
Im lu inJ . Phys. 7 0 A  ( 2 ) ,  1 9 7 - 2 0 2  ( 1 9 9 6 )

I J P  A
—- an international journal

A sim p le  m o d e l fo r  re fra c tiv e  in d e x -e n e rg y  g a p  
in terre la tion  o f  so m e co m p o u n d  se m ico n d u cto rs

M  A  S a l e m +

Physics Department, Faculty of Science, Azhar University,
Nasr City, Cairo, Egypt 
and

A  M  M e l i g y + +

Mathematics Department, Faculty of Science, Monufia University, 
Shebin Elkoam, Egypt

Received 13 February 1995, accepted 19 October 1995

Abstract : In this paper, we pioposc simple lelations connecting the high frequency 
refractive index and energy gap F^ of some compound semiconductors For semiconductors 
belonging to groups 1I-VI and III-V, we propose that the refractive index n is given by n -  E!(ER 
4 B), where B is^a numerical constant and F is a parameter, which takes into account the 
contribution of the valence electron plasmon energy In addition, a linear relationship between 
the refractive index n and the energy gap is proposed for semiconductors belonging to group 
I-VII This relation leads as n = a - b L where a and b are numerical constants. The 
examination of the present relations shows a reliable agreement between calculated and 
experimental values of refractive index. Comparison between present values and those given by 
other workers are also considered

Keywords : Model, refractive index and energy gap, compound semiconductors 

PACS No. : 63.20.Dj

1- Introduction

O p t i c a l  c o n s t a n t s ,  n a m e l y ,  r e f r a c t i v e  i n d e x  a n d  d i e l e c t r i c  c o n s t a n t  a r e  c o n s i d e r e d  t o  b e  

f u n d a m e n t a l  p a r a m e t e r s  w h i c h  p l a y  i m p o r t a n t  r o l e s  i n  d e t e r m i n i n g  t r a n s p o r t ,  l a t t i c e  

d y n a m i c a l  a n d  o p t i c a l  p r o p e r t i e s  o f  s e m i c o n d u c t o r s .

S o m e  s e m i c o n d u c t i n g  m a t e r i a l s  w e r e  k n o w n  t o  c r y s t a l l i z e  i n  z i n c - b l e n d e  a n d  

w u r t z i t e  s t r u c t u r e s  a n d  c o n s e q u e n t l y ,  t o  h a v e  a  b i n d i n g  m e c h a n i s m  s i m i l a r  t o  t h a t  o f
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g e r m a n i u m  a n d  s i l i c o n .  T h u s ,  t h e  n a t u r e  o f  t h e  i n t e r a t o m i c  i n t e r a c t i o n s ,  t h e  b o n d  e n e r g y  

a n d  t h e  c o n s e q u e n t  s t r u c t u r a l  r e l a t i o n s h i p s  d e t e r m i n e  t h e  p h y s i c a l  p r o p e r t i e s  o l  s i m p l e  a n d  

c o m p o u n d  s e m i c o n d u c t o r s .

T h e  w i d t h  o f  t h e  f o r b i d d e n  g a p  EK i s  o n e  o f  t h e  m o s t  i m p o r t a n t  s e m i c o n d u c t o r  

p a r a m e t e r s .  T h i s  w i d t h  i s  f o u n d  t o  b e  c o n s i d e r a b l y  l a r g e r  i n  I I - V I  c o m p o u n d s  a n d  i n c r e a s e s  

f u r t h e r  i n  1 - V I I  c o m p o u n d s .  T h e  m a t e r i a l s  o f  t h e  I l - V I  c o m p o u n d s  s h o w  a l s o  d e c r e a s i n g  

w i t h  i n c r e a s i n g  a t o m i c  w e i g h t .  A m o n g  t h e  I I I - V  c o m p o u n d s ,  o n e  c a n  t h e r e f o r e  e x p e c t  t h e  

l i g h t e s t  c o m p o u n d  B N  t o  h a v e  t h e  l a r g e s t  f o r b i d d e n  g a p  a n d  t h e  h e a v i e s t  c o m p o u n d  I n s b ,  t o  

h a v e  t h e  s m a l l e s t  o n e .  T h e  v a lu e s  o f  t h e  f o r b i d d e n  g a p  o f  t h e  o t h e r  I I I - V  c o m p o u n d s  w i l l  b e  

i n  b e t w e e n  t h e m .

