
Light Emitting Diodes (LED)

We have seen that if all the loss mechanisms are considered, the light extraction efficiency

comes out to be very low ( | - 2%). Following steps are taken to reduce photon losses (or

improve photon extraction):

(l) To recover part of photons traveling towards the bottom contact.

There are various ways to achieve this. One may be to have a reflecting contact. This

invariably results in poor electrical characteristics; due to increased ohmic voltage

drop (contact resistance x current)
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Another way is to incorPorate
of refraction than the laYer in

&r<4

This would result in

a layer, shown dotted in Fig. l, having a lower index

which photons are generated.

reflection: [For normal incidence]

n =l'' -uT
l', * ",, )

So, t/z IoR will be reflected uP.

[For oblique incidence, relation is different]

Increase critical angle 0. to improve T

IT :  I  -  Cos0 . ]
(7)
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internal reflections at the domelair boundary.
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(3) Reduce reflections from the semiconductor/air interface.
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Solution.

Using fl,i, : l,

For the structure

R=

(n, * l) '

= Reflectiort

same as in notes.

Insert or deposit an antireflection (AR) coating

Fig 3(b)
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R :  0 ,  i f  f l Ls :  f r , z "

or,n12 = ,t;n

In addition, there is a phase condition:

n,z*t = 
!<u 

-t>

That is, the thickness of the AR coating is multiple of ,tr/4*tt,r-.

Commonly used materials for antireflection coating:

SiO2, SiO, TiO2, ZrO'r, SiO3N4

4z -1 .8  -1 .9

Finally, incorporating all the above improvements, we get,

orl

EPOXY OT DOI1E I1ATERIAL

A n t l r e f  l e c t l o n
C o a t l n g

\

\

\

Top Contact

t=t l ,r4n.)(2L- I  I

JUNCT ION

AYER TO REFLECT
PHOTONS TRAVELI N6
TOWARD BOTTOI1
CONTACT

Au Wlre

Header
BOTTOII CONTACT

A typical LED chip 0n a T0 5 type header



(4) Heterojunctions: (nA IGaA s - pGaAs)

If the n-region is made using a wider energy gap material, this would result in small

absorption in the window (or n-) region.

I(d) = loe-od

d ]rnia.rr"o 
( dJnu,,o**o , for a given hv - E,

Also r)i,1 is higher for heterojunctions.
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'  2 .16.3  Quaternary  a l loys  o f  the type I I I " - l l l ,  - * -Vr -V,  - ,

Qua te rna ry  a l l oys  p rov ide  t he  poss ib i l i t y  t o  g row  ep i t ax ia l  l aye rs  w i t h  a  b road  range  o l - ene rgy  gaps

la t t ice  matched to  a  su i tab le  subst ra te .
The condi t ion for  la t t ice  match ing can eas i ly  be der ived f rom the rn terpo la t ion scheme [or  the detcrmin i t -

t i on  o f  a  ma te r i a l  pa rame te r  P (x , y )  f o r  an  a l l oy  A .B r  - ^CyD,  - ,  f r om the  same  pa rame te rs  o f '  t he  f ou r

const i tuents :

P ( x ,  y ) : ( 1  - x ) y  P ( B C ) + ( 1  - x ) ( 1  - y )  P ( B D ) + x y  P ( A C ) + x  ( 1  - y )  P ( A D )

F o r  l a t t i c e  m a t c h i n g  o n  s u b s t r a t e  B D  ( x : y : 0 )  t h e c o n d i t i o n  a ( x ,  y ) : a ( B D )  l e a d s  t o

[a  (B  C )  -a  (B  D ) ]  y

l a  ( B D ) - a  ( A  D ) l  - [ a  ( B C ) +  a  ( A  D )  - a  ( B  D )  - c  ( A C ) ]  y

or ,  in  a  l inear  approx imat ion to  th is  formula -  exact  a t  y -  0  and Y:  I  :

x l y  : [ a  (B  C )  -  a  (B  D )J / [ a  (B  C )  -  a  (A  C ) ] .

