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Abstract-We have theoretically estimated the change in refractive 
index A n  produced by injection of free carriers in InP, GaAs, and 
InGaAsP. Bandfilling (Burstein-Moss effect), band-gap shrinkage, and 
free-carrier absorption (plasma effect) were included. Carrier concen- 
trations of 1016/cm3 to 10i9/cm3 and photon energies of 0.8 to 2.0 eV 
were considered. Predictions of A n  are in reasonably good agreement 
with the limited experimental data available. Refractive index changes 
as large as IO-* are predicted for carrier concentrations of IO'*/cm', 
suggesting that low-loss optical phase modulators and switches using 
carrier injection are feasible in these materials. 

I. INTRODUCTION 
ROUP III-V semiconductors are playing an increas- G ingly important role in integrated optics because they 

offer the potential for integration of sources, detectors, 
switches, and modulators. Guided-wave switching and 
modulation can be achieved by perturbing the optical ab- 
sorption coefficient and refractive index with an electric 
field [I]. Recently, Ishida et al. demonstrated free-car- 
rier-induced optical switching in InGaAsP-InP [2], and 
Kowalsky and Ebeling achieved controlled transmission 
by optical injection in the same material system [3]. Men- 
doza-Alvarez et al. fabricated efficient GaAs-AlGaAs de- 
pletion-mode phase modulators in which both electric field 
and carrier effects were significant [4], [5]. Carrier-in- 
duced refractive index changes are also important for laser 
design [6] as well as new optical probing techniques for 
GaAs devices [7]. 

In this paper we estimate the carrier-induced changes 
in refractive index for InP, GaAs, and alloys of InGaAsP 
lattice-matched to InP. We consider the case of electrical 
or optical injection for carrier concentrations ranging from 
10I6 to 10i9/cm3. Three carrier effects: bandfilling, band- 
gap shrinkage, and free-carrier absorption, are included. 
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11. THEORY AND RESULTS 
A .  Bandjilling 

A decrease in absorption for photon energies slightly 
above the nominal bandgap has been observed for several 
semiconductors when they are doped. The effect is most 
pronounced in semiconductors with small effective masses 
and energy gaps (e.g., n-InSb). This phenomenon, known 
as the Burstein-Moss effect, has been explained by band- 
filling [SI, [9]. In the case of n-type semiconductors, the 
density of states in the conduction band is sufficiently low 
that a relatively small number of electrons can fill the band 
to an appreciable depth. With the lowest energy states in 
the conduction band filled, electrons from the valence 
band require energies greater than the nominal bandgap 
to be optically excited into the conduction band (see Fig. 
1). Hence, there is a decrease in the absorption coefficient 
at energies above the bandgap. The situation is similar for 
holes in p-type materials, but their larger effective mass 
means a higher density of states and hence a smaller band- 
filling effect for a given carrier concentration. In this pa- 
per, we are interested in the effects of electron-hole plas- 
mas that are injected into semiconductors by electrical or 
optical means. Since bandfilling is a result of free car- 
riers, injection should be equivalent to doping, except that 
injection will result in bandfilling effects from both the 
electrons and holes. 

If parabolic bands are assumed, the optical absorption 
near the bandgap in a direct-gap semiconductor is given 
by the square-root law: 

C 
a,-,(E) = E JE-E, E L ER 

where E = hw is the photon energy, ER is the band-gap 
energy, and C is a constant involving materials parame- 
ters, matrix elements between periodic parts of the Bloch 
states at the band edges, and fundamental constants [9]. 
The valence bands in III-V semiconductors are degener- 
ate at the direct gap (r-point in k-space), with both the 
light- and heavy-hole bands contributing to the absorption 
process (see Fig. 1). Equation (1) can be rewritten to ex- 
plicitly consider the role of light and heavy holes in ab- 
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Fig. 1. Energy band structure and bandfilling effect for direct-gap semi- 
conductor. Absorption of a photon can occur only between occupied val- 
ence band states and unoccupied conduction band states. Transitions in- 
volving heavy and light holes are denoted by I and 2 ,  respectively. 

TABLE I 
VALUES OF SEMICONDUCTOR PARAMETERS ( T = 300 K )  

InP 

1.34 
4 .4  x IO1’ 
2 .8  x 10’’ 
1.6  x 10” 

12.4 
3.4 
0.075 
0.56 
0.12 
0.60 
0.066 
0.046 

5.2 x I O 1 ?  
1.2 x 1019 
1.3 x 10” 

GaAs 

1.42 
2.3 x IO”  

7.8 x 10” 
13.1 
3.6 
0.066 
0.45 
0.084 
0.47 
0.058 
0.037 

1.5 x IO”  

4.3 x l o ’ ?  

