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The methods for calculation of material parameters in compound alioys are discussed, and the
results for Al Ga, _,As,Sb;, ,Ga In, ,As Sb, ,and InP, As Sb;, , , quaternaries
lattice matched to GaSb and InAs are presented. These quaternary systems may provide the
basis for optoelectronic devices operating over the 2-4-um wavelength range. The material
parameters considered are: the lattice constant, the lowest direct- and indirect-gap energies,
and the refractive index. The model used is based on an interpolation scheme, and the effects of
compositional variations are properly taken info account in the calculations. Key properties of
the material parameters for a variety of optoelectronic device applications are also discussed in

detail.

i INTRODUCTION

Recently a great deal of interest in light sources and
detectors in the 2—4-um wavelength region has been receiv-
ing attention, because the development of new fibers, such as
fluoride glass fibers, holds the promise of extremely low
transmission losses in this wavelength region.! The
Al Ga,_, As,Sb, _,,Ga,In;_,AsSb _,, and
InP,As,8b, . , quaternaries lattice matched to GaSb or
InAs may provide the basis for devices operating over this
entire wavelength range. However, optoelectronic device pa-
rameters in such quaternary systems have been hampered by
a lack of definite knowledge of many various material pa-
rameters.

In our previous papers,” we obtained various material
parameters of Al,Ga, _ ,AsandIn, ,Ga As P, , alioys
from an interpolation scheme and found a good agreement
with the experimental data. Although the interpolation
scheme is still open to experimental verification, it provides
more useful and reliable material parameters over the entire
range of alloy composition. We alsc reported calculations
for the refractive indices of these alloys at energies below the
lowest band gaps.” The method is based on the calculation
of the imaginary part of the dielectric constant €,, and on
using the Kramers—Kronig relations in order to obtain the
real part €,. These methods held promise of being applied to
other semiconductor alloys.

The purpose of this paper is to present several material
parameters of Al,Ga, ,As 8b, ,,Ga In, ,AsSb, ,,
and InP_As,Sb, |, quaternary alloys lattice matched to
GaSb and InAs. The parameters to be presented are: the
lettice constant, the band-gap energy, and the refractive in-
des. The band-gap energy is known to be one of the most
important device parameters because it is strongly connect-
ed with the operating wavelength of the optoelectronic de-
vices.* Knowledge of the refractive indices alsc forms an
important part in the design of heterostructure lasers, as well
as other waveguiding devices.* This paper will present the
band-gap energies of not only the lowest direct gap E,
(" — T}, but also the lowest indirect gaps £ f (I’ — X} and
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E - (T — L) over the entire range of alioy composition. The
contribution to €, of the interband transitions, near the band
extrema (E,/E, + A, E\/E, + 4, and E,), is taken into
account in this model. This enables us to obtain information
on the optical constants over the entire spectral region, i.e.,
below and above the lowest band edge. The resultant analyti-
cal expressions are used to calculate the dispersion of the
refractive indices for the quaternary alloys.

1. THEORETICAL MODEL
A. Refractive index

The dielectric function, e{w) = ¢,(@) + &,(w), is
known to describe the optical response of the mediun: at all
photon energies F = #iw. Real and imaginary parts of this
dielectric function are connected by the Kramers-Kronig
relations

w'e (@’
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The dielectric function is strongly connected with the elec-
tronic encrgy-band structures of the material. The optical
joint density of states becomes large for electronic transi-
tions in the neighborhood of critical points(CP’s). The low-
est direct gaps E; and E, + A, are of the three-dimensional
(3D) M, type CP’s. Assuming the bands are parabolic, we
obtain the contribution of these gaps to €;(w) and &,(@)
{Ref. 3):

€ (@) — 1 =AEG
X U xyo) + 5B/ (Eg + Ag) ] " fxes) 1

(2}
€y = [4 /(ﬁ@)z] [ (fiw “EG)O'SH(XU — 1)
+ Y — Eo— 8)* H(xe — D1, (3)
with
A =14 (@m*) P, (4)
@© 1887 American Institute of Physics 4868



fxo) ZXO_Z [2—-Q1 +X0)0'5 - (1 “XO)O'SH(l —Xorhs

(5a)
Sos) = xaa 212 — (1 4 xos )™
— (1 =¥ )P HL — xo) 1 (5b)
Xo = fiw/Eq, (6a)
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InEq. (4), m*isthe combined density-cf-states mass and P 2
is the squared momentum matrix element.

