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A semi-empirical method for calculating the room temperature refractive 
index of Gaa-x Alx As at energies below the direct band edge is presented. 
This quantity is important in the design of GaAs heterostructure lasers as 
well as other wave-guiding devices using these materials. The calculated values 
compare favorably with recent data. The method is shown to be useful for 
the Gal-x AsxP system as well. 

A SEMI-EMPIRICAL method for calculating the room 
temperature index of refraction of Gaa_xAlxAs at en- 
ergies below the direct band edge is presented. This 
quantity is important in the design of GaAs hetero- 
structure lasers as well as other wave-guiding devices 
using these materials. 

The calculation of the index of refraction n of the 
alloy system rests largely on the single-effective-oscill- 
ator model proposed by Wemple and DiDomenico, 1 
which has been shown to represent refractive index data 
very well for a wide variety of covalent, ionic, and 
amorphous z materials at energies sufficiently below the 
direct band edge. In that model, one approximates the 
e2 spectrum of the material with a delta function of 
strength zrEct/2 at an energy Eo. The dashed lines in 
Fig. 1 show the best fit of the single-effective-oscillator 
formula 

n 2 - -  1 - EoEa 
E~ -- E 2 (1) 

to the data for GaAs 3 and AlAs. 4 These curves give the 
reciprocal of the polarizability X -1 = (n 2 -  1) -1 vs 
(E/Eo) 2 , which from equation (1) is a straight line. 

We note that the straightqine fit in the case of AlAs 
is excellent. The data for GaAs, however, depart sub- 
stantially from the single-effective-oscillator curve at 
energies approaching the band edge. On this plot, the 
band edge of GaAs occurs at an abscissa value of 0.155. 
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FIG. 1. Reciprocal polarizability 1/× = 1/(n 2 -- 1) of 
GaAs and AlAs plotted vs (E]Eo)2, where E is the pho- 
ton energy and E0 is the energy position parameter in 
the single-effective-oscillator model. Dashed lines are 
the best single-effective-oscillator fit to the data. 
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Our aim is to provide a reasonable interpolation scheme 
between the GaAs and AlAs alloy end points. Matters 
are complicated by the lack of agreement of the data 
for GaAs with the simple model at the band edge, which 
is the energy range of most interest for GaAs laser devices. 
A more complex model is therefore needed. We will 
first describe this new model which yields very close 
agreement with the data for GaAs. We then describe 
the interpolation scheme used, and compare the results 
of the calculation of refractive index for the GaAlAs 
and GaAsP alloy systems with experimental data. 

One need only write an expansion of one of the 
Kramers-Kronig relations to see why the single-effec- 
tive-oscillator model fails for energies approaching the 
direct gap. In particular, the real part of the dielectric 
constant, e~, is related to the imaginary part, e2, by the 
equation 

el(L~_ l = 2p  i(__~(L~)dE I (21 
n J E2--E 2 

0 

where P denotes the principal value of the integral. 
Considering ex (E) in the range of energies below the 
direct band edge, E r ,  in which e2 may be taken as zero, 
we may expand equation (2) in the following form 

e , ( E ) - - 1  = x(E) = 7r 2(E') 

] + 3  dE', (3) 

for E < Er~< E'. 

Integrating each term separately gives a power series 
expansion for X: 

x(E) = M_, + M_3E 2 + M_sE 4 + . . .  (4) 

where the coefficients are moments of the e2 spectrum 

Mi = -- e2(E)E i dE (5) 
f f  , E F  

The higher-order moments which appear in equation (4) 
weight the low-energy side of the e2 spectrum. Their 
contribution to X becomes significant only as E approach- 
es Er.  Since the single-effective-oscillator model does 
not represent the low-energy range of the e2 spectrum 
accurately, we must expect the model to depart from 
the data as E approaches E r .  

We propose to model the e2 spectrum in a different 
way using an emprical form which agrees closely with 

the data on the low-energy side of the spectrum. This 
three-parameter model is as follows: 

rlE a E r <~ E <~ E f  

e2 (E) = (6) 

O, otherwise 

Substituting this form into the moment equation (5) 
yields 

M_~ 

M-3 

= (E? (7) 

= n_ (E}- (8)  
ff 

We next constrain × calculated from this model to 
fit the data at low energy to order E 2 . Therefore, we 
may expand equation (11 and get 

Ea + E2 Ea 
X = E~o E--~o = M_, +M_3E 2. (9) 

Equating like terms we can express the new parameters 
Ef  andr} in terms ofEo andEa: 

.!1 

E: -~- (2E~ -- E~)  2 (10) 

rl = nEd/2E3o(E~--E~-) (111 

Using the values o f E  o and E d derived for GaAs and 
AlAs (see Fig. 11 and energy gaps of 1.424 s and 2.956 
eV, respectively, we obtain for GaAs, E l, = 4.962 and 
~? = 0.1032, and for A1As, E t  = 5.966 and 77 = 0.03803. 