7 .4  x 1Ol6  
8.3 x lo’* 

1.08 
3.2 x I O ”  
2.1 x I O ”  
1 . 1  x I O ”  

13.0 
3.6 
0.064 
0.51 
0.086 
0 .53  
0.057 
0.037 

4.1 x 1017 
1.1 x iot9 
7.0 x 10“ 

sorption: 

C Y ~ ( E ) = ~ ~ + ~ ~  E I E ,  the absorption coefficient of an injected semiconductor is 
E [I 11 

where Chh and Clh refer to heavy and light holes, respec- 
tively. The values of C for different materials were esti- 
mated by fitting (1) to experimental absorption data [ 101. 
Then, c h h  and c / h  were calculated by using the fact that 
the concentrations of heavy and light holes are propor- 
tional to their effective masses to the three-halves power. 
For valence-to-conduction band absorption processes, the 
relevant parameters are the reduced effective masses of 
the electron-hole pairs [9] pehh and &/h, which are given 

where m,, mhh, and m/h are the effective masses of elec- 
trons, heavy holes, and light holes, respectively. c h h  and 
c / h  are found from 

The values of C, Chhr and Clh are given in Table I. About 
two-thirds of the absorption results from heavy holes and 
one-third from light holes in all three materials. 

In the case of bandfilling, there is a finite probability 
that a state in the conduction band will be occupied by an 
electron and/or a state in the valence band will be empty 
(of electrons). If we denote an energy in the valence band 
by E, and an energy in the conduction band by Eh, then 

where Nand P are the concentrations of free electrons and 
holes, respectively, a0 represents the absorption of pure 
materials in the absence of injection, f c (Eb)  is the prob- 
ability of a conduction band state of energy Eb being oc- 
cupied by an electron, and f,, ( E , )  is the probability of a 
valence band state of energy E, being occupied by an 
electron. For a given photon energy, the values of E, and 
Eh are uniquely defined. Because of the degeneracy of the 
valence band, there will be two values for each (see Fig. 
1). Applying energy and momentum conservation gives 

where the subscripts h and 1 refer to heavy and light holes, 
respectively. 

The probabilitiesf, andf,, in ( 5 )  are given by the Fermi- 
Dirac distribution functions 

I - ’  (7a) 

I - ‘  (7b) 

( E h b . h / - E F , ) / ( k B T )  
f ( E b h , b / )  = [ I  + e 

J , ( E  , ah a1 
) = [ 1 + , ( E r r h . o l - E F , ) / ( k B T )  

where kB is Boltzmann’s constant and T is absolute tem- 
perature. EF,. and EF,, are the carrier-dependent quasi-Fermi 
levels. We estimated them by the Nilsson approximation 
[I21 

EF, = [ln (g) + $ [M + 0.05524 - N 
Nc 

. (64 + &)]-(1’4)] ksT 
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P 
EF,, = (- [ln (k) + 6 [ 64 + 0.05524 - 

N ,  I 

where the zero of energy is defined to be at the conduction 
band minimum. In (8),  N ,  is the effective density of states 
in the conduction band 

m k T 3 / 2  
Nc = 2 (*) 

and N,,  is the effective density of states in the valence 
bands 

where mdh = ( m i / ’  + m;/2)2’3 is the density-of-states 
effective mass for holes. 

The bandfilling-induced change in absorption is 

A a ( N ,  P ,  E )  = a ( N ,  P ,  E )  - a o ( E ) .  (10)  

Equation (10) gives the change in absorption produced by 
injection into a nominally undoped material. In the case 
of depletion of a doped semiconductor, the change in ab- 
sorption will be the opposite of the A a  in (10): A a ( N ,  
E ) = a. ( E  ) - a ( N ,  E ) for an n-type semiconductor. 
Combining (2), ( 5 ) ,  and (10) 

11 

The only materials parameters required for (1 1) are the 
effective masses of electrons and holes, the energy gap, 
and the fitting constant C .  These parameters, along with 
other important physical parameters such as N r ,  are given 
in Table I. In the case of n-type semiconductors, h, will 
nearly equal one, butf, will be greater than zero for states 
near the bottom of the conduction band as a result of fill- 
ing of the band with electrons. For p-type materials, fc 
will be virtually zero, butf,, will be less than one near the 
top of the valence band due to the presence of holes. For 
the case of injection, we will havef, > 0 andf,, < 1 close 
to the respective band edges. In all cases, (11) predicts 
A a  less than zero: bandfilling decreases the absorption 
coefficient at a fixed energy. 

