  modes a r e  degener- - 
a t e  and iTO < vLO throughout the  remainder of the  B r i l l o u i n  zone. 

e;/e small 
eg/e large 

ei/e intermediate 

WAVEVECTOR 

Figure 19 - A q u a l i t a t i v e  i l l u s t r a t i o n  of the  e f f e c t  of i o n i c i t y  
on the  phonon dispers ion of a diatomic l a t t i c e .  

For eL/e small, t he  degeneracy a t  r i s  p a r t i a l l y  removed bu t  

t he  op t i c  modes c ross  wi thin  the  B.Z. as in Figure 19 ( b ) .  A t  

some intermediate i on i c i t y ,  eL/e " 0.7, the  op t i c  modes a r e  de- 

generate a t  the  zone boundary and f o r  l a r g e  i o n i c i t y  the op t i c  

modes do no t  c ross  within the  B.Z. This c o r r e l a t i o n  has been 

used i n  making t e n t a t i v e  assignments of the  op t i c  modes i n  t he  

Raman spec t r a .  Figure 20 is a graph of the  c o r r e l a t i o n  f o r  

s eve ra l  zincblende mater ia ls  taken from a paper by Marshall and 

Mitra (1964) i n  which a s t e r i s k s  have been placed corresponding 

t o  the  r e s u l t s  obtained here .  The i o n i c i t y  of the  I compounds 

s tud ied  were ca lcu la ted  us ing equation (3.1) and the  d i e l e c t r i c  

constants  of Table VIL One can see  t h a t  t he  a s t e r i s k s  f i t  well  

on t h i s  graph. Two other  graphs have been taken from a paper by 

Mitra (1963) and the  corresponding a s t e r i s k s  added t o  them. (The ' 
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The f i r s t  of these  ( ~ i g u r e  21) i s  a p l o t  of versus V T ~  and 
M 

t h e  second ( ~ i g u r e  22) i s  a p l o t  of tTA versus vm. It should 

be mentioned t h a t  t h e  reproduct iorsof  these  graphs do n o t  con- 

t a i n  a l l  the  po in t s  given by Mitra (1963) and Marshall and 

Mitra (1964) bu t  only r e p r e s e n t a t i v e  p o i n t s  s i n c e  the  d a t a  which 

have been p l o t t e d  r e p r e s e n t  averages of t h e  values a t  the  c r i t i -  

c a l  po in t s  X and L. It can be seen t h a t  t h e  values obtained 

here  c o r r e l a t e  wel l  with t h e  r e s u l t s  obta ined  f o r  o the r  z inc-  

blende compounds. 

The e f f e c t i v e  charge c a l c u l a t e d  from S z i g e t i l s  f o r -  

mula i s  compared t o  t h a t  obtained from t h e  S.N.I. model f o r  t h e  

f o u r  m a t e r i a l s  s t u d i e d  here   a able XVIJI). It can be seen  t h a t  

t h e r e  i s  a c l o s e  agreement between t h e  two determinat ions of 

e f f e c t i v e  charge, t h e  l a r g e s t  d i f f e r e n c e  being 9%. The agree- 

ment i s  b e s t  f o r  t h e  most i o n i c  m a t e r i a l  ZnS and poores t  f o r  

the  l e a s t  i o n i c  m a t e r i a l s .  

TABLE: XVIII 

The i o n i c i t y  of some zincblende compounds c a l c u l a t e d  from the  
S z i g e t i  equat ion  and from t h e  S.N.I. model. 

Effec t ive  Charge Ra t io  ZnTe ZnSe ZnS Gap 

* 
es  /e 71  .80 .88 .64 

z 076 083 91 57 

Difference 7% 4% 3% 9% 

7.3 The Sum ~ u l e  

A sum r u l e  i n i t i a l l y  introduced by Brout (1959) f o r  
P 



. . . . 

Figure 21 - A p l o t  of versus ko f o r  severa l  zinc- 
blende semiconductors (from Mitra, 1963). 

Y 

Figure 22 - A p l o t  of versus VLO f o r  some zincblende 
semiconductors (from Mitra, 1963) . 



i o n i c  diatomic c r y s t a l s  with the  N a C l  s t r u c t u r e  has been ex- 

tended by Rosenstock ( 1 9 6 3 ~ 9 6 5 )  and Rosenstock and Blanken 

(1966) t o  inc lude  any n-atomic l a t t i c e  of any s t r u c t u r e .  Rosen- 

s t o c k  has s t a t e d  the  sum r u l e  i n  the  fo l lowing form: 
n 

a C q ( q )  = cons tan t  + C p k y k ( q )  
i=l k 

The sum on t h e  l e f t  i s  taken over the  n-phonon branches a t  

p o i n t  3 i n  t h e  B r i l l o u i n  zone and the  sum on the  r i g h t  i s  over 

t h e  k f o r c e s  a c t i n g  between atoms i n  t h e  c r y s t a l .  yk(Fj') thus  

r e p r e s e n t s  t h e  q' dependent c o n t r i b u t i o n  of the  kth f o r c e .  Rosen- 

s t o c k  has shown t h a t  t h e  only f o r c e s  c o n t r i b u t i n g  t o  t h e  de- 

pendent p a r t  of the  sum a r e  n o n e l e c t r o s t a t i c  and a c t  on l i k e  

atoms. Thus f i r s t  neighbour i n t e r a c t i o n s  and long range Coulomb 

f o r c e s  do no t  c o n t r i b u t e  t o  ~ ( 5 )  and only second and more d i s -  

t a n t  neighbour f o r c e s  prevent  t h e  sum from being a cons tan t .  

In  t h i s  work a second neighbour t h e o r e t i c a l  model has 

been app l i ed  t o  t h e  l a t t i c e  v i b r a t i o n s  of zincblende m a t e r i a l s  

and a s e t  of f requencies  has been obtained from t h i s  model which 

agree  q u i t e  c l o s e l y  with those necessary  t o  descr ibe  t h e  second- 

order  spectrum f o r  each mate r i a l  s t u d i e d .  With t h i s  c l o s e  

agreement one can expect good accord between these  r e s u l t s  and 

t h e  p r e d i c t i o n s  of Rosenstock f o r  the  second neighbour f o r c e  

c o n t r i b u t i o n  t o  the  sums a t  the  zone boundary. The sums a t  t h e  

zone boundary w i l l  thus be somewhat h igher  than  they  a r e  a t  

t h e  c e n t e r  and al though the  d. i f ference i s  no t  q u a n t i t a t i v e l y  

p red ic ted  by Rosenstockls  theory i t  i s  perhaps of i n t e r e s t  t o  

c a l c u l a t e  



a t  t h e  zone boundary. This has been done and the  values ob- 

t a i n e d  a long wi th  the   rout sums a t  the  c r i t i c a l  p o i n t  a r e  