T h e  s e m i c o n d u c t i n g  m a t e r i a l s  o f  I l - V I ,  I I I - V  a n d  I - V I I  g r o u p s  a r e  f o u n d  t o  b e  o f  

g r e a t  i n t e r e s t  b e c a u s e  o f  t h e i r  a p p l i c a t i o n s  i n  i n t e g r a t e d  o p t i c a l  d e v i c e s  s u c h  a s  s w i t c h e s ,  

f i l t e r s  a n d  m o d u l a t o r s .  T h e n ,  t h e  c o r r e l a t i o n  b e t w e e n  t h e  h i g h  f r e q u e n c y  r e f r a c t i v e  i n d e x  

a n d  i t s  r e l a t e d  p r o p e r t i e s  h a v e  b e e n  s t u d i e d  b y  m a n y  r e s e a r c h e r s  ( 1 —4 ] .  S e v e r a l  a t t e m p t s  

h a v e  b e e n  c a r r i e d  o u t  t o  o b t a i n  a  r e l a t i o n  c o n n e c t i n g  t h e  h i g h  f r e q u e n c y  r e f r a c t i v e  i n d e x  n 
a n d  t h e  e n e r g y  g a p  £< , i n  s e m i c o n d u c t o r s  [ 5 , 6 ] .

R a v i n d r a  et al [ 7 ]  p r o p o s e d  t h e  f o l l o w i n g  l i n e a r  r e l a t i o n s h i p  b e t w e e n  n a n d

n =  4 . 0 8  -  0 . 6 2  £ „ .  ( 1 )

R e l a t i o n  ( 1 )  f o l l o w s  f r o m  t h e  P e n n  m o d e l  | 8 ] a n d  a l s o  f r o m  t h e  t r e a t m e n t  d u e  t o  

W c m p l e  [ 9 ] .

G o p a l  [ 1 0 ]  h a v e  s h o w n  t h a t  t h e  P e n n  m o d e l  f o r  t h e  d i e l e c t r i c  c o n s t a n t  o l  

s e m i c o n d u c t o r s  c a n  b e  m o d i f i e d  t o  c o n s t r u c t  a  g e n e r a l  r e l a t i o n  b e t w e e n  o p t i c a l  r e f r a c t i v e  

i n d e x  a n d  t h e  e n e r g y  b a n d  g a p ,  w h i c h  a v o i d s  t h e  s h o r t c o m i n g  o f  r e l a t i o n  { 1 ) .  H i s  r e l a t i o n  

r e a d s  a s  f o l l o w s :

nL 1 +

( £ . + c ) '

( 2 )

w h e r e  A a n d  C  a r e  n u m e r i c a l  c o n s t a n t s  h a v i n g  t h e  v a l u e s  1 6 9  a n d  2 . 7  r e s p e c t i v e l y .

M o r e  r e c e n t l y ,  R e d d y  a n d  A n j a n c y u l u  [ 1 1 ]  p r o p o s e d  a  l i n e a r  r e l a t i o n  b e t w e e n  n a n d  

Ep w h i c h  i s  o f  t h e  f o r m

«  =  3 . 5 9 - l n £ r  ( 3 )

R e l a t i o n  (3) i s  a n  e m p i r i c a l  f o r m u l a  a n d  i t  g i v e s  b e t t e r  v a lu e s  o f  r e f r a c t i v e  i n d e x  compared 
t o  t h e  r e l a t i o n  d e r i v e d  b y  R a v i n d r a  et al [ 7 ] .

H o w e v e r ,  o u r  s t u d y  o f  t h e  a b o v e  s t a t e d  r e l a t i o n s  ( 1 ) ,  ( 2 )  a n d  ( 3 )  s h o w e d  t h a t  t h e r e  is  

a  c o n s i d e r a b l e  d e v i a t i o n  b e t w e e n  c a l c u l a t e d  v a l u e s  o f  r e f r a c t i v e  i n d e x  a n d  e x p e r i m e n t a l  

o n e s  a m o n g  t h e  m o s t  s t u d i e d  c o m p o u n d  s e m i c o n d u c t o r s .

I n  t h e  p r e s e n t  w o r k ,  w e  p r o p o s e  a  s i m p l e  m o d e l  f o r  e v a l u a t i n g  t h e  r e f r a c t i v e  i n d e x  in  

s o m e  c o m p o u n d  s e m i c o n d u c t o r s  b e l o n g i n g  t o  I I - V I  a n d  I I I - V  g r o u p s .  I n  t h i s  m o d e l ,  w c
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i n t r o d u c e  a  p a r a m e t e r ,  w h i c h  t a k e s  i n t o  a c c o u n t  t h e  c o n t r i b u t i o n  o f  t h e  v a l e n c e  e l e c t r o n  

p l a s m o n  e n e r g y  t o  t h e  r e f r a c t i v e  i n d e x .  I n  s e m i c o n d u c t o r s  o f  I - V I I  g r o u p ,  w e  f i n d  t h a t  t h e  

r e f r a c t i v e  i n d e x  i s  l i n e a r l y  d e p e n d e n t  o n  e n e r g y  g a p .