The real and imaginary parts of the refractive index n 
+ ik (or of the dielectric constant c l  + k2)  are not in- 
dependent. They are related by the Kramers-Kronig in- 
tegrals [ 131. We are working with the absorption coeffi- 
cient CY rather than the extinction coefficient k ;  they are 

related by a = 47rk/X where X is the wavelength. The 
relationship between n and a is 

where c is the speed of light, e is the electron charge, E 
= hw is the photon energy, and P indicates the principal 
value of the integral. Through (12), the refractive index 
can be calculated if the absorption coefficient is known 
for all frequencies w .  Hence, any change in the absorption 
coefficient A a  is accompanied by a change in the real re- 
fractive index A n .  In analogy with (IO) we define 

A n ( N ,  P ,  E )  = n ( N ,  P ,  E )  - n o ( E )  (13) 

where no is the refractive index of pure, uninjected ma- 
terial. The change in index is then given by 

d E ‘ .  (14) 
A a ( N ,  P ,  E ’ )  

A n ( N ,  P ,  E )  = 7 P s o E” - E‘ 

Equation (1 1) was applied to InP for electron-hole in- 
jection levels ranging from 10l6 to 10i9/cm3. Room tem- 
perature ( T  = 300 K )  was used throughout this paper. 
We assumed that the semiconductor was nominally un- 
doped ( < lOI6/cm3) so that the free-carrier density is en- 
tirely due to injection, and we assumed quasi-neutrality , 
implying N = P .  The resulting A a ’ s  are plotted in Fig. 
2.  The change in absorption begins at the bandgap [a re- 
sult of our assumption of parabolic bands in (l)] and de- 
creases for energies well above the gap. Maximum values 
of A a  range from 130 cm-I for 1016/cm3 to 3 X lo4 cm-I 
for 1019/cm3. 

The bandfilling (Burstein-Moss) effect is sometimes re- 
ferred to as a shift of the absorption edge. A rigid-shift 
model is adequate for some applications, but (1 1) predicts 
a change in the shape of the a versus E curve, not a simple 
translation. In the case of very high carrier density where 
the quasi-Fermi levels are several kgT into the valence 
and conduction bands, the absorption coefficient will be- 
come very small near the bandgap and, depending on the 
sensitivity of the measurement, may result in an apparent 
shift of the edge. For example, a carrier concentration 
resulting in an electron Fermi level 5kg T into the conduc- 
tion band should decrease a by a factor of 150 near the 
bandgap. 

The values of A a  from ( 1  1 )  were inserted into (14) and 
numerically integrated using Simpson’s rule with a grid 
spacing of 1 meV. The decay in A a  for energies well 
above ER (Fig. 2) is amplified by the denominator in the 
integral. Hence, only A a  within a few tenths of an elec- 
tron-volt of ER makes a significant contribution to A n  in 
the transparent regime. The results corresponding to Fig. 
2, electron-hole injection in InP, are shown in Fig. 3 .  
The refractive index decreases for energies near and be- 
low ER,  and A n  becomes positive for energies well above 
ER. The perturbation of refractive index approaches zero 
for energies far above or below the bandgap. 
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We would not expect to observe experimentally the 
sharp peaks in A n  near the bandgap predicted by the the- 
ory (Fig. 3). These features are a result of our assumption 
that the unperturbed absorption follows the square-root 
law, abruptly going to zero at ER. In reality, materials 
exhibit absorption extending to energies below the nom- 
inal bandgap. This absorption tail, known as the Urbach 
edge, results from phonons, impurities, excitons, and in- 
ternal electric fields [ 141. The presence of this tail should 
not, however, have a significant effect on our estimation 
of A n  for energies substantially below the bandgap ( i .e.,  
E < EK - 0.1 eV).  

In Fig. 4 we plot the change in refractive index as a 
function of electron-hole pair density in InP for the fixed 
photon energies of 0.8, 1 .O, and 1.2 eV, which are below 
the 1.34 eV bandgap. The effects are largest for energies 
close to E A n  is linear in carrier concentration in the 
range 1016f1018/~m3 and can be expressed by 

A n (  1.2 eV)  = -1.4 x lO-'"x 

A n (  1.0 eV) = -7.7 x 1O-"x 

Arz(0.8 eV) z -5.6 x lO-"x (15)  

InP BANDFILLING 

1 0 . ~ ~  , ' ' ' 1 

1 0 1 6  10'' 1 0 ' 8  1019 

CARRIER CONCENTRATION ( ~ r n - ~ )  

Fig. 4.  Bandfilling-induced change in refractive index a5 a function of free- 
carrier concentration in  InP. Quasi-neutrality is assumed: carrier con- 
centration = N = P. 

where x = N = P .  A n  becomes sublinear for higher con- 
centrations; (15) overestimates A n  by a factor of 1.5 at x 
= 1019/cm3. 