l i s t e d  i n  Table X X I .  For compara.tive purposes t h e  neutron 

work on Gap by Yarnel l  e t  a l .  (1968), and t h e  work on G a s  by 

Waugh and Dol l ing  (1963) have been included i n  Table X I X .  It 

can be seen  from t h e  t a b l e  t h a t  i n  a l l  cases  A ( x ) ~ A ( W )  and the  

value of A(L)  i s  about 3/4 t h a t  of A(X)  . The sums c a l c u l a t e d  

from t h e  a n a l y s i s  of the  Raman s p e c t r a  a r e  somewhat l a r g e r  than  

t h e  sums c a l c u l a t e d  from t h e  neutron da ta .  Also it appears t h a t  

t h e  more i o n i c  compounds ZnSe and ZnS have l a r g e r '  second neigh- 

bour f o r c e  con t r ibu t ions  t o  t h e  sums a t  t h e  zone boundary than 

t h e  l e s s  i o n i c  compounds ZnTe and Gap. This a n a l y s i s  of the  

Raman s p e c t r a  of zincblende compounds appears to  g ive  reasonable 

values f o r  t h e  Brout sums a t  t h e  zone boundaries and a l s o  a d d s  

weight t o  previous observat ions  (Waugh and Dolling, 1963 and 

Rosenstock and Blanken, ,1966) t h a t  second neighbour f o r c e s  a r e  

e s s e n t i a l  f o r  an  adequate t reatment  of t h e  l a t t i c e  dynamics of 

z incblende m a t e r i a l s .  
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TABU3 XIX 

The Brout sums a t  the  c r i t i c a l  points .  

ZnTe 3.79 4.25 4.14 4.25 .12 09 .11 .76 
ZnSe 5.15 6.60 6.24 6.6 .28 .21 .28 .83 
Z ~ S  (a )  9.62 12.4 11.68 12.4 29 .21 .31 .91 
Gap 15.3 17.2 16.73 17.0 .12 09 .11 '.70 

15.3 16.6 16.16 .08 05 *70 
G ~ A ~ ( c )  7.95 8.89 8.68 .12 09 57 

( a )  Irwin, 1970; (b)  Yarnellet  al.., 1968; ( c )  Waugh and 
~ o l l i n g ,  1963. 

7.4 Methods of Analysis and Discussion 

In the  p a s t  the  Raman s p e c t r a  of zincblende com- 

pounds have been analysed by assigning the  Raman f ea tu re s  lar- 

ge ly  by guess-work. Researchers assumed that e s s e n t i a l l y  a l l  

the  s c a t t e r i n g  took place a t  the  B.Z. boundary and in te rpre ted  

t h e i r  r e s u l t s  i n  terms of a s e t  of four  average frequencies a t  

the zone boundary. Obviously the  r e s u l t s  of such an exerc ise  

were no t  unique and of ten  severa l  poss ible  s e t s  of values were 

given. 

In t h i s  t h e s i s  a theo re t i ca l  model, the  S . N . I .  model, 

has been appl ied  i n  making the  assignments t o  the  f ea tu re s  ob- 

served i n  the  Raman spec t ra  of ZnTe, ZnSe and Gap. There a r e  

only seven parameters i n  t h i s  model and by using the  measured 

e l a s t i c  constants  as a cons t r a in t  the re  i s  a l imi ted  range of 

poss ib le  f i t s  of the  model t o  the observed Raman f ea tu re s .  By  
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varying t h e  parameters of the  model a n b e s t  f i t "  was obtained 

and t h e  assignments t o  t h e  Raman f e a t u r e s  were made accordingly .  

These assignments were checked and found c o n s i s t e n t  with r e -  

g u l a r i t i e s  i n  the  phonon s p e c t r a  observed by previous au thors .  

The assignments were a l s o  found c o n s i s t e n t  wi th  the  Brout sum 

r u l e .  

The S . N . I .  model was found s u i t a b l e  f o r  such an ap- 

p l i c a t i o n  t o  t h e  zincblende s t r u c t u r e :  ( a )  .it takes  i n t o  ac- 

count an  e f f e c t i v e  charge of t h e  ions of t h e  m a t e r i a l  (b)  it 

inc ludes  second neighbour inke rac t ions  found necessary from an  

a p p l i c a t i o n  of t h e  Brout sum r u l e  ( c )  it involves only  seven 

p h y s i c a l l y  s i g n i f i c a n t  parameters such t h a t  when cons t ra ined  by 

t h e  l a t t i c e  cons tan t s  of a mate r i a l  i t  allows only  a l i m i t e d  

range of p o s s i b l e  s o l u t i o n s .  

Another method used t o  analyse  the  Raman s p e c t r a  of 

z incblende m a t e r i a l s  i s  t h e  s tudy of t h e  p o l a r i z a t i o n  p r o p e r t i e s  

of o r i e n t e d  s i n g l e  c r y s t a l l i n e  samples. However i f  one a t tempts  

t o  make assignments t o  t h e  Raman f e a t u r e s  based upon t h e  ob- 

served  p o l a r i z a t i o n  p r o p e r t i e s ,  one i s  immediately confronted 

with d i f f i c u l t i e s :  from Table V it can be seen  t h a t  f o r  t h e  

c r i t i c a l  p o i n t s  X and L t h e r e  a r e  twenty poss ib le  second order  

modes f o r  which t h e r e  a r e  only f i v e  d i s t i n g u i s h a b l e  p o l a r i z a t i o n  

s e l e c t i o n  r u l e s  (r, +rl, , r, +rl 5 )  r1 +rl 2+rl 5 ,  rl 2+r1 and rl 5). 

This l a c k  of discernment together  with t h e  s i m i l a r i t y  of t h e  ob- 

served  p o l a r i z a t i o n  c h a r a c t e r i s t i c s  of t h e  spectrum makes t h i s  

method of a s s i g n i n g  the  Raman f e a t u r e s  by i t s e l f  r a t h e r  dubious. 
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For example, Nilsen (1969) and Krauzman (1969) have each ana- 

lyzed t h e  Raman spectrum of ZnS by t h i s  method. If one com- 

pares  t h e i r  r e s u l t s  one f i n d s  r a t h e r  poor agreement i n  t h e i r  

assZgnments. Nevertheless,  the  observat ion  of o r i en ted  s i n g l e  

c r y s t a l l i n e  samples with p a r t i c u l a r  i n c i d e n t  and s c a t t e r e d  l i g h t  

p o l a r i z a t i o n  allows a b e t t e r  s e p a r a t i o n  t o  be made of the  con- 

t r i b u t i n g  processes  i n  t h e  Raman spectrum. 