Band-structure calculations and some experimental
work indicated that the E, and E, + A, transitions take
place along the {111) directions (A) or at L points in the
Brillouin zone. These critical points are of the 34, type. The
longitudinal effective mass, however, is much larger than its
transverse counterparts and one can treat these CP’s as two-
dimensional (2D) minima. The contribution to €,(w) and
€,(w) of this type of 2D minima is given by’

(@) —1= — By, *In(1 —y%)

— Baoyi, 77 In(1 — xi,), (8)
e(w) =n[By; *H{y,~ 1)+ By, "Hiy,, — D}
(9
with
¥ = fs/E,, (10a)

Xis :ﬁ(‘)/(ﬁ‘l—{"&])a {IOb)

where B ’s are the strength parameters and & ’s are functions
defined by Eq. (7).

The more pronounced structure found in the higher en-
ergy region than E,/(E, + A,) is usually labeled E,. The
nature of the E, transitions is more complicated, since it does
not correspond to a single, well-defined CP. Because of this
fact, we shall characterize the E, structure as that of a
damped harmonic oscillator™:

(@) —1=C(1 -3/ [(A -3 + 13 V). (1)
&) =Cyry/[ (1~ y3)* + 13 L (12)
with

Y. = fw/E,, (13}

where C is the strength parameter and y is the damping fac-
tor.

Combining al! these contributions, one can obtain the
spectral dependence of €, and ¢, in the entire range of photon
energies. Figures 1 and 2 show, as examples, the €, and €,
spectra of InSb in the cnergy range 0-7.0eV. The solid line in
Fig. 1 is taken by the sum of Egs. (2), (8),and (11), and the
solid line in Fig. 2 is taken by the sum of Egs. (3}, (9), and
(12). The numerical values used are as {ollows: £, = 0.18
eV; A;=0.81 ¢V; E, =180 eV; E, =39 eV; 4=0.19;
B, =6.37; C=5.37;and y = 0.318. Since the E| transitions
can contain sufficient strength te represent both K, and
E, 4+ A, the contribution of the latter gap is neglected here,
Equation (8) shows a singularity at #iw = £,. To overcome
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InSh
20r FIG. 1. & spectrum of
InSb. The experimental
data (open circles) are tak-
en from Ref. b of Table 111
and from D, E. Aspnes and
A. A. Studna, Phys. Rev. B
27, 985 (1983}. The solid
line is obtained from the

N o g ande,. (=3.1).

sum of Eqs. (2), (8), (11),

this problem, we introduced the damping effect in Eq. (8) in
a phenomenological manner by replacing w by w + (T, /#)
(I'; =0.16 ¢V). Moreover, we considered an additional
constant-background contribution €, ( = 3.1) to €, in or-
der to account for other higher-lying CP transitions (£,
EL+ALLELED + A etel).

We show in Fig. 3 an individual contribution to €, of the
E/Ey+ Ay, E|, and E, gaps for InSb. The E,/E, + Ay-gap
contribution becomes appreciable only in the photon-energy
region close to these gaps. The E,- and E,-gap contributions
are found to be nearly constant in the region near the £,/
By + B, gap.

Since our analysis will be made below the £, gap, it is
sufficient to consider only the E/E, + A, gap as the disper-
sion mechanism. Thus, we can obtain

€, (w) =4 f{ys) + %[E()/(Eﬁ + Au)]l'sf(f&’os)] + B, (14)

where B is the constant term arising mainly from the £, and
E, gaps. Since €,(w) may be taken as zero in the region near
and below the £ gap, one can also obtain

n{w) =€ (w)*. (15)

B. Material parameters of quaternary alioys

There has been considerable interest in the guaternary
III-V compounds for many device applications. However,

100
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FIG. 2. ¢, spectrum of InSb. The experimental data {open circles) are taken
from Ref. b of Table II] and from D. E. Aspnes and A. A. Studna, Phys.
Rev. B 27, 985 (1983). The solid line is obtained from the sum of Egs. (3),
(9, and (12).
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FIG. 3. Individual contribution to €, of the Ey/E; + by, E|, and £, gaps for
InSb.

some practical device parameters in these materials have
been hampered by a lack of definite knowledge of many ma-

§

X3 = 23T apc () + (E =T gpp (] + (1 =) [xTpen ) + (1 — %) Thep ) ]

terial parameters. An interpolation scheme is knowntobea
useful tool for estimating some material parameters of alloy
compounds.” Although the scheme is still open to experi-
mental verification, it provides more reliable values over the
entire range of alioy composition.