Figure 2 compares the actual e2 spectrum of GaAs 
with that of our empirical model (dashed curve) and 
the single .effective-oscillator model. The important point 
is that the low-energy side of the e2 spectrum is given 
accurately by our model. This is the region which con- 
tributes most heavily to the higher order moments, 
which are important in predicting the index of refraction 
for energies approaching E r .  Substituting equation (61 
into equation (3) yields 

x(E) = M-t + M-aE 2 +~--E 4 X 
f f  

ln[(E} - - E 2 ) / ( E b  -- Ez ) I .  (12) 

This equation reproduces the index of refraction data 
for GaAs 3 within 0.004 from 0.895 to 1.7/2m. The fit to 
to the data for AlAs 4 is within 0.004 for energies to 
1.5 eV, and within 0.014 up to 2 eV. We conclude that 
a very good idea of the index of refraction of the alloy 
system could be obtained in the energy range of interest 
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FIG. 2. Representations of the e2 spectrum of  GaAs. 
Solid curve is calculated from data (reference 15). Delta 
function represents single-effective-oscillator model. 
Dashed curve is the empirical model used in this calcu. 
lation. 

if an accurate interpolation of the parameters E r ,  Ef 
and ~1 were provided. 

We propose the following interpolation scheme. It 
has been shown by Wemple 7 et aL that for the I I I -V 
compounds and the structurally similar ternary analogs, 
the single-effective-oscillator parameter Eo scales linearly 
with the energy of the k~west direct band gap E r ,  

Eo = A +BE r (13) 

where A ~ 2.6 and B ~ 3/4. 
Also known is the shift in the energy of the direct gap 
with alloy composition a measured by electro-reflectance, 

E r (x  ) = 1.424 + 1.266x + 0.26x 2 (14) 

where x is the AlAs mole fraction. Combining these two 
equations with the values of Eo for GaAs and AlAs gives 
the variation of Eo with alloy composition. (See Appen- 
dix) The only other parameter to be interpolated is Ea, 
which for lack of a more perfect understanding is taken 
to be a linear function of the alloy composition. 

A comparision of the predictions of this model 
with recent experimental data on the Gal-= Alx As 
system 9 is shown in Fig. 3. The alloy compositions in- 
dicated on the figure as Xp L were estimated by measu- 
ring photoluminescence peak positions. The model pre- 
sented above can reproduce the experimental curves 
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FIG. 3. Comparison of refractive index data 9 and 
calculated results of this model for the Gal_x AI= As 
system. Solid curves represent data, and xec  denotes 
the experimentally determined alloy composition. 
Circles denote calculated values based upon compositions 
xc which best fit the data. 
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1.9 

using slightly different composition values, labelled 
xe. This discrepancy is within the range oi ~ error 
expected for experimental determination of alloy 
composition. 
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This model has also been applied to the GaAs~_xP x 
and the Gax Inl-xP systems. Refractive index data for 
GaP1 o and InP 11 coupled with equations giving the 
band gap variation with alloy composition for 
GaAs~_x Px 12 and Gax Inl-x P 1 a permit the calculation 
of the index of refraction below the direct band gap 
for the full composition range of these systems as well. 
(See appendix) As an indication of the accuracy of this 
model for the GaAsl-xPx system, we present data in 
Fig. 4 of the index of refraction of GaAso.62Po.38 x4 

as well as calculated results using this model. We also 
show a calculated index curve for Gao.sln0.sP, for 
which system no data exists. This composition may be 
of special interest because of its very close lattice match 
to GaAs. 
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APPENDIX 

In order to facilitate calculation of the index of refraction for the three systems discussed above, we present 
the equations for Eo, Ea and Ev as functions of alloy composition, to be used in conjunction with equations 7, 8, 10 
11 and 12. 

Gal-xAlxAs: Eo = 3.65 + 0.871x + 0.179x 2 

Ea = 36.1 --2.45x 

E r  = 1.424 + 1.266x + 0.26x 2 

GaAsl_xPx: Eo = 3 . 6 5 + 0 . 7 2 1 x + 0 . 1 3 9 x  2 

Ea = 36.1 + 0.35x 

E r  = 1.441 + 1.091x + 0.2Ix 2 

Gaxlnl-xP: Eo = 3.391 + 0.524x -it 0.595x 2 

Ea = 28.91 + 7.54x 

E r = 1.34 + 0.668x + 0.758x 2 
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