B. Bandgap Shrinkage 

We will not attempt to review the considerable theoret- 
ical and experimental work on band-gap shrinkage (re- 
normalization) effects in 111-V semiconductors [ 151-[23], 
but will present the relevant results. The basic mechanism 
is that injected electrons will occupy states at the bottom 
of the conduction band. If the concentration is large 
enough, the electron wave functions will overlap, form- 
ing a gas of interacting particles. The electrons will repel 
one another by Coulomb forces. In addition, electrons 
with the same spin will avoid one another for statistical 
reasons. The net result is a screening of electrons and a 
decrease in their energy, lowering the energy of the con- 
duction band edge. A similar correlation effect for holes 
increases the energy of the valence band edge. The sum 
of these effects is band-gap shrinkage. Shrinkage effects 
are determined by free-carrier density, and are nearly in- 
dependent of impurity concentration [24]. 

An expression for the band-gap shrinkage, originally 
derived by Wolff [15], is 

where x is the concentration of free electrons or holes, f 0  

is the permittivity of free space, and E ,  is the relative static 
dielectric constant of the semiconductor. The estimated 
shrinkage is proportional to the cube-root of the carrier 
concentration or to the average interparticle spacing. Cor- 
relation elfects become significant when the interelectron 
(hole) spacing becomes comparable in size to the effective 
Bohr radius of the electrons (holes). Hence, we do not 
expect the x ' l 3  law to hold for low carrier concentrations 
because the carriers will be too far apart for significant 
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wave function overlap. We have adopted the model 

, , , / / ,  , , ,  , , , I  where K is a fitting parameter and xcr is the critical con- 
centration of free carriers. Equation (17) reduces to the 
predicted law for high carrier concentrations ( x  >> 
x c r ) .  Based upon experimental evidence [3], [ 181, [23], 
we have adopted a value of xcr equal to 1.4 times the Mott 

0 
critical density [25]: 10l6 10” 10 ’8  1 0 ’ ~  1 o Z 0  

with xcr in cmp3.  We use m ,  rather than m,?,! or ml,, in ( 1  8) 
for electron-hole plasmas because electron correlation ef- 
fects begin at lower concentrations than hole effects. 
Equation ( 1  8) predicts xcr 7 X 10’6/cm3 for n-GaAs. 
which is in reasonable agreement with a recent estimate 
of 5 X 10i6/cm3 [17]. 

Using (17) and adjusting K ,  we were able to obtain good 
fits to published data for band-gap shrinkage in p-GaAs, 
n-GaAs, and injected electron-hole plasmas in GaAs; our 
estimates of K are 0.11, 0.125, and 0.14, respectively. 
Because of the larger effective mass, xcr is larger for 
p-GaAs than for n-GaAs or electron-hole plasmas in 
GaAs. At fixed carrier concentrations, the predicted 
shrinkage is smallest for p-GaAs, a result of exchange 
coupling of light and heavy holes [16]. Fig. 5 shows the 
predictions of (17) and experimental data for n-GaAs and 
electron-hole plasmas in GaAs. The effects are slightly 
larger for electron-hole plasmas than for electrons of the 
same concentration, in agreement with theory [ 161. There 
is very little data available for shrinkage in InP [23] and, 
to our knowledge, none for InGaAsP. Hence, we applied 
the values of K calculated for GaAs to these materials, but 
the critical carrier density varied, depending upon the ef- 
fective masses and dielectric constants. 

We modeled the band-gap shrinkage to cause a rigid 
translation (red shift) of the absorption curve. The change 
in absorption due to shrinkage is predicted to be 

C C 
E E 

E )  = - J E  - E, - A E , ( ~ )  - - m. 
( 1 9 )  

Equation (19) predicts Aa which is always positive, larg- 
est near the bandgap, and rapidly decreasing for higher 
energies. As with bandfilling, the change in refractive in- 
dex was calculated by applying the Kramers-Kronig in- 
tegral (14) to the Aa from (19). The results for InP with 
electron-hole carrier concentrations of 3 x lo”, lo’’, and 
3 X 10is/cm3 are given in Fig. 6 .  As in the case of band- 
filling, the largest changes in refractive index are near the 
bandgap. Unlike bandfilling, however, A n  is positive for 
energies below the bandgap, a result of the increase in 
absorption coefficient for fixed energies. 

C A R R I E R  C O N C E N T R A T I O N  ( c m-3) 

Fig. 5 .  Bandgap shrinkage in GaAs. Solid line is calculated from (17) with 
K = 0.13 and xcr = 7 x 10’h/cm’. Experimental points are for n-GaAs 
( A  from [ 181 and from 1211) and injected electron-hole pairs in GaAs 
( * f r o m  [I91 and from 1221). 