The main in terest  in  quaternary  I I I -V a l loys s tems f rom the poss ib le  appl icat ions in  micro-  and optoe lec-

t ron ic  dev ices.  Thus most  o f  the data in  the fo l lowing sect ions re fer  to  quaternary  a l loys Ia t t ice  matched

to CaSb,  InP and GaAs (see F ig .  1  in  sect ion 2 .16.1) .  From the huge amount  o f  papers  on the character izat ion

of  quaternary  layers  and on dev ice appl icat ions on ly  the most  impor tant  in t r ins ic  data wi l l  be presented

here.
The growth condit ions are affected by the occurrence of miscibi l i ty gaps. We refer to basic discussions

of  these phenomena to  [82S1,  83S1,  8352] .
Several typ€s of quaternary alloys are possible:
(a) I i l - I I I-V-V al loys- These materials wil l  be discussed in thc l 'ol lowing subsections.
(b) I I I- i l I - I I-V al loys. Several systems wil l  be presented in section 2 16.4.
( c )  IU -V -V -Y  a l l oys .  He re  on l y  one  sys tem seems  to  be  o f  r n te res t  l o r  : r pp l i ca t i ons :  I nAs , , . - ,Sb .P , .

We  re fe r  f o r  t h i s  sys tem to  [ 808 ,818 .  82C1 ,84A1J .
Not  much has been done in  the f ie ld  o f  qu in turnur l 'u l lovs.  An exantp lc  f 'o r  such matcr ia l  is

(A l .Gar  - . ) r  - , ln .PrAs,  - ,  o t r  GaAs [84f " l1 .

2 .16 .3 .1  Ga l l i um  i nd ium a rsen ide  phosph ide  (Ga , l n ,  - , ; \ s ,P , - r )

As  shown  i n  F ig .  I  o f  sec t i on2 .16 . l  a l l oys  o [  t h i s  sys tem can  bc  l a t t i ee  ma tched  o r r  l nP  ( f ,  n rngc
0 . 7 3 . . . 1 . 3 5  e V ) ,  G a A s  ( 8 ,  r a n g e :  1 . 4 2 .  " 1 . 9 0  e V )  a n d  Z n S c  ( s l i g h t l r  l o r v c r  r i t n g c ) .  T h e  m a t c h r r ) s  c o n t l r t r o n s
accord ing to  the formula above are (0  S y  S l ) :

x  0 .  I  894 y  Q.41 84 -  0 .01 - ' l  y )  t r t r  I  n  [ )  : t ths t  r r t  te
x0.47 y
( 1 . 0 0  +  y ) / 2 . 0 8  t r r t  ( i l t A s  s t t b s t r : t t c
( 1  0 6  +  v ) i  1 . 0 6  ,  ' t r  , l n S c  s t t h s t r r t t t :

I l  ede l r rng
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condi t ions remarks

Mosr clara have bcen obtained for lnP latt ice matched samples. Al l  data in the fol lowing tabtes and t igures

refer - i f  not stated otherwise - to lnP latt ice matched material.

The system has beerr reviewed in [82P1]. In [82A1]al l  relevant material parameters have been calculated

from the corresponding parameters o[ the four binary consti tuents.

Electronic properties

direct energy gap ( in eV):

Et .a i r (x ,  y )

from l i terature data for the consti tuents and interpolat ion formulas; for latt ice match to InP this formula

reduces to

E .0,, 0) I .35 - 0.738 y RT electroreflectance 80Y

+ 0 . 1 3 8  y 2
t.350 -0.883 y RT electroreflectance 80P

+0.250 y2
1.35 -0.775 y 298 K calculated, f-rt t ing photo- 82P2

+ 0.149 y2 luminescence and electro-
refl ectance measursments,
Fig. 1 a[82P21

1.425-0.7668y 4.2K calculated, f i t t ingab-

+0.149 y2 sorption and transmission

ilfi*-ents' 
Fig' 1b

The calculated compositional variation of Er.o,, for GaAs and ZnSe lattice matched material is shown

in  F ig .  2  [ 82A1 ] .