Quaternary alloy is thought to be constructed of four or
three binary compounds: AC, AD, BC, and BD with compo-
sitions of the form 4, B, ,C, D, , or AB, AC, and AD
with compositionsof theform AB, C, 20, , _,.Theguater-
nary material parameter ¢ can thus be estimated from these
binary parameters (8 ’s) by using the interpolation scheme:

Q(xp) = xp8 po +x(1 = p)Bap + {1 —x)yBye
+ (1 —x)} (1 —3)8yp, {16a}
or

Ox,y) =xBug +¥B pc + (1 —x —y)B .. (16b)

I relationships for the ternary material parameters (7s) are
available [see Eq. {19)}, the quaternary parameter can be
expressed either as (4,8, ,C,D, ) (Ref. 2}

(xp) = (17a)
O(x. x{(1 —=x} +y(1—p)
or (4B, C, D, _,_,) (Ref. ),
O(xp) = KT apc(#) + 0 —x =T 4scp ?U) + (1 =x = p)xT ppp (0} (17b)
) 4+p(l—x—p)+ {1 —x—plx
!
with where C is referred to as 2 bowing parameter. In Table I, we
w=(1—x—yp}/2 {18a) present the lattice constants and the band-gap energies for
— 2)/2 (18b) the II-V binary compounds of interest. Table II also lists the
v=(2—x—2)/s bowing parameters of various band gaps for the III-V ter-
and nary alloys. Relatively few of the bowing parameters are
w= (2 —2x — )/2. (18¢) known with any uncertainty, especially for the I’ — X(C, )

The lattice constant “e” is known to cbey Vegard’s law well,
i.e., to vary linearly with composition [Eq. (16)]. In Sec.
11, we shall obtain the lattice matching conditions for qua-
ternary zlloys on GaSh or InAs substrate by using this Ve-
gard’s law. The band gaps in many ternary alloys can be
approximated in the form of a quadratic function:

T apc{x) =xTpe + (1 =2}y + Cx{x— 1), (19}

TABLE & Lattice constants and band-gap energies of [E1-V binary com-
pounds (RT).

Band-gap energy (eV)

Binary  Lattice constant @ (A) E, Ag E* EL
AlAs 5.6611 2155 028 216 236
AlSb 6.1355 230 072 16t 221
Gahs 5.6533 142 034 191 173
GaSh 6.0959 072 074 105 076
=P 5.8688 135 010 221 205
InAs 6.0584 0636 040 137 1.07
InSh 6.4794 018 081 163 083
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and the I" — L indirect band gaps (C; ). Some of the un-
knewn bowing parameters are estimated in this study from
the following assumptions:

Cy =1/2(Cy + C,}, (20a)

Cp =1/72(Cy+ C}}, (20b)
where Cp, C;, and C; are the bowing parameters of the E,,
£y, and E, gaps, respectively. To estimate the bowing param-
eters cf the A gap, we used Hill’'s model,” which attributes to
the nonlinearity of K, and A, the same physical origin:

Cp = (Ay/E ), {21)
where A, and E,; are the linearly interpolated values of 4,
and £, (x = 0.5) from the limiting compounds. The quater-
nary band gaps as a function of composition are obtained by
nemerical solution of Eq. (17), using the data given in Ta-

bles I and II. These values are aiso used to calculate the
dispersion of the refractive indices of the quaternary alioys.

ill. ANALYSIS AND DISCUSSION

The mechanisms, which we omitted from this analysis
but which may affect the index of refraction near or below
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TABLE Il Bowing parameters of I1I-V ternary compounds (RT).

Bowing parameter (eV)

Ternary C, Cy Cy Cy
(AL Ga)As 0.37¢ a.07° (.245* 0.055"
(Ga,In)As 0.6° 0.20° 1.44 0.72¢
(AL, Ga)Sb 0.47° 0.3° 0 0.55°
(Ga,In)Sh 0.42° 0.1 0.33# 0.38¢
Al(As,Sb) 4] 0 0 G
Ga{As,Sh) 1.2h 0.61° 1.09® 1.09¢
In(P,As}) 0.28 0.16" 0.288 0.27¢
In(P,Sb) 1.6~ 0.95" 1.568 1.6
In{As,Sb) 0.58 1.2° 0.598 0.57%

*H.J. Leeeral, Phys. Rev. B 21, 659 (1980).

*O. Berolo et af., Phys. Rev. B 8, 3794 (1973).