Thus t o  ob ta in  d e f i n i t i v e  information from a second 

order  Raman spectrum i t  has been found necessary  t o  use an ap- 

p r o p r i a t e  l a t t i c e  dynamic model. I n  t h i s  way i t  i s  bel ieved 

t h a t  a r e l i a b l e  s e t  of values can be obta ined  f o r  t h e  c r i t i c a l  

p o i n t  v i b r a t i o n a l  f requencies .  Also, even though p o l a r i z a t i o n  

s t u d i e s  a r e  n o t  s u f f i c i e n t  i n  themselves, they  should be used 

whenever p o s s i b l e  t o  a i d  i n  t h e  i n t e r p r e t a t i o n  of the  r e s u l t s .  



CHAPTER 8 

PHONON DISPERSION 

8.1 In t roduc t ion  

I n  t h i s  chap te r  the S.N.I.  model parameters obtained 

above a r e  used t o  c a l c u l a t e  the  phonon d i spe r s ion  ( s e c t i o n  8 . 2 ) ,  

t h e  frequency d i s t r i b u t i o n  ( s e c t i o n  8.3) and t h e  s p e c i f i c  h e a t  

( s e c t i o n  8 .4 )  f o r  ZnTe, ZnSe, ZnS and Gap. Comparisons a r e  

made wi th  measured r e s u l t s  where p o s s i b l e .  

8.2 Phonon Dispers ion  Curves 

The parameters of the S.N.1 model derived from t r e a t -  

ing  the  second order  spectrum have been used t o  c a l c u l a t e  the  

phonon d i s p e r s i o n  throughout the  B.Z.  I n  doing t h i s  i t  i s  nec- 

e s s a r y  t o  cons ider  only t h a t  reg ion  i n  the B.Z. defined by 

o <, q, < qy s 9. + 1 ; and gx + q y  + 7. 5 312 

The a p p l i c a t i o n  of the  symmetry p r o p e r t i e s  of the  zincblende 

s t r u c t u r e  t o  w i l l  generate  the  e n t i r e  B.Z. 

It is convenient t o  in t roduce  the  numbers p,, p,, p, 

such t h a t  px = 4 0  qX , p3 = 4 0  9> , p* = 40 93 

s o  t h a t  poss ib le  vec tors  i n  r e c i p r o c a l  space a r e  given by 

An even sampling of po in t s  i n  i s  obtained by l e t t i n g  

px , pa , p* be i n t e g e r s ,  e i t h e r  a l l  odd o r  a l l  even t o  account 

f o r  t h e  l a t t i c e  geometry and such t h a t  
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There a r e  1685 s e t s  of numbers of t h i s  type rep resen t ing  wave- 

vec tors  evenly d i s t r i b u t e d  throughout the  region  possess ing  a l l  

the  symmetry p r o p e r t i e s  of the r e c i p r o c a l  space.  Equation (3.7) 

is  solved f o r  t h e  v ib ra t iona l  mode f requencies  a t  each of these  

wavevectors . This has been done us ing  a h igh  speed computor and 

a program obtained from D r .  V. P. Varshni of the  Univers i ty  of 

O t t a w a .  The phonon d ispers ion  of ZnTe, ZnSe, ZnS and Gap have 

been ca lcu la ted  and p lo t t ed  i n  Figures  23 t o  26 r e s p e c t i v e l y .  

ZnS has been included because of i t s  s i m i l a r i t y  t o  the  o t h e r  

zincblende compounds s tudied  he re .  The S . N . I .  model parameters 

which were used f o r  ZnS were obtained from Irwin (1970).  I n  

Figures  23 t o  26 n o t . o n l y  have t h e  f requencies  and wavevectors 

been included between r and t h e  c r i t i c a l  po in t s  X, L and W b u t  

a l s o  the  zone boundary values between t h e  symmetry po in t s  X, L, 

W and K .  The a b c i s s a  a x i s  i s  l i n e a r  i n  wavevector magnitude 

between t h e  symmetry p o i n t s .  One can see  t h a t  t h e r e  i s  a s t r o n g  

s i m i l a r i t y  i n  the  phonon d i spe r s ion  of the  four  ma te r i a l s  as can 

be expected from mate r i a l s  of the  same s t r u c t u r e .  

The neutron s c a t t e r i n g  d a t a  f o r  the  acous t i c  l a t t i c e  

v i b r a t i o n s  i n  ZnS was measured by Feldkamp e t  a l .  (1969) and has 

been included i n  t h e  phonon d i spe r s ion  curves of Figure 25. 

Only p a r t i c a l  agreement has been found between the  ca lcu la ted  

r e s u l t s  and those measured by neutron s c a t t e r i n g .  Unfortunately 

Feldkamp e t  a1.(1969) d i d  not include any s tatement  i n d i c a t i n g  

the  accuracy of these  measurements; however, they  d i d  say  t h a t  

3 they  had only  a small  c r y s t a l  of 1 .44 cm volume and t h a t  the re  
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was i n s u f f i c i e n t  i n t e n s i t y  t o  measure t h e ' o p t i c a l  mode f r e -  

quencies.  Because of t h i s  t he  accuracy of t h e i r  r&xlts  must 

be he ld  suspect  and cannot be considered as a t e s t  of the  ca l -  

cu la ted  dispers ion curves. 

In f i g u r e  26 the  neutron s c a t t e r i n g  data from measure- 

ments on Gap by Yarnel le t  a1.(1968) have been included. Error  

bars  have a l s o  been included t o  i nd i ca t e  the  accuracy s t a t e d  by 

Yarnell  e t  a l .  The agreement between ca lcu la ted  and measured 

- dispers ion  curves i s  reasonably good although p a r t s  of the  ca l -  

cu la ted  curves f a l l  outs ide  the  s t a t e d  experimental accuracy of 

the  neutron data. However, it is  f e l t  t h a t  the  accuracy of t h i s  

s c a t t e r i n g  da ta  must be held suspect  too.  -Consider the  s t rong  

f e a t u r e  24 i n  the  ' Gap Raman spectrum of f i gu re  18. This is  a 

2L0 mode which has been assigned t o  the  c r i t i c a l  po in t  L. This 

f ea tu re  implies a v ib ra t iona l  mode of 393*5 cm-l. The neutron 

da t a  i s  unable t o  account f o r  a v ib ra t iona l  mode frequency t h i s  

l a r g e  o ther  than a t  the  zone cen t re .  However the  con t r ibu t ion  

from the  zone cen t re  LO mode t o  the  Raman spec t r a  i s  c l e a r l y  

f e a t u r e  25. Also i t  should be noted t h a t  although the  sample 

of Gap s tud ied  had a volume of -9 cm3, the  sample was a compo- 

s i t e  of 36 s i n g l e  c r y s t a l  p l a t e l e t s  o r ien ted  and glued together .  