O . O 5 I  

- 0 . l L L  
0.8 1.0 1.2 1 . 4  1.6 1.8 2.0 

P H O T O N  ENERGY ( e V )  

Fig. 6 .  Change in refractive index of InP due to electron-hole injection 
and the resulting band-gap shrinkage [calculated from (19) and (14)l. 

C. Free-Carrier Absorption 
Thus far, we have considered changes of the interband 

absorption due to bandfilling and band-gap shrinkage ef- 
fects. In addition, a free carrier can absorb a photon and 
move to a higher energy state within a band. In the Drude 
model, this intraband free-carrier absorption, also known 
as the plasma effect, is modeled as being directly propor- 
tional to the concentration of electrons and holes and the 
square of the wavelength. The corresponding change in 
refractive index is given by (261 

where h is the photon wavelength. Unlike the bandfilling 
and band-gap shrinkage calculations, a numerical integra- 
tion of absorption data is not necessary. Using the fact 
that the concentrations of heavy and light holes are pro- 
portional to their effective masses to the three-halves 
power, and inserting the values of fundamental constants 

A n  = 
nE’ 
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with energy expressed in eV and N and P in ~ m - ~ .  For 
InP, the effective hole mass is 0 . 4 2 ~ ~ ~  and the electron 
mass is 0 . 0 7 5 ~ ~ ~ .  In the case of injection with equal con- 
centrations of electrons and holes, the electron contribu- 
tion to A n  will be about six times the hole contribution. 
Equation (21) is equivalent to the results derived by Stem 
[ 131 except that we use more recent estimates of effective 
mass. We are neglecting the change in refractive index 
due to intervalence band absorption. That effect is diffi- 
cult to estimate, but is probably no more than 10 to 20 
percent of the intraband A n  estimated by (21) 1131. 

The sign of A n  from the plasma effect is always nega- 
tive; hence, it will add to bandfilling for energies below 
the bandgap. Because of the X2 dependence, the plasma 
effect increases as the photon energy is decreased below 
the bandgap. On the other hand, both the bandfilling and 
band-gap shrinkage effects on refractive index are largest 
near the bandgap and approach zero for E << ER, as 
shown in Figs. 3 and 6. 

D. Combination of Effects 
The three carrier effects, bandfilling, band-gap shrink- 

age, and free-carrier absorption, were assumed to be in- 
dependent. Hence, our estimate of the total change in re- 
fractive index is the simple sum of the effects. We did, 
however, estimate bandfilling based upon the shifted 
bandgap. That is, we modeled the injected free carriers as 
causing a contraction of the bandgap, followed by carrier 
filling of the new band structure. Experimental absorption 
data for InP [23] and GaAs [27] support this model. 

The relative magnitudes of the three effects are illus- 
trated in Fig. 7, which shows each effect and the total for 
electron-hole pairs in InP. A concentration of 3 X 
lOI6/cm3 in Fig. 7(a) is below xcr (see Table I) and hence 
there is no shrinkage effect. The bandfilling and free-car- 
rier effects are both negative below E,. At E = 0.95 eV 
(1.3 pm) the bandfilling contribution is -0.00021 and 
the free-carrier contribution is -0.00012. At 3 x 
10”/cm3 [Fig. 7(b)] the estimated shrinkage is 15 meV 
and the resulting positive A n  approximately cancels the 
A n  due to bandfilling and free-carrier absorption. The 
contributions to A n  (E = 0.95 eV)  are: bandfilling 
-0.002 1, shrinkage +0.0030, free-carrier absorption 
-0.0012, and total -0.0003. Finally, at 3 x 10”/cm3 
[Fig. 7(c)] the shrinkage has increased to 39 meV, but the 
bandfilling-induced change in refractive index is clearly 
dominant, resulting in a net negative A n  at energies be- 
low the gap. At E = 0.95 eV the contributions to A n  are: 
bandfilling -0.019, shrinkage +0.008, free-carrier ab- 
sorption -0.012, and total -0.023. The dominance of 
bandfilling over shrinkage for large x is a result of the 
almost linear dependence of the bandfilling A n  on x (Fig. 
4) compared to the x1I3  dependence of shrinkage. The 
largest values of A n  are found within a few meV of the 
bandgap, but the high absorption losses in the Urbach tail 
make waveguides and modulators impractical there. 

Although our focus in this paper is estimating A n  for 
injection, we made calculations of the change in refrac- 

I I , , , , , I , ,  

0 0 0 4  InP 

L 

0 0 0 2 1  

N = P = 3 x  10’6/crn3 

I 1  I l l  1 1 1 1  1 1 1 1  

0.8 1 . 0  1 .2  1 . 4  1 . 6  1 . 8  2 . 0  

P H O T O N  ENERGY ( e V )  

(a) 

0 . 0 6 ,  , -, , , , , 
+--BANDGAP SHRINKAGE 

BAND F I L L I N G 0 . 0 2  4 

0 . 1 5  I I I I I 

0 .1 -  

BANDFILLING 

0.8 1.0 1 . 2  1.4 1 .6  1 .8  2 . 0  

P H O T O N  ENERGY ( e V )  

(C)  

Fig. 7 .  Predicted changes in refractive index from bandfilling, band-gap 
shrinkage, and free-carrier absorption for injection into InP. (a) N = P 
= 3 x 10’6/cmZ. (b) N = P = 3 x IO”/cm7. (c) N = P = 3 x 
10’8/cm’. 

tive index in n-InP and n-GaAs for comparison to exper- 
imental data on doping-induced index changes. Our pro- 
cedures were basically the same as outlined above. For 
bandfilling, the only contribution is the filling of the con- 
duction band with electrons andf,,(E,) = 1.0 in ( 1  1 ) .  In 
Fig. 8 we show our predicted total A n  at 1 . 1  eV and ex- 
perimental values [28]-[32] for n-InP at energies between 
1 .O and 1.2 eV. For concentrations above lOI8/cm3, our 
model predicts bandfilling to be dominant, resulting in A n  
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Fig. 8. Comparison of calculated and experimental A n  for n-InP. Solid 
and dotted lines are calculated (sum of all three effects at 1 . 1  e V ) .  Ex- 
perimental points are from the literature (a t  energies between 1.0 and 
1.2 eV): 0 from [28]. A from 1291, H from 1301, and * from 1311 and 
[32]. A n  is negative for all experimental points. 

< 0. The experimental An's  are also negative, support- 
ing our model. Results for GaAs (Fig. 9) show excellent 
agreement with experimental data [33]. We also com- 
pared our predicted results to estimates of A n  which Zo- 
roofchi and Butler 1341 obtained by applying Kramers- 
Kronig integrals to GaAs experimental absorption data. 
At E = 1.37 eV and N = 1.2 X 1018/cm3, we predict 
A n  = -0.0070 and their value is -0.0066. At E = 1.37 
eV and N = 6.5 X 101*/cm3, we predict A n  = -0.045 
and their value is -0.046. 

In Fig. 10 we plot the total estimated change in refrac- 
tive index for InP as a function of carrier concentration 
(x = N = P )  for two wavelengths in the transparent re- 
gion, 1.3 and 1.55 pm. For carrier concentrations less 
than about 10i7/cm3, the interparticle spacing is too large 
for shrinkage effects (i.e.,  x < xcr) and bandfilling dom- 
inates, yielding a negative A n .  Band-gap shrinkage ef- 
fects are important over the range lOI7 I x I 5 x 
1017/cm3, approximately canceling the bandfilling and 
plasma terms at 1.3 pm. For higher carrier concentra- 
tions, bandfilling and plasma effects dominate, yielding a 
large negative A n .  Estimates of the total A n  for GaAs 
(same photon energies) are shown in Fig. 1 I .  The results 
are similar, but the values of A n  are generally smaller 
than for InP because the 0.95 and 0.8 eV energies are 
farther from the GaAs bandgap. We note that the results 
in Figs. 10 and 11 for the 8 x 10l6 to 5 x 10"/cm3 range 
are very sensitive to the value of xcr. 

We also estimated A n  for electron-hole plasmas in InAs 
( E ,  = 0.36 eV). Free-carrier absorption dominates for x 
L 1017/cm3. From (211, using n = 3.6, me = 0.023, mhh 
= 0.41,andmlh = 0.025, weobtain A n  G -1.5 X 
x at E = 0.24 eV ( 5  pm). This yields -0.015 and -0.15 
at 1017 and lO1'/crn3, respectively. 

E. InGaAsP Alloys 
Alloys of InGaAsP are the material of choice for lasers 

in "long-wave'' optical communications systems. The 

n-GaAs 
E = l . Z e V  

0-41 
\ 
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Fig. 9. Comparison of calculated and experimental Ati for n-GaAs at 1.2 
eV.  Solid and dotted lines are calculated (sum of a l l  three effects). Ex- 
perimental points are from 1331. A n  is negative for all experimental 
points. 

- 

degrees of freedom provided by the quaternary system al- lengths for silica optical fibers. Recently, optical wave- 
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Fig. 10. Change in  refractive index at 1 .3  wrn (0 .95  e V )  and 1.55 pm (0.8 
e V )  for carrier injection in  InP. All three effects are included and N = 

P is assumed. The sign of At1 is negative in all cases. 