“K.-R. Schulze er af., Phys. Status Solidi B 78, 493 (1976).
“W. Porod and D. K. Ferry, Phys. Rev. B 27, 2587 (1983).
°C. Alibert ef al.,, Phys. Rev. B 27, 4946 (1983).

"D. Auvergne ef al., J. Phys. Chem. Solids 35, 133 (1974).

& Estimated in this study (sce text).

" M. B. Thomas et al., Phys. Status Solidi A 37, K173 (1976).
Calculated as described in the text.

1. V. Bodnar ef a/., Phys. Status Solidi A 37, K173 (1976).
¥T. Fukui and Y. Horikoshi, Jpn. J. Appl. Phys. 20, 587 (1981).
'S. S. Vishnubhatla ez ¢/, Can. J. Phys. 47, 1661 (1969).

the E, gap, are the indirect-gap transitions, the free-carrier
absorptions, the lattice vibrational effect, and the crystal-
line-imperfection effect. When the absorption at the optical
energy gap is indirect, as in GaP, the associated dispersion in
the index would be much less pronounced than for the cases
we have considered in Sec. I, and a peak in the refractive-
index dispersion is unlikely {0 occur near such an edge. The
free-carrier asscciated dispersion in the index can be ex-
pressed in the form n° = — Ne’/meyw°, where N is the con-
centration of free carriers and m is their susceptibility mass.
This effect can be important only at wavelengths smaller
than 102m. The dispersion associated with lattice vibrations
can become important only when fiw ~ i, (where fiw ¢ 1S
the energy of the transverse optical lattice vibration modes of
long wavelength) and is negligible in this region of interest.
One should also note that some crystalline-imperfection ef-
fect may strongly affect the index of refraction, especially in
the region very close to the E, gap. Knowledge of the refrac-
tive-index dispersion in the E,-gap region forms a very im-
portant part in the design of semiconductor lasers. Because
no reliable data are available in this energy region, we are
forced to neglect this effect in our calculation. However, one
can obtain detailed information on this effect in the Appen-
dix.

A. Al Ga, ,As,Sb,

Lattice matching condition:

(GaSb sub.)
0.0396x
- 0<x<1.0), 222)
V= G426+ 00318k ) (
(InAs sub.)
_00375400396x o (225)
0.4426 + 0.0318x
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FIG. 4. Band-gap energies as
a function of the x-composi-

tion parameter for
Al Ga, _ As Sb,_, lattice
matched to GaSbh.

The Al,Ga, _,As,Sb, , quaternary alloys are impor-
tant materials covering the wavelengths between the visible
and infrared region (0.57-1.72 um} suvitable for device ap-
plications, such as injection lasers,* "' photodiodes,'®'* and
solar celis."* These alloys are also interesting materials for
cladding layers of the GalnAsSb/AlGaAsSb injection Iasers
(see Sec. III B). The alloys can be grown lattice matched to
commerciaily available binary substrates GaSbh, InP, and
InAs. The existence of extensive miscibility gaps in these
lattice matching systems may, however, limit the range of
homogeneous solid-phase compositions. This is especially
the case for the AlGaAsSb/InP and AlGaAsSb/InAs sys-
tems. Nevertheless, Chiu e al.'” have recently demonsirated
the possiblity of growing quaternary alloys (AlGaAsSb/
InP) having compositions within the miscibility gap using
nonequilibrium growth method (molecular beam epitaxy).

Figures 4 and 5 show, respectively, the band-gap ener-
gies (Ey,E ;Zf, and £ ﬁ:) as a function of the x-composition
parameter for Al, Ga, ,As Sb;, | latticematched to GaSb
and InAs. One can see from these figures that the systems
show a transition between the direct and indirect structures
at compositions of about x =0.45. It is worth noting, more-
over, that the E, value in the direct-gap region of these sys-

(ev)

N
Q

FIG. 5. Band-gap energics as

o,
g a function of the x-composi-

tion parameter for
g L Al Ga, _,As,Sb _, lattice
g 10 matched to InAs.
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tems is very close to the lowest indirect-gap energy (£ .
This degeneracy of the conduction band at the I’ and L
points is known to result in a large threshold current, owing
to an injected-electron loss in the L valleys. Relatively large
values of A, in these systems should also cause the nonradia-
tive Auger recombination and intervalence-band optical
transitions involving the A, gap to deteriorate the laser-oper-
ation characteristics (threshold current and its temperature
dependence). One can find a detailed discussion of this prob-
lem int Refs. 16 and 17.