For these reasons it i s  f e l t  t h a t  the  experimental e r r o r  in the  

neutron s c a t t e r i n g  da ta  s t a t e d  by the  authors i s  perhaps too 

small and could e a s i l y  be twice a s  large, 

8.1 The Freauencv Dis t r ibu t ion  of the Vibrat ional  Modes 

I n  order t o  ca l cu l a t e  the frequency d i s t r i b u t i o n  of 

the  v ib ra t i ona l  modes of a mater ia l ,  the  mode frequencies ca l -  

P 
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cu la ted  us ing equation (3.7) and the  values of p,,p, ,p, above 

must be weighted according t o  the  number of s imi l a r  points  i n  

the  whole Br i l l ou in  zone. The frequency d i s t r i bu t ion ,  g(v), can 

be derived from the  calcula ted frequencies by dividing the range 

of values of v i n t o  equal i n t e r v a l s  A V  'and counting the  number 

of frequencies i n  each i n t e r v a l .  The frequency d i s t r i b u t i o n  f o r  

ZnTe, ZnSe, Gap and ZnS have been ca lcu la ted  and the  r e s u l t s  ap- 

pear i n  Figures 27 t o  30 respec t ive ly .  One must bear i n  mind 

t h a t  these  frequency d i s t r i b u t i o n  functions' a r e  only approxima- 

t i o n s .  Because of the  d i s c r e t e  sampling of modes ( f o r  example, 

t he re  a r e  only twenty wavevectors sampled between r and X ) ,  one 

does not  g e t  a t r u e  p i c tu re  of (a) the  higher dens i ty  of s t a t e s  

due t o  the  volumetric e f f e c t  of increas ing wavevector, and (b)  

t he  high dens i ty  of s t a t e  due t o  the  f l a t t e n i n g  of the  disper-  

s i o n  curves a t  or  near  the  c r i t i c a l  po in t s .  To i l l u s t r a t e  t h i s  

the  dens i ty  of s t a t e s  funct ion f o r  ZnS has been ca lcu la ted  using 

only values of p, +py +p* = 60 and 59, i . e  . zone boundary and near 

zone boundary f requencies .  The r e s u l t s  r e f l e c t  the  high densi ty  

of s t a t e s  f o r  l a rge  wavevector and a r e  i l l u s t r a t e d  i n  Figure 31. 

Comparing Figures 30 and 31 one sees  the  major d i f ference  i s  the  

zone cen te r  o p t i c a l  frequencies and the  frequencies near K in-  

s i d e  the  zone edge. These regions should have a low dens i ty  of 

s t a t e s  compared t o  the  zone boundary. I n  order  t o  obta in  a more 

accurate  frequency d i s t r i b u t i o n  funct ion it would be necessary 

t o  divide the  range of < i n t o  much f i n e r  points  t o  do the  ca l -  

cu l a t i on .  However, t h i s  rap id ly  becomes proh ib i t ive  in computer 

time, and negates t h i s  approach. 
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8.4 The S p e c i f i c  Heat 

The s p e c i f i c  hea t  can be c a l c u l a t e d  from t h e  d e n s i t y  

of s t a t e s  func t ion  g(v)  of the  l a t t i c e  modes. ( ~ l e c t r o n  con- 

t r i b u t i o n  t o  t h e  s p e c i f i c  hea t  i s  assumed n e g l i g i b l e  i n  the  

high r e s i s t i v i t y  semiconductors s tud ied  he re .  ) 

The thermal energy of a c r y s t a l  i s  given by 
* ,., - 
V) n(Y) hcv dv 

where n ( 3  = 1 
h c t  - e k7 -1 

and 

Here h i s  P lanck l s  constants ,  k  i s  t h e  Boltzman cons tant ,  T 

0 i s  t h e  temperature i n  K, 6 i s  t h e  number of modes per  molecule 

o r  u n i t  c e l l  and N i s  Avogradro1s number. 

The s p e c i f i c  hea t  f o r  cons tan t  volume follows by d i f -  

f e r e n t i a t i n g  t h e  energy by temperature, 

and f o r  purposes of numerical eva lua t ion  one can wr i t e  
r* 

all modes  

where i s  t h e  t o t a l  number of modes evalua ted .  Because a l l  

m a t e r i a l s  with t h e  same number of modes per  u n i t  c e l l  tend t o  

t h e  same value of s p e c i f i c  h e a t  a t  h igh  temperatures it i s  ad- 

vantageous f o r  comparative purposes t o  express  t h e  s p e c i f i c  

h e a t  c ~ ( T )  i n  terms of the  Debye temperature e ( T )  of the  ma- 

t e r i a l .  The s p e c i f i c  hea t  of a m a t e r i a l  with two atoms per  u n i t  

c e l l  i s  given i n  the  Debye approximation b y ( ~ i t t e 1 ,  1967) 



where 

The frequency d i s t r i b u t i o n  of the  vibrat. iona1 modes i s  assumed . 
t o  depend on the  square of ; up t o  a cut-off  frequency ;, and i s  

- zero above. The s p e c i f i c  heat  f o r  such a s o l i d  according t o  the  

Debye approximation i s  i l l u s t r a t e d  i n  Figure 32. For each temp- 

e r a tu re  and mate r ia l  one can compare.the ca lcu la ted  s p e c i f i c  

- heat  t o  t h a t  predic ted by the  Debye theory and obta in  the  cor- 

responding Debye temperature @ (T)  . 

Figure 32 - The hea t  capaci ty  of a s o l i d  with two atoms per u n i t  
c e l l ,  according t o  the  Debye approximation. 



The spec i f i c  hea t  of each of the mater ia ls  s tudied 

here have been'calculated using the frequency d i s t r i b u t i o n  ob- 

tained from the S.N.I. model and has been expressed i n  terms 

of Debye temperatures i n  the range from 10•‹K t o  5 0 0 ~ ~ .  The 

r e s u l t s  a r e  i l l u s t r a t e d  by the s o l i d  l i n e s  i n  Figure 33. Very 

l i t t l e  experimental data  e x i s t s  on the s p e c i f i c  heat  of these 

mater ia l s .  In f a c t  no experimental determination of the 

s p e c i f i c  heat  of Gap has been found. Experimental data  f o r  the 

other  mater ia ls  were added point  by po in t  i n  Figure 33. 

The room temperature values of ZnTe and ZnS and the 

8 0 ' ~  measurement of ZnSe a r e  s t rong disagreement with the cal- 

culated r e s u l t s .  The data f o r  ZnS taken from Gmelin (1956) f a l l  

reasonably well  along the theo re t i ca l  curve; but  the room temp- 

e ra tu re  determination by Schleiger and Webb (1968) f o r  the 
I 

same mater ia l  fa l ls  1 2 0 p  below the calcula ted r e s u l t s .  

Gul ' tyaev and Petrov (1959) repor t  measured values of Cv f o r  

ZnTe and ZnSe with the  associa ted Debye temperatures a t  80'K.. 

These values have been entered in Table XX with the r e s u l t s  

. obtained here f o r  comparative purposes. 

TABU XX 

A comparison of the spec i f i c  hea ts  f o r  ZnTe and ZnSe at  8 0 ' ~ .  