Theoretical approaches to ^8, (y): [81P2, 83P21.

bowing parameters for band gaps at L and X (in eV):

c (t-  -  L) 0.10 (5) L-conduction band 84K2

c (f -  X) 0.21 ( ' l )  X-conduction band
from synchrotron radiation

refl ection spectroscopY

higher interband transition energie (in eV):

E L  3 . l l + 0 . 0 3 4 x - 0 . 8 8 5 y + 0  5 1 6 x 2  + 0 . 2 7 5 y 2 - 0 . 1 8 7 x y + 0 . 0 1 7 * ' , y  8 0 L

at RT, from f i t t ing of l i teraturedata: for InP latt ice matched material this formula reduces to

E,  (y)  3 .1  I  -0 .87 y  + 0 .30 y2 RT 80L

+0.007 y3
3 .136 -0 .788  y  RT  80P

*0.222Y2
3.14 - 0.739 y 295 K calculated, fitting electro- 82P2

+0.149 y2 rellectance and ellipso-

3.163 (13)-0.5e0 (16) y Rr ."il::l'"l#a' 
Fig' 3 [82P21 

8?K2
+0.33 (5 )  y t

E, (y) 5.04 - 0.309 y 295 K see also Fig. 4 [80L] 82P2
+0.149 Yz

4 . 7 5 - 0 . 5 6 9 y  2 9 5 K  8 1 P l
*0 .149 Y2

.% (y) 4.72( l ) -0.31 (2) y RT el l ipsometry 82K2
-0.01 (5) y '

For further interband transition energies, sce Fig. 4 [80L1.

l-aodolt-B6rostcil

Ncw Scrics III/22at52 Madelung
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R e I

spin-orbit  spl i t t ing energies ( in eV):

d o 1 )  0 . 1 1 9 + 0 . 3 0 0  y  R T  c l c c t r o r c f l e c t a n c e ,
-  0 . 1 0 7  y 2  s e c  a l s o  F i g .  I  [ 8 2 P 2 1

/  ,  ( y )  0 .145  +  0 .  I  7 l  y  see  a l so  F ig '  5  [ 82P21
-  0 .064 Yz

0 . l l l ( 5 ) + 0 . 1 2 4 ( 1 ) y  R T  c l l i p s o m e t r y
-  0 .07  (2 )  y '

effective masses (in units o[ mo):

r n " ( x ,  y )  0 . 0 8 - 0  1 1 6 x + 0 . 0 2 6 y - 0 0 5 9 x y + ( 0 . 0 6 4 - 0 . 0 2 x ) y r + ( 0 0 6 + 0 0 3 2 y ) x l

in terpo la t ion formula;  re la t ions for  InP la t t ice  matched mater ia l  are

m , ( y )  0 . 0 1 7 - 0 . 0 5 0 y  R T  S h u b n i k o v - d e H a a s e f f e c t

*  0 . 0 1 4  Y '
0 .080 -0 .039  y  see  a l so  F ig .  6  [ 82P21

mo.1 : FiE. 7 l82P2l, also [81 Hl
np .b ,  n r , o :  F i g .  8  [ 82A1 ] .

eltrtron g-factor:

E ,  I  . 3 5  -  2 . 4 7  Y  -  2 . 2 6  Y z  R T

Valence band parameters ,  ho le-phonon coupl ing constants  and

lated for the ful l  x, y range in [8aTl-

Lattice properties

The system of InP latt ice matched al loys shows

see e.g .  [82P1,  83Q,  84L] ,  for  phase d iagrams and

latt ice parameter ( in A):

a  ( x ,  y )  5 .8688  -  0 .41  76  x
+  0 . 1 8 9 6  y  +  0 . 0 1 2 5  x Y

s0P

80P

8 2 K l

80R

80P

80N

c lcc t ro rc f l ec tancc  80P

a l l o y  s c a t t c r i n g  p o t c n t t a l s  h a v e  b e e n  c a l c u -

a  m i s c i b i l i t y  g a p  ( F i g . 9  [ 8 4 K 1 ] ) .  F o r  g r o w t h  p r o b l e m s ,

re la ted  p rob lems ,  see  [ 82G2 ,  838 ,  8 ' 1K11 .

thermal  expans ion:  F ig .  10 [82A1] .

dens i ty  ( in  g  cm-3) :

d  5 . 4 1 1 - 0 . 7 r 2 Y

hardness anisotropy : [8aW I ].