2. Theory *

The h i g h  f r e q u e n c y  d i e l e c t r i c  c o n s t a n t  £„ a s  e v a l u a t e d  f r o m  P e n n  m o d e l ,  i s  g i v e n  b y  G u p t a  

et al[5] a s

C --1  = (E p / P ) 2 D  (4)

w i t h  D = l - ( E l, / 4 E l ) + ^(Ell/ 4 E f )2, ( 5 )

w h e r e  Ep i s  t h e  v a l e n c e  e l e c t r o n  p l a s m o n  e n e r g y ,  Ef i s  t h e  F e r m i - c n e r g y  a n d  P i s  t h e  P e n n  

g a p .  T h e  l a t t e r  c a n  b e  e x p r e s s e d  i n  t e r m s  o f  t h e  m i n i m u m  e n e r g y  g a p  b y

P =  Eg +  ( 6 )

w h e r e  B i s  c o n s t a n t .

I n  o u r  p r e s e n t a t i o n ,  w e  c o n s i d e r  Ep a s  a  v a r i a b l e  p a r a m e t e r ,  i n  c o n t r a s t  t o  o t h e i  

w o r k e r s .  A c c o r d i n g l y ,  w e  p r o p o s e  t h a t  t h e  r e f r a c t i v e  i n d e x  n i s  r e l a t e d  t o  t h e  e n e r g y  g a p  Eg 
in  s e m i c o n d u c t o r s  o f  g r o u p s  I I - V I  a n d  I I I - V  b y  t h e  f o l l o w i n g  r e l a t i o n

F

( E '  + B )
( 7 )

T h e  p a r a m e t e r  F i s  d e t e r m i n e d  b y  a p p l y i n g  e q .  ( 7 )  t o  t h e  c o n s i d e r e d  g r o u p s  o f  

s e m i c o n d u c t o r s  h a v i n g  e x p e r i m e n t l y  k n o w n  b a n d  g a p  Eg a n d  r e f r a c t i v e  i n d e x  n. T h e n ,  w e  

f i n d  a  c o r r e l a t i o n  b e t w e e n  t h e  p a r a m e t e r  F a n d  b o t h  v a r i a b l e s  Eg a n d  T h e  d e p e n d e n c e  o f  

F on EH a n d  Ep i s  i n d i c a t e d  i n  F i g u r e  1 . T h e n ,  w e  h a v e

F =  K ( Eg /  Ep ) ,  ( 8 )

w h e r e  K i s  a  n u m e r i c a l  c o n s t a n t  f o u n d  t o  b e  d e p e n d e n t  o n  t h e  s e m i c o n d u c t o r  g r o u p ,  

w h e r e a s  B i s  f o u n d  t o  b e  n e a r l y  c o n s t a n t .

I n  c o n s i d e r i n g  s e m i c o n d u c t o r s  b e l o n g i n g  t o  I - V I I  g r o u p ,  w e  p r o p o s e  t h a t  t h e  

r e f r a c t i v e  i n d e x  n i s  l i n e a r l y  d e p e n d e n t  o n  t h e  e n e r g y  g a p  Eg a c c o r d i n g  t o  t h e  f o l l o w i n g  

e q u a t i o n

n =  a -  bEg,

w h e r e  a a n d  b a r e  n u m e r i c a l  c o n s t a n t s .

( 9 )

I n  o r d e r  t o  e v a l u a t e  t h e  c o n s t a n t s  B a n d  K i n  e q s .  ( 7 )  a n d  ( 8 ) ,  w e  d e n o t e  t h e  g i v e n  

d a t a  f o r  Eg, Ep a n d  n i n  t h e  l i n e  n u m b e r  i b y  Xn Yt a n d  Z, r e s p e c t i v e l y .  F r o m  e q s .  ( 7 )  a n d  ( 8 )  

w e  c a n  w r i t e

Z  =
KU ( 10)

70A (2)-3
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w h e r e  V =  EJEp. W e  c a l c u l a t e  n o w  t h e  b e s t  v a lu e s  f o r  K a n d  B w h i c h  g i v e  t h e  m i n i m u m  

e r r o r  E

X , + B
01 )

Figure 1. The dependence of the parameter F on the ratio Eg/Ep

T h e  n e c e s s a r y  c o n d i t i o n s  f o r  t h e  m i n i m u m  e r r o r  l e a d  t o  t h e  f o l l o w i n g  s y s t e m  o f  n o n - l i n e a r  

e q u a t i o n s ,

a n d

i Z,u,
X, + B

Uf

( Xl +  B)
= 0

i=l

K U,

X,+B ( X ' + B f
= 0.