Gul tyaev and Petrov Here 
Lv 8 Cv (6 

(cal/gmiatomf'~) ( O K )  (cal/rn&epKj ( O K )  

ZnTe 3.8 250 7-61 252 

ZnSe 2.2 400 6.42 302 



TEMPERATURE ( O K )  

Figure 33 - The calculated and measured s p e c i f i c  
hea ts  of ZnTe, ZnSe, ZnS and Gap. 
A ZnS from Gmelin (1956 ; A' ZnS from Q Schleiger and Webb (196 ); @ ZnTe 
from Gul ltyaev and Petrov (1959) 
O ' Z ~ T ~  from Kelemen e t  a l .  (19651 
and ElZnSe. from Gul ' tyaev and Pet- 
rev (1959) * 
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From Table XX it can be seen  t h a t  the  Debye temp- 

e r a t u r e s  agree  f o r  ZnTe; however t h e  values of s p e c i f i c  h e a t  

d i f f e r  by a f a c t o r  of two f o r  t h e  same measurement. This sug- 

g e s t s  t h a t  t h e  meaning -of t h e  term "gm-atom" used by Gul tyaev 

and Pet rov  d i f f e r s  by a f a c t o r  of two from t h e  meaning of "mole" 

used he re .  However, i n  the  case of ZnSe t h e r e  i s  no agreement 

e i t h e r  i n  t h e  Debye temperature a t  8 0 ' ~  o r  t h e  s p e c i f i c  h e a t  

even with cons ide ra t ion  of a d i f f e r e n t  meaning f o r  "gm-atom" . 
S i m i l a r l y  a l a r g e  d i f f e r e n c e  i s  observed between the  room temp- 

e r a t u r e  determinat ion of @ f o r  ZnTe obta ined  by Kelemen e t  a l .  

(1965) and t h e  c a l c u l a t e d  value obtained here .  

The measurements of t h e  s p e c i f i c  h e a t s  of the  materials 

s t u d i e d  here  a r e  few. U n t i l  r ecen t ly ,  of the  m a t e r i a l  s t u d i e d  

here,  only  good c r y s t a l l i n e  samples of ZnS were a v a i l a b l e  and 

f o r  ZnS t h e r e  i s  some agreement between t h e  measured and c a l -  

c u l a t e d  s p e c i f i c  h e a t s  presented he re .  There has been poor 

agreement f o r  t h e  o the r  m a t e r i a l s  probably due t o  a l a c k  of 

high p u r i t y  samples. The c a l c u l a t i o n  of s p e c i f i c  h e a t s  should 

n o t  be s e n s i t i v e  t o  d e t a i l s  i n  the  phonon d i spe r s ion  and it is  

expected t h a t  t h e  t h e o r e t i c a l  c a l c u l a t i o n s  of s p e c i f i c  h e a t  

should be accura te  t o  about  10%. It i s  f e l t  t h a t  the  r e s u l t s  

presented  here  a r e  c l o s e r  t o  the  r e a l  values of s p e c i f i c  hea t  

than those publ ished measurements which d isagree  with these  c a l -  

c u l a t i o n s .  



. CONCLUDING REMARKS 

9 . 1  -Swnmarv and Conclusions 

A s tudy  of the  Raman s p e c t r a  of ZnTe, ZnSe, and Gap 

has been presented  i n  t h i s  work. The s p e c t r a  have been i n t e r -  

p r e t e d  i n  terms of combinations and overtones from the  c r i t i c a l  

po in t s  X, L, W, and I' i n  the  B r i l l o u i n  zone. I n  a d d i t i o n  t h e  r e -  

s u l t s  have been analysed with t h e  a i d  of t h e  S .N.  I. model which 

has been found app l i cab le  t o  zincblende m a t e r i a l s  ( ~ a n e r j e e  and 

Varshni, 1969) .  For each m a t e r i a l  a s e t  of c r i t i c a l  p o i n t  f r e -  

quencies has  been obtained t h a t  a r e  c o n s i s t e n t  with both the  

t h e o r e t i c a l  model and the  observed spectrum. 

I n  t h e  case of ZnSe it has a l s o  been poss ib le  t o  in -  

v e s t i g a t e  t h e  p o l a r i z a t i o n  p r o p e r t i e s  of the  second order  spec- 

trum. For a g iven  c r y s t a l  o r i e n t a t i o n  and p o l a r i z a t i o n  of the  

i n c i d e n t  and s c a t t e r e d  l i g h t  only c e r t a i n  combinations a r e  al-  

lowed from t h e  var ious  c r i t i c a l  p o i n t s .  These have been predic-  

t e d  from group theory  by Krauzman, 1969 and Nilsen, 1969b, and 

t h e  observed s p e c t r a  have been compared t o  these  p r e d i c t i o n s .  

It was concluded t h a t  the  information obtained from p o l a r i z a t i o n  

measurements w a s  i n s u f f i c i e n t  t o  be used a lone  i n  making mode as- 

signments.  However, the  use of var ious  p o l a r i z a t i o n s  and c r y s t a l  

o r i e n t a t i o n s  d id  a i d  i n  s e p a r a t i n g  out  t h e  d i f f e r e n t  cont r ibu-  

t i o n s ,  and tended t o  v e r i f y  t h e  assignments made from the  poly- 

c r y s t a l l i n e  ZnSe spectrum. , 
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A s  a f u r t h e r  check on t h e  r e l i a b i l i t y  of the  values 

obtained f o r  t h e  c r i t i c a l  po in t  f requencies  the  r e s u l t s  were 

compared t o  r e g u l a r i t i e s  previous ly  observed i n  t h e  zone bound- 

a r y  f requencies  of zincblende semiconductors (Mitra, 1963; Keyes, 

1962 and Marshall  and Mitra, 1964).  I n  a l l  cases  good agreement 

was obtained and a number of previous incons i s t enc ies  were r e s o l -  

ved. 

The s e t  of c r i t i c a l  p o i n t  f requencies  i n  t u r n  determin- 

ed t h e  parameters involved i n  the  S.N.I. model and enabled a c a l -  

c u l a t i o n  of t h e  phonon d i spe r s ion  throughout t h e  B r i l l o u i n  zone. 

This c a l c u l a t i o n  was c a r r i e d  out  on an  IBM 360 computer f o r  f o u r  

m a t e r i a l s :  ZnTe, ZnSe, Gap, and ZnS. Only i n  t h e  case  of Gap 

was it p o s s i b l e  t o  make a d e t a i l e d  comparison with d i r e c t l y  

measured d i s p e r s i o n  curves (Yarnel l  e t  a l . ,  1968). I n  t h i s  case  

some d i sc repanc ies  were found which exceeded t h e  quoted e r r o r  

assignments.  It i s  f e l t  however t h a t  t h e  e r r o r  l i m i t a t i o n  of 

t h e  Gap neut ron  r e s u l t s  a r e  somewhat o p t i m i s t i c  i n  t h a t  the  

measurements were performed on a c r y s t a l  t h a t  was f a b r i c a t e d  

from s e v e r a l  s m a l l  p l a t e l e t s .  The only  o t h e r  zincblende semi- 

conductor which has been i n v e s t i g a t e d  by neutron s c a t t e r i n g  i n  

d e t a i l  i s  G a s  ( ~ a u g h  and Dolling, 1963) .  However the  second 

order  Raman spectrum has y e t  t o  be measured because of t h e  l a c k  

of a s u i t a b l e  source and t h e  wealmess of t h e  second order  spec- 

trum. 