C A R  RI ER CON c ENTR A T  ION ( cm-3) 

Fig. 1 I .  Change in  refractive index at 1.3 pm (0 .95  e V )  and 1.55 pm (0.8 
e V )  for carrier injection in GaAs. All three effects are included and N 
= P i s  assumed. The sign of A n  is negative in all cases. 

low lattice matching to InP with energy gaps ranging from 
0.75 to 1.35 eV. This range includes the minimum loss 
(1.55 pm)  and minimum dispersion (1.3 pm)  wave- 
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guides and electrooptical switches have been fabricated in 
InP and InGaAsP [ 11, (21. 

Alloys of In, -.,Ga.,As,.P, -~ are lattice-matched to InP 
when J’ = 2 . 2 ~ .  The experimental band-gap energy has 
been fit by [35] 

ER = 1.35 - 0 . 7 2 ~  + 0 . 1 2 ~ ~ .  (22) 
We applied our previous equations for bandfilling, band- 
gap shrinkage, and plasma effects to estimate A n  for in- 
jection of electron-hole plasmas in InGaAsP. The re- 
quired parameters were energy gap, effective masses of 
electrons and holes, refractive index, static dielectric con- 
stant, and the absorption fitting parameter C in (1). We 
used (22) for the energy gap, and experimental values of 
electron and light-hole effective mass from Pearsall [35]. 
For heavy holes, we assumed a linear relationship varying 
from 0.41 for In,,s,Gao.47As to 0.56 for InP. We note, 
however, that reported experimental values of m h h  for InP 
vary from 0.40 to 0.85. The refractive index for energies 
near the bandgap is nearly constant; we adopted a value 
of 3.6 for all compositions [36]. We used the fit by 
Adachi [36] for the static dielectric constant: 

= 12.40 + 1 . 5 ~ .  (23) 
To estimate C ,  we used the fact that theoretically C should 
be proportional to the reduced effective mass to the three- 
halves power [SI, and scaled accordingly from the value 
for InP [lo]. The parameters are included in Table I. 

An advantage of using InGaAsP is that the energy gap 
can be adjusted to maximize A n  for a given wavelength. 
We could choose a bandgap close enough to the operating 
wavelength to obtain a large Art (see Fig. 7) but not so 
close that absorption losses are prohibitive. For Fig. 12 
we have chosen a bandgap of 1.08 eV, yielding a com- 
position of Ino,82Gao. I 8A~0.40P0.60. This bandgap is sub- 
stantially closer than the bandgaps of InP and GaAs to the 
important 1.3 and 1.55 pm wavelengths, and the pre- 
dicted An’s are larger. The promixity of the bandgap also 
results in A n  > 0 in the 1017-3 X IO1’/cm3 range. 

F. Phase Modulators 
To illustrate the application of carrier effects to elec- 

trooptical phase modulators, we calculate L,,  the modu- 
lator length required to attain ?r radians of phase shift, 
which is given by 

h 

2 I A n l ’  
L,  = ~ (24) 

In Fig. 13 we show L,  as a function of carrier concentra- 
tion for InP and In0.,,Gao l R A ~ O  40P, 60 at 1.3 pm. The in- 
creases in L, in the 8 X 1016-5 X lOi7/crn3 range result 
from band-gap shrinkage effects opposing the bandfilling 
and plasma effects. The values of L, for InP range from 
6 mm at 10’6/cm3 to 9 pm at lO”/cm’. Predictions of 
the Franz-Keldysh effect at the same wavelength [37] 
yield much larger L,’s: 50 mm at a field strength of lo5 
V/cm and 800 pm at 6 x lo5 V/cm, the breakdown 
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CARRIER CONCENTRATION (Cm-3)  

Fig. 12. Change in refractive index at 1 .3  pm (0.95 e V )  and 1.55 pm (0.8 
eV ) for carrier injection in In, szGa, , B A ~ O  4aPo 60. All three effects are 
included and N = P i s  assumed. Solid lines represent A n  < 0 and dotted 
lines represent A n  > 0. 
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Fig. 13. Waveguide length required for 180” phase shift in InP and In- 
GaAsP modulators at 1 .3  pm (calculated from (24) and Figs. 10 and 12). 
The singularities for InGaAsP at 9 X 10l6 and 4 x 101’/cm’ result from 
a change in the sign of A n .  

field strength of InP. The estimates of L,  for 
In,,,,Gao.18A~,.40P0,60 are generally a factor of 1.5 to 2.5 
smaller than the InP values, reflecting the fact that the 
InGaAsP bandgap is closer to the 1.3 pm wavelength. 