The calculated refractive indices of these sysiems as a
function of the photon energy with x-composition incre-
ments of 0.1 are shown in Figs. 6 and 7. The curves higher-
energy endpoints correspond to the values of # at the lowest
direct gaps E,. Table [i] shows the values of 4 and B re-
quired to fit the experimental III-V binary data to Eq. (14).
Our previous studies™® showed that the values of 4 and B
varied almost linearly with composition for such alloy semi-
conductors 2s Al Ga;_,As and In,_, Ga As P, _,.
Based on this fact, the quaternary values of 4 and B are
obtained from numerical solutions of Eq. (16), using the
data listed in Table IIL

The important bearing of the refractive index on the
operation of an injection laser is its role in the confinement of

55
- 10
sof-
: ”
435k
C f FIG. 7. Calculated refractive
s indices of
£ 40 Lo Al,Ga, _As,Sb, ,/InAs as
- EA}/ a function of the photon energy
L with x-composition increments
35 of 0.1.
-
30
i A Gay s, Sy, /inAs
1 PPTTPTT PTSTRTITES FORRTIITN
[ 18 iy 30
Hw { v }
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TABLE Il Parameters 4 and £ used in the calculation of €, (w).

Binary A4 B
AlAs® 25.30 — 0.80
AlSb® 59.68 —9.53
GaAs® 6.3 9.4
GaSt® 4.05 12.66
InP? R.40 6.60
InAs® 5.14 10.15
InSb® 7.91 13.07

*R. E. Fern and A. Onton, J. Appl. Phys. 42, 3499 (1971).

®B. 0. Seraphin and H. E. Bennett, Semiconductors and Semimetals, edited
by R. K. Willardsson and A. €. Beer (Academic, New York, 1967), Vol.
3, p. 496.

“H. C. Casey, Jr. et al., Appl. Phys. Lett. 24, 63 (1974).

°G. D. Pettit and W. J. Turner, J. Appl. Phys. 36, 2081 (1965).

the emitted radiation to the intermediate vicinity of an active
region.* As can be seen from Figs. 6 and 7, the AlGaAsSb/
GaSh and AlGaAsSb/InAs systems provide a large refrac-
tive index step within a whole range of the x composition for
the light confinement in an active region. The refractive in-
dex and its dependence on x and photon energy also show a
case that is wusual for Al Ga,_ . As/GaAs and
In,_,Ga,As, P, _, /InP systems.”’

B. Ga,in,_.As 8b, ,

Lattice matching condition:
{GaSb sub.)

_0.3835 — 0.3835x

- (0<x<1.0), (233)
Y= 04210 + 0.216x
{(InAs sub.)
— 2
_04210-03835x o o (23b)

Y= 04210 1 0.0216x
Advances in optoelectronic devices usually rely on

progress achieved in the optical fiber fields. The 2-4-um
spectral region is currently of great interest because of the
recent development of low-loss fluoride glass fibers in this
spectral region.’ The predicted loss of these fibers is two or
three orders of magnitude lower than those of conventional
siica fibers. The Ga, In, _,As Sb, | quaternary system of-
fers interesting possibilities, because they can provide the
basis for devices operating over this entire spectral region.
The alloy system Ga, In, ,As,Sb, | has received rel-
atively little attention until recently because it has a very
large miscibility gap with a relatively high critical tempera-
ture { ~ 1470 °C).'%'° Nevertheless, several papers have al-
ready reported injection lasers based on this alloy system.
Kobayashi, Horikoshi, and Uemura® have demonstrated
pulsed room-temperature (RT) operation of GalnAsSb/
AlGaAsSb lasers emitting at 1.8 gm with threshold current
densities (/) of 5 kA/cm? At longer wavelengths,?!
pulsed GalnAsSb/AlGaAsSh injection lasers have operated
at RT withJ,, = 13 and 20kA/cm? at 2 and 2.3 um, respec-
tively. Caneau ef al.°? have also achieved RT pulsed oper-
ation of GalnAsSb/AlGaAsSh lasers emitting at 2.2 um
withJ,, = 7kA/cm® They have also demonstrated contin-
uous operation of GalnAsSb/AlGaAsSblasers at 2.1 pm up
to a temperature of 190 K and, more recently, up to near
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RT.? However, to our knowledge, there have been no de-
tailed reports on the refractive index and its variation
with material composition and wavelength for
Ga,In, _,As Sb, _, quaternary alloys. Reliable band-gap
data are also lacking as yet for these alloys over the entire
range of composition.