Experimental data on heat capacity and

ternperature range 4 K"'100 K have been

l - a n d o l t -  B o r n s t c i n

N c w  S c r r c :  l l l / 2 ?  a

l inear  in terpo la t ion f rom
la t t i ce  pa rame te rs  o f
f ou r  cons t i t uen ts

thermodynamic funct ions f lo r  the (GaAs) . ( lnP, ) '

reported in [82S2J.

o - . ' \  I

8 l A  I

system in  the

phonon wavenumbers:

for  inP la t t ice  matched mater ia l :  F ig-  l l  [82L '  84 l l '

for GaAs latt ice matched material:  Fig. 12 [841].
See also [863] for Raman scattering data.

e last ic  modul i :  F ig .  l3  [82A1] .  For  respect ive f igures o f  Young 's  n iodulus.  bu lk  n lo i ju lus .  Po iss t ln 's  ra t lo ,

an isot ropy factor  as wel l  as  sound ve loc i t ies ,  see [82AlJ

Transport properties

Mob i l i t y  da ta  have  been  repo r ted  i n  many  pape rs  on  t he  c l u t rac t c r i za t i on  o I  cp i t r t x t r t l  l i t y c r s .  Wc 'on lY

sho rv  rwo  t yp i ca l  d i ag rams :  F ig .  l . l  [ 82H ]  f o r  t he  c ' l ec t ron  mob i l i t y  and  t j i g  l 5  [ t j 2 t l l  { i r r  t hc  ho l c  t t t o l - r t l t t r

l \ l  adclr rng
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condi t ions

Auger recombination in tnP latt ice matched materials:

e lTect ive Auger  coef f ic ients  in  the formula r - r=  .4nz + Bn(A in l 0 - 2 e  c m 6  s  
-  t ,  B i n  1 0 - t o  C m - ' 3  s -  t )

for Auger recombination, 84W2

see also [82M, 855]

for photon energies up 82A2
to E' see Fig. l8 [82A2];
calculated refractive
indices in this range:

[82A2,83rl

1 . 5
7 . 5
9 . 8
1 . 2
1 . 0
0 .4

x : 0 . 2 J
0.40
0.41
0.21
0.40
0.41

For electron and hole impact ionization coeff icients, see e.g' [84O1, 8302]-

thermal resistivity: Fig. l6 [83A2].

Optical properties

refractive index:

F ig .  17 lS2B2 l  f o r  t he  range  0 .3 . . - 1 .1  pm;  f o r  l : 1 .15 ,  1 .30  and  1 .55  pm,  see  [ 8482 ] .

dielectric constant:

s (0)
e (co)

t2.40 + 1.5 y
9 . 5 5  + 2 . 2 y

For electrooptic and photoelastic effects, see [83A1, 84A1, 84A2].

2.16.3.2 Gallium indium arsenide antimonide (Ga,In, -,AsrSbt -r)

This system is shown as shaded area in Fig. 1 of section 2.16.1. I t  is the only system applicable for

tbe growth of low band gap epitaxial layers on GaSb substrate. In spite of interesting applications for

optical sources and detectors in the 2...4 1.rm range only few reliable data on intrinsic properties bave been

published.
MBE layers (x:0.75, y:0.21) with an energy gap of about 0.69eV have been investigated in [85T1.

Various orher compositions have been srudied in t86cl. LPE growth is possible but meets difliculties by

the existence of a miscibility gap (see [85T] and literature cited therein). For experimental and theoretical

data on phase diagrams, r"" 
".g. 

182G2,82K1, 83B], for optical and luminescence investigations, see [8281'

84B  11 .

2.16.3.3 Aluminum gall ium arsenide antimonide (Al,Ga, -.AsrSbt -r)

This system shows a broad miscibility gap. Epitaxial layer growth is possible

on GaSb lor small  amounts of As; by adding small  amounts of As the latt ice matching of Al.Ga,-.Sb

on GaSb can be improved (see Fig. I  of section 2.16.1)

on GaAs for small  amounts of Sb;layers with y greater than 0.8 have been produced.

See [g3pl] for phase diagrams and a literature review on epitaxial layers and optoelectronic applications.

Laodolt-Bdrastcio
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