In addition to the magnitude of the index change, op- 
tical absorption losses should be considered in the design 
of phase modulators. The bandfilling effect decreases ab- 
sorption for energies near the bandgap. Band-gap shrink- 
age increases absorption, but the effect does not extend to 
energies below the new bandgap. Free-camer absorption, 
however, increases as h2 [9] and dominates the loss at 
energies below the bandgap. The total optical insertion 
loss of a phase modulator in dB is given by 10 loglo 
[ exp( a!L,)]. For Ino.s2Ga,.18A~,.40P0.60 at 2 X 1016/cm3, 
we have L, 1.2 mm from Fig. 13, and a! = 0.035 cm-’ 
from [38], yielding a loss of only 0.02 dB. At 1018/cm3, 
the absorption coefficient is much higher, about 2 crn-’, 
but larger changes in refractive index mean a smaller L,, 
0.06 mm, and the predicted loss, 0.05 dB, is still very 
small. 
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111. DISCUSSION 

Our analysis shows that all three carrier effects can give 
substantial contributions to the refractive index near the 
direct-gap of 111-V semiconductors. Precise estimates of 
the effects are limited by uncertainties in fundamental pa- 
rameters such as effective masses and the lack of experi- 
mental data for band-gap shrinkage near 10’7/cm’. De- 
spite these uncertainties, we believe that our estimates 
should generally be valid to within a factor of two. Al- 
though there are no direct experimental measurements of 
A n  over the wide range of carrier concentrations investi- 
gated here, we can test the validity of our results by com- 
parison to some experimental data. Our model predicts 
An’s  comparable to those measured in InGaAsP and 
AlGaAs lasers by Manning er al. [ 5 ] .  They pointed out 
that plasma effects alone are too small to account for the 
observed An’s .  Our analysis suggests that bandfilling is 
dominant over shrinkage effects for the carrier concentra- 
tions studied, 2-5 X lO’*/cm’. We tested our model at 
lower concentrations by comparing our predicted Aa’s  to 
the changes in transmission of InGaAsP at 1.3 pm, mea- 
sured by Kowalsky and Ebeling [ 3 ]  for optical excitation 
with concentrations up to 5 X 10I6/cm’. Our predictions 
agree with their data to within about 10 percent. We also 
predict A n  = -0.002 at 1.55 pm (0.15 eV below the 
bandgap) for N = P = 5 X 10I6/cm’, suggesting that 
their device structure could also be used as a phase mod- 
ulator. 

Our results should also approximately apply to deple- 
tion of doped semiconductors since the effects are, to first 
order, independent of impurities. The density of states in 
heavily-doped semiconductors exhibit band-tailing which 
we did not explicitly consider, but the agreement with ex- 
perimental data in Figs. 8 and 9 indicates that our model 
is a good approximation. Our analysis suggests that 
shrinkage effects may have been important in the deple- 
tion-edge modulators of Mendoza-Alvarez er al. [4], [5] 
for n-GaAs with N = 1-5 x 10’7/cm’. The shrinkage 
would give a contribution to A n  opposing the bandfilling, 
plasma, and electric field effects. 

Our results show a competition between bandfilling and 
band-gap shrinkage effects for carrier concentrations 
greater than the critical density xcr. Beyond about 
1O’*/cm3, bandfilling dominates resulting in A n  < 0. Bu- 
gajski and Lewandowski report a transition in the peak 
position of the InP photoluminescence spectra at the same 
carrier concentrations [23]. 

Injection levels of about l0’*/cm3 are practical in III- 
V devices. At that level, the predicted index changes are 
as large as l o p 2  which is substantially larger than the A n  
produced by the Pockels or Franz-Keldysh effects at a 
field strength of lo5 V/cm [ 101. Recent studies have also 
considered the use of multiple quantum wells to achieve 
enhanced electric field and carrier-induced refractive in- 
dex changes, with estimates of A n  as large as lo-’ to 
lo-’  [39], [40]. 

IV. SUMMARY AND CONCLUSIONS 

We have estimated carrier-induced changes in the re- 
fractive index of InP, GaAs, and InGaAsP. Three effects, 
bandfilling, band-gap shrinkage, and free-carrier absorp- 
tion, can produce substantial contributions to the total A n .  
The bandfilling and free-carrier absorption effects both 
produce a negative A n  for wavelengths in the transparent 
regime of the semiconductors; band-gap shrinkage pro- 
duces a positive A n  in the same regime. Our models give 
reasonable agreement with experimental data for doped 
semiconductors and predict substantial changes in refrac- 
tive index over a wide range of injected carrier concen- 
trations. The effects can be enhanced by employing alloys 
such as InGaAsP and by adjusting the bandgap to be near 
the desired wavelength. These results suggest that low- 
loss optical switches and phase modulators based upon 
carrier injection are feasible in direct-gap 111-V com- 
pound semiconductors. 
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