The band-gap energies as a function of the x-composi-
tion parameter for Ga In; ,As Sb, _, lattice matched to
GaSb and InAs are shown in Figs. 8 and 9, repectively. Like
Al Ga,_,As Sb,_, the Ga,In, ,As,Sb,_,, quaternar-
ies may be grown lattice matched to GaSb, InP, and InAs.
Lattice matched to InP, the band-gap energy is nearly fixed,
ranging from G.71-0.86 eV. Lattice matched to GaSb and
InAs, on the other hand, the energy varies in the range 0.30~
0.71 eV (4.1-1.7 um) and 0.36-0.69 eV (3.4-1.8 ym), re-
spectively. Unlike Al _Ga, _,As,Sb, , moreover, the ab-
sorption at the fundamental optical gaps in the
Ga,In, _,As 8b, ,/GaSb and Ga,ln; ,As,Sb,_/
InAs quaternaries is expected to be direct within a whole
range of the x composition (0<x<1.0}. It is also clear from
the figures that the conduction-band minimum at the '
point is much lower than those at the L and X points, espe-
cially for smaller values of x.

Figures 10 and 11 show, respectively, the calculated re-
fractive indices of Ga,In, ,As 8b,_ lattice matched to
GaSb and InAs with x-composition increments of 0.1. A
noticeable feature found in these figures is that the systems
show a refractive-index anomaly, i.e., the smaller £ -gap
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FIG. 9. Band-gap energies as
a function of the x-composi-
tion parameter for
Ga In, _,As Sb; _, lattice
matched to InAs.

o
[6]

o
o
L
-

o
%
~
[

4874 J. Appl. Phys., Vol. 61, No. 10, 15 May 1987

41F
365 05,
E 10 { At
£ 37 @ =

c - ngin‘_xAsySbl_inqu
33 E_ %20
sk ‘ SR N . L

o] 05 10

ha {e¥ )

FIG. 10. Calculated refractive indices of Ga,In, _,As Sb, ,/GaSbasa
function of the photon energy with x-composition increments of 0.1.

material has a smaller value of the refractive index. Most of
the IHI-¥V compound alloys, like Al ,Ga,_, As,
In _.Ga,As P, , and Al,Ga, _,As,Sb, ,, show that
the smaller E,-gap material has a larger value of the refrac-
tive index.

If the refractive index in the active region of an injection
laser is smaller than the index of the cladding layer on both
sides, the effect is like that of an antiwaveguide configuration
which does not confine radiation to the neighborhood of the
active region. This effect offers an optical loss in the wave-
guide, leading to an increase of the threshold current. Since
the refractive indices of Al Ga; ,As,Sb,_ , alloys are
usually greater than those of Ga, In, L As Sb, , alloys,
Al ,Ga; _,As,Sb, _, cladding layers make a strong combi-
nation with a Ga,In, _,As Sb, _, active layer to confine
sufficiently the radiation from such an injection laser.?°

The origin of the refractive-index anomaly is of particu-
lar interest. A series of our calculations also suggested
such an anomaly in the Sb-based compound
alloys (e.g,, InAs . Sb, ., AlLIn,_  PSb _,, and
GaP As,Sb, _ . _,). If we try tc generalize the refractive-
index behaviors of [II-V binary compounds, we can classify
them into two groups, i.e., the As(P)-based and the Sb-
based compounds. Each group shows no refractive-index
anomaly, but the Sb-based compounds give considerably

41
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FIG. 11. Calculated refractive indices of Ga, In, _ As Sb, _ /InAsasa
function of the photon energy with x-composition increments of 0.1,
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larger refractive indices than the As(P)-based one and, as a
result, they don’t fuse each other. Moreover, as mentioned in
Sec. I, the refractive indices of solids are strongly connected
with their electronic energy-band structures. It is known®*
that the band-structure related constants, such as the band-
gap energies and band masses, in the Sb-based ternaries ex-
hibit strong nonlinearity with respect to the alloy composi-
tion which arises from the effects of alloy disorder. The
refractive-index anomaly found in the Sb-based [{I-V alloys
seems to be a consequence of these facts.

C.inP,As Sk, , .

Lattice matching condition:
{GaSh sub.)

x=0.6281 — 0.6835y (0 <ps0.91), (24a)
{InAs sub.)

x = 0.6895 — 0.6895y (O«y<1.0). (24b)

Like Ga,In,  ,As Sb;, _, the alloys

InP, As,8b, ., have promising applications as light