The frequency d i s t r i b u t i o n  of the  v i b r a t i o n a l  modes 

and t h e  s p e c i f i c  h e a t  as  a f u n c t i o n  of temperature have been 
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c a l c u l a t e d  from t h e  phonon d i s p e r s i o n  curves f o r  the  four  ma- 

t e r i a l s .  A comparison was made wi th  t h e  l i m i t e d  amount of ex- 

per imental  information t h a t  i s  a v a i l a b l e  (Gul l tyaev  and Petrov, 

1959; Kelemen e t  a l . ,  1965; Sch le ige r  and Webb, 1968 and Gmelin, 

1956). However because of t h e  l a c k  of experimental  s p e c i f i c  

h e a t  d a t a  f o r  these  compounds no d e f i n i t i v e  conclusions could be 

drawn. 

In conclusion i t  i s  f e l t  t h a t  a method has been de 

veloped whereby r e l i a b l e  values can be obtained f o r  c r i t i c a l  

p o i n t  phonon f requencies  i n  zincblende semiconductors. These 

values then  enable  one t o  o b t a i n  reasonably accura te  (5%) es- 

t ima tes  f o r  phonon f requencies  throughout t h e  B r i l l o u i n  zone by 

us ing  an  appropr ia t e  t h e o r e t i c a l  model. The r e s u l t s  a r e  of par- 

t i c u l a r  i n t e r e s t  i n  t h e  case of zincblende semiconductors where 

i n  genera l  s u i t a b l e  c r y s t a l s  a r e  no t  a v a i l a b l e  f o r  neutron s c a t -  

t e r i n g  experiments.  

9 . 2  Suggestions f o r  Fur ther  Work 

Obviously f u t u r e  experiments can be concerned wi th  t h e  

i n v e s t i g a t i o n  of o t h e r  ma te r i a l s  of t h e  same c l a s s ,  of which 

t h e r e  a r e  many. However i t  i s  f e l t  t h a t  more work should go in-  

t o  t h e  f u r t h e r  v a l i d a t i o n  and improvement of t h e  method desc- 

r i b e d  i n  t h i s  t h e s i s .  In l i n e  with t h i s  one should consider  ex- 

periments on s p e c i f i c  h e a t  measurements. Large p o l y c r y s t a l l i n e  

samples s u i t a b l e  f o r  such experiments a r e  now a v a i l a b l e  and t h e  

r e s u l t s  would be of genera l  as well  as p a r t i c u l a r  i n t e r e s t .  
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The most accura te  neutron work has been done on GaAs 

f o r  which l a r g e  s i n g l e  c r y s t a l s  a r e  a v a i l a b l e .  It would thus  

be of i n t e r e s t  t o  perform s c a t t e r i n g  experiments on G a A s  and 

t o  compare the  r e s u l t s  with the  neutron d a t a .  Such exper i -  

ments would provide a d e f i n i t i v e  t e s t  of the  method and would 

provide information on the  r e l a t i v e  amounts of s c a t t e r i n g  t h a t  

o r i g i n a t e s  from c r i t i c a l  po in t s  i n  t h e  B r i l l o u i n  zone. How- 

ever ,  a source with about an 85~~2L wavelength i s  requ i red .  

It w i l l  perhaps be necessary  t o  perform t h e  experiments a t  

f a i r l y  low temperatures us ing  a GaAs l a s e r  as a source.  

F i n a l l y  it should be mentioned t h a t  the  S.N.I.  model 

probably does n o t  c o n s t i t u t e  the  i d e a l  t h e o r e t i c a l  model. It 

i s  d e s i r a b l e  t o  have a  model with even fewer parameters which 

would g ive  an even more exact  d e s c r i p t i o n  of the d i spe r s ion  

r e l a t i o n s .  Some work i s  being d i r e c t e d  towards t h i s  end 

( ~ e t e l i n o  and Mitra, 1969) and hopeful ly  a simple, r e l i a b l e  

t h e o r e t i c a l  model w i l l  u l t i m a t e l y  emerge. 



APPENDIX 

In t h i s  appendix the  method used t o  o b t a i n  t h e  s e -  

l e c t i o n  r u l e s  f o r  two phonon Raman processes  i s  b r i e f l y  out-  

l i n e d .  

Consider t h e  c r i t i c a l  p o i n t  X .  The p o i n t  group of 

t h e  space group i s  Dad and t h e  r e d u c i b l e  r e p r e s e n t a t i o n  of t h e  

v i b r a t i o n a l  modes a t  t h i s  p o i n t  i s  X, +X,+2X5 ( ~ o u l e t ,  1955 and 

Parmenter, 1955) where X,, X3 and X, and i r r e d u c i b l e  represen-  

t a t i o n s  of t h e  group DZd X6 i s  doubly degenerate and i s  as- 

s o c i a t e d  wi th  each of t h e  o p t i c a l  and a c o u s t i c a l  t r a n s v e r s e  

modes. Group theory  i s  unable t o  make a more p r e c i s e  a s s ign-  

ment as t o  which of X, o r  X3 i s  t h e  o p t i c a l  o r  a c o u s t i c a l  long- 

i t u d i n a l  s o  l e t  X, des ignate  t h e  IA mode and X3 t h e  LO mode a t  

S i m i l a r l y  t h e  po in t  group at  L is  C,, and t h e  reduc- 

i b l e  r e p r e s e n t a t i o n  of t h e  v i b r a t i o n a l  modes a t  L i s  2b+2L3. 

i s  a doubly degenera te i r r educ ib le  r e p r e s e n t a t i o n  and s o  i s  

ass igned t o  each of t h e  t r ansverse  modes and $ t o  each of t h e  

l o n g i t u d i n a l  modes. A t  W t h e  p o i n t  group i s  S, and t h e  reduc- 

i b l e  r e p r e s e n t a t i o n  of t h e  v i b r a t i o n a l  modes a t  W i s  W,c2W2+2W, 

a,, where W, and W4 a r e  degenerate  by t ime- rever sa l  symmetry. 