( 12)

W e  h a v e  i m p l e m e n t e d  t h e  P a s c a l  p r o c e d u r e  f o r  s o l v i n g  t h e s e  e q u a t i o n s  u s i n g  t h e  s o  c a l l e d  

b i s e c t i o n  m e t h o d  [ 12 ] .

The constants of eq. (9) have been estimated with the aid of a numerical algorithm,
which is based on the method of minimal least-square errors.
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T h e  c o m p u t e d  c o n s t a n t s  B, K , a a n d  b a r e  l i s t e d  i n  T a b l e  1 .

Table 1. Values of the computed constants B, K (eqs 6 and 7) and a, b (eq. 8).

Group of Values of the numerical
compound constants

II-VI B = 0 44 eV
K = 45.50 eV

lll-V B = 0 40 eV
K -  55.10eV

I-V1I ft = 3 95
/> = 0.62(cV)-'

3. R esults an d  d a ta  analysis

T h e  r e s u l t s  o f  o u r  c a l c u l a t i o n  o f  h i g h  f r e q u e n c y  r e f r a c t i v e  i n d i c e s  o f  s e m i c o n d u c t o r  g r o u p s  

I I - V I ,  I I 1- V  a n d  I - V I I  a r e  g i v e n  i n  T a b l e  2 .  T h e  p r e s e n t  e v a l u a t i o n  o f  r e f r a c t i v e  i n d i c e s

Table 2. Energy gap Eg valence electron plasmon energy Ep and refractive index data ft at 300 K

Semi
conductor

Eg (cV) 
[14-16]

Ep (cV)
w known 

[4, 14, 151
present

n
eq (1) eq .(2) cq. (3)

ZnO 3 70 21 50 1.92 1 89 1.79 2.26 2.28
ZnS 3.54 16 70 2.39 2,42 1 89 2.31 2 33
ZnSc 2 58 15 60 2 47 2 49 2 48 2.66 2 64
ZnTc 2 26 14 40 2 70 264 2 68 281 2 77
CdS 2 40 14 88 2.38 2.58 2.60 2 74 271
CdSe 1 70 14 19 2 49 2 55 3 03 3 11 3 06
CdTc 1 50 13 10 2.68 2.69 3.19 3.30 3.23

BN 4.60 24.55 2 10 2 06 1.23 204 2.06
AIN 3.80 22 90 2 20 2 18 1 73 2.24 2.25
A1P 2.50 16 70 2.75 2.84 2.22 •2.49 2.49
AlAs 2.16 15 31 2.92 3.03 2 74 2.86 2 82
AlSb 1.60 13.91 3.20 3.17 3.09 3.18 3.12
GaN 3.25 22 00 2.20 2 23 2.07 2.40 2.41
GaP 2 24 16.57 2.90 2.82 2.70 2.82 2.78
InN 200 18 82 2 35 2.44 2.84 2.94 2.90
InP 1 27 14.52 3.10 2.89 3.30 3.42 3.35

CuCl 3.31 16.66 1.93 1.90 2 03 2.38 2.39
CuBr 2.94 15.18 2 10 2 13 2.26 2.51 2.51
Cul 2.60 13.99 2.35 2.34 2.47 2.65 2.63
AgCl 3.10 16.04 2.00 2.03 2.16 2.45 2.46
AgBr 2 85 15.12 2.21 2.18 2 32 2.55 .  2.54

Agl 2,80 13.02 2.22 2.21 2.35 2.57 2.56
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shows a good agreement with experimentally known ones. However, the examination of the 
models proposed by others [7,10,11J and indicated that these models cannot be used for 
accurate determination of refractive indices. This may be due to the fact that these authors 
assumed the valence electron plasmon energy to be constant. In contrast, the proposed eqs.
(7) and (8) involve a parameter F, which is a function of Ep and Eg. Then, the numerical 
constant K is a characteristic quantity of semiconductor group. On the other hand, B is 
found to be nearly constant (= 0.4) and it is additive to the lowest energy band Eg.

For semiconductors of 1-VII group, we propose a linear relation governing the 

refractive index n and the energy gap Eg. This equation is as follows

n = 3.95 -  0.62 Eg. (13)

Eq. (13) is similar to that previously assumed by Ravindra et al [7] and it differs only in the 

values of the constants. In this group, refractive index is nearly independent on valence 
electron plasmon energy Ep. The variation in Ep is about 10% on going from CuCl to AgBr 
among this group. Therefore, the linearity between n and Eg in this group can be attributed 

to the systematic variation in the parameters describing the chemical binding. This is clear 
from the gradual increase of anion radius from 1.81 A for Cl~ to 2.20 A for I*. Whereas, 
Cu- and Ag-atoms exhibit nearly the same Pauling electronegativity (= 1.9) [13].
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