These modes can no longer  be d iv ided  i n t o  pure ly  l o n g i t u d i n a l  

or  t r a n s v e r s e  p o l a r i z e d  modes at  t h e  c r i t i c a l  p o i n t  W   arme enter, 



The po in t  group of t h e  space group of each c r i t i c a l  

p o i n t  i n  t h e  B.Z. ( see  Figure 3)  i s  l i s t e d  i n  column 2 of Table 

XXI. The c h a r a c t e r  t a b l e  f o r  each of t h e s e  p o i n t  groups i s  found 

i n  TableXXII. The symmetry s p e c i e s  of t h e  l a t t i c e  v i b r a t i o n s  f o r  

each symmetry po in t  i n  t h e  B.Z. have been der ived  by Poule t  

(1965) and t h e  r educ ib le  r e p r e s e n t a t i o n  of t h e s e  l a t t i c e  v i -  I 

b r a t i o n s  f o r  each of t h e s e  c r i t i c a l  p o i n t s  aTe l i s t e d  i n  column 

3 of Table X X I  i n  terms of t h e  i r r e d u c i b l e  r e p r e s e n t a t i o n s  of the 

a p p r o p r i a t e  p o i n t  group of Table XXII. 

The r e d u c i b l e  r e p r e s e n t a t i o n  of t h e  p o i n t  group at  each c r i t i c a l  
p o i n t  of t h e  B.Z. 

Symmetry Poin t  Group Reducible Representa t ions  of Sym- 
. Poin t  metry Species  a t  Each C r i t i c a l  

Poin t  



TABLE XXII 

The c h a r a c t e r  t a b l e s  of t h e  p o i n t  g roups  i n  z i n c b l e n d e .  



The symmetry p roper t i e s  of t h e  two phonon s t a t e s  can 

be der ived  from one phonon symmetry p r o p e r t i e s  by reducing t h e  

d i r e c t  product r e p r e s e n t a t i o n  of t h e  corresponding one phonon 

s t a t e s .  For example, consider  t h e  2LO(L) overtone. The LO(L) 

mode has  t h e  irreducible r e p r e s e n t a t i o n  b. The 2LO(L) s t a t e  has  

t h e  r e p r e s e n t a t i o n  L,@L,. This r e p r e s e n t a t i o n  i s  reduc ib le  i n  

terms of the  Td po in t  group t o  r l+  r15 s o  t h a t  t h e  2LO(L) phonon 

mode w i l l  have t h e  symmetry spec ies  r, + r,, . For t h e  zincblende 

- c r y s t a l  s t r u c t u r e  with i t s  Td p o i n t  group symmetry, t h e  p o l a r i z -  

a b i l i t y  t e n s o r  t ransforms a s  r, + r,, + r . I n  order  t h a t  a  

two phonon process  be Raman a c t i v e ,  t h e r e  must e x i s t  an i r r educ-  

i b l e  r e p r e s e n t a t i o n  corresponding t o  t h e  i r reducib le  r ep resen ta -  

t i o n s  of t h e  p o l a r i z a b i l i t y  t ensor  i n  t h e  r educ t ion  of t h e  d i r e c t  

product r e p r e s e n t a t i o n  of t h e  two phonon mode. Since t h e  r e -  

p r e s e n t a t i o n  of the  2 ~ 0 ( L )  phonon process  i s  rl + rl,, it i s  

allowed. In f a c t  Birman (1963) f i n d s  t h a t  a l l  two phonon pro- 

c e s s e s  a r e  Raman a c t i v e  in the  zincblende s t r u c t u r e .  

The s e l e c t i o n  r u l e s  a r e  summarized in Table V. The 

r e d u c i b l e  r e p r e s e n t a t i o n  of t h e  two phonon s t a t e s  a t  each c r i -  

t i c a l  p o i n t  i n  t h e  B.Z.  have been. de r ived  and expressed in 

terms of t h e  i r r e d u c i b l e  r e p r e s e n t a t i o n s  of t h e  p o i n t  group Td 

( ~ i r m a n ,  1963 and Krauzman, 1969) and a r e  l i s t e d  i n  Column 6 

of  Table V.  S i m i l a r  r e s u l t s  a r e  shown f o r  t h e  second o rde r  

i n f r a - r e d  absorp t ion  processes  f o r  t h e  purpose of comparison. 



LIST OF REFERENCES 

Aten, A.C. ,  Van Doorn, C.F. and Vinck, A.T. ,  1962. Proceedings 
of the In te rna t iona l  Conference on the  Physics of Semi- 
conductors, Exeter 1962 ed i ted  by A .  C .  S t r ickland (The 
I n s t i t u t e  of Physics of The Physical Society, London), 
p .  696. 

Aven, M . ,  Marple, D.T.F., and Segall ,  B .  1961. J. Appl. Phys. 
32, 2261. - 

Banerjee, R .  and Varshni, Y.P. 1969. Can. J. Phys. - 47, 45. 

Barker, A.S. Jr. 1968. Phys. Rev. 165, 917. 

Berl incourt ,  D.,  Jaf fe ,  H . ,  and Shiozawa, L.R. 1963. Phys. Rev. 
129, 1009. - 

Birman, J.L. 1963. Phys. Rev. - 131, 1489. 

Blackman, M. 1937. Proc. Roy. Soc., A - 149, 117. 

Blackman, M.  1958. Ph i l .  Mag. - 3, 831. 

Born, M. and yon ~grmgn, T. 1912. Phys. Z e i t . ,  - 13, 297. 

Born, M. and Huang, K .  1954. Dynamical Theory of Crysta l  Lat- 
t i c e s  (oxford University Press,  New York) p. 255. 

Braunstein, R. ,  Herman, F. and Moore, A . R .  1958. Phys. Rev. 
109, 695. - 

Brockhouse, B.N. 1961. I n e l a s t i c  Sca t te r ing  of Neutrons i n  
Sol ids  and Liquids, LAW, Vienna, 113. 

Brout, R .  1959. Phys. Rev. 113, 43. 

Burstein, E .  1964. I n  Phonon and Phonon Interact ions ,  ed i ted  by 
T.A. Bak (W.A. Benjamin, Inc.  New York), p .  276. 

Buyers, W.J.L. and Smith, T. 1966. Phys. Rev., - 150, 758. 

Cochran, W .  1959. Proc. Roy. Soc., A 253, 260. 

Cochran, W. 1966. Phonons i n  Perfect  La t t i ces  and La t t i ces  with 
Point  Imperfections ( 0 l i v e r  and Boyd,   din burgh) p .  153. 

Cowley, R.A. 1962. Proc. Roy. Soc. ( ~ o n d o n )  ~ 2 6 8 ,  109, 121. 

Cowley, R.A. 1969. Modern Sol id  S t a t e  Physics, - 2,  ordo don and 
Breach, New York) p. 43. 

Dean, P .J .  1967. Phys. Rev. - 157, 655. 



Dick, B.G. and Overhauser, A.W. 1958. Phys. Rev., - 112, 90. 

Feldkamp, L.A., Venkataraman, G . ,  and King, J.S. 1969. So l id  
S t a t e  Communications - 7, 1571. 

Fray, S., Johnson, F.A., Jones, R.,  Kay, S., Oliver, C . J . ,  
Pike, E.R., Russell ,  J., Sennett, C . ,  OtShaughnessy, J. 
and Smith, C. ,  1969. In Light Sca t t e r ing  Spectra of Solids, 
ed i t ed  by G.B. Wright (Springer and Verlag Inc ., New York) 
P *  139. 

Gmelin. 1956. Handbuch du Anorganischin Chemie . Zink. Wein- 
heim, Verlag Chemie . 

Gul Ityaev, P .V. and Petrov, A.V. 1959. Fiz,  Tverd. Tela. 1, 
368. ( ~ n g l i s h  Translation, Sovie t  Physics-Solid State- 
1, 330 (1959) .) - 

Hobden, M.V. and Russel, J.P. 1964. Phys. Le t te r s ,  - 13, '39. 

Hopf i e l d ,  J. J., Thomas, D.G.  and Lynch, R.T. 1966. Phys . Rev. 
Le t t e r s  - 17, 312. 

Huntington, H.B., 1958, Solid S t a t e  Physics, - 7, 214. 

Irwin, J . C .  1970. Can. J. Phys., - 48, 2477. 

Irwin, J . C .  and La Combe, J .L .  1970a. J. Appl. Phys. - 41, 1444. 

Irwin, J . C .  and La Combe, J . L .  1970b. Can. J. Phys. - 48, 2499. 

Iveronova, V.  I., Parangtopo and Zvyagina, A .P . 1967. Soviet  
Physics - Solid S t a t e ,  - 9, #6, 1265. 

Johnson, F.A. 1965. Progr.  Semicond. - 9, 179. 

Kaplan, H .  and Sull ivan,  J.J. 1963. Phys. Rev. 130, 120. 

Kelemen, F., Cruceanu, E.  and Niculescu, D.  1965. Phys. S ta tus  
So l id i ,  - 11, 865. 

Kellerman, E.W. 1940. Ph i l .  Trans. Roy. Soc. London, .A238, - 513. 

Keyes, R.W. 1962. J. Chem. Phys. - 37, 72. 

K i t t e l ,  C .  1967. In t ro .  t o  Sol id  S t a t e  Physics (J .  Wiley & 
Sons, Inc.,  New ~ o r k )  p. 178. 

Kleinman, D.A. and Spi tzer ,  W.G. 1960. Phys. Rev. - 118, 110. 

Krauzman, M. 1967'. C . R .  Acad. Sc. Par is  ~ 2 6 4 ,  - 1117. 

Krauzman, M. 1969. Ph.D. Thesis.  Faculty of Sciences of Par i s ,  
Pa r i s ,  France. 



Loudon, R.A.  1964. Advances i n  Physics - 13, 423. 

Lyddane, R .H., Sachs, R.G. ,  and Te l le r ,  E. 1941. Phys . Rev. - 59, 
673 

Malm,  H.L. and Haering, R.R. ,  1971. Can. J. Phys. ( t o  be pub- 
l i s h e d )  . 

Marple, D.T.F. 1964. J. Appl. Phys. - 35, 539. 

Marshall, R .  and Mitra, S.S. 1964. Phys. Rev. - 134, 1019. 

Maskkevich, V.S. and Tolpygo, K.D. 1957. Zh. Eksperim i Teor. 
Fiz . 32, 520  r ran slat ion: Sovie t  Physics - JETP 5, 435 
(19 57-77 

Merten, L. 1958. Z .  Naturforsch. - 13a, 662, 1067. 

Merten, L. 1962. Z .  Naturforsch. - 17a, 174, 216. I 

Mitra, S.S. 1963. Phys. Rev. - 132, 986. 

Mooradian, A .  and Wright, G.B. 1966. Phys. Rev. Le t te r s .  - 16, 
999 

Nahory, R.E.  and Fan, H.Y. 1967. Phys. Rev. - 156, 825. 

Narita, S., Harada, H.  and Nagasaka, K. 1967. J. Phys. Soc. 
Japan, - 22, 1176. 

Nilsen, W.G.  1969a. Light Sca t te r ing  Spectra of Solids,  ed i ted  
by G.B. Wright (Springer Verlag Inc. ,  New York), p. 129. 

Nilsen, W.G. 1969b. Phys. Rev. 182, 838. 

Parmenter, R .H.  1955. Phys. Rev. - 100, 573. 

P h i l l i p s ,  J.C. 1956. Phys. Rev. - 104, 1263. 

Piper ,  W.W. and Polich, S .J .  1961. J. Appl. Phys. - 32, 1278. 

Pope, N.K. 1965. La t t i ce  Dynamics ed i ted  by R.F. Wallis (1963) 
  erga am on Press,  London) p . 1 4 7 .  

Poulet,  H.  1955. Ann. Phys. ( p a r i s )  - 10, 908. t 

Poulet, H.  1965. J. de Physique, - 26, 684. 

Riccius,  H.D.  1968. J. App. Phys. 39, 4381. 

Rosenstock, H.B. 1963. Phys. Rev. 129, 1959. 

Rosenstock, H.B. 1965. La t t i ce  Dynamics, edi ted  by R.F. Wallis 
  erga am on Press,  Inc.,  New York), p. 205. 



Rosenstock, H.B. and Blanken, G .  1966. Phys . Rev. - 145, 546. 

Russel, J.P. 1965. J. de Physique, - 26, 620. 

Schleiger ,  E.R. and Webb, L.A. 1968. Appl. Optics, - 7, 33. 

Smith, H . M . J .  1948. Ph i l .  Trans. Roy. Soc. London A241, 105. 

Sz ige t i ,  B. 1949. Trans. Faraday Soc. - 45, 155. 

Taylor, W .  1967. Physics Le t te r s  - 2 4 ~ ,  556. 

Tolpygo, K.B. 1961. Fiz.  Tverd. Tela, 3, 943.  r ran slat ion: 
Soviet  Physics - Solid S t a t e  - 3, 68'5 (1961) .) 

Ushioda, S.,  Pinczuk, A. ,  Taylor, W., and Burstein, E.  1967 
1 1 - V I  Semiconducting Compounds, 1967 In te rna t iona l  Confer- 
ence ed i ted  by D.G. Thomas. (W.A. Benjamin Inc ., N e w  
York) p. 1185. 

Van Hove, L. 1963. ~ h y s .  Rev. - 89, 1189. 

Vetelino, J .F.  and Mitra, S.S. 1969. Phys. Rev. 178, 1349. 

Walker, C .B. 1956. Phys . Rev., 103, 547. 

Waugh, J.L.T. and Dolling, G.  1963. Phys. Rev. 132, 2410. 

Yarnell, J.L., Warren, J.L., Wenzel, R .G.  and Dean, P .  J. 1968. 
Neutron I n e l a s t i c  Scat ter ing,  I .A .E .A. (Copenhagen Con- 
ference)  - 1, 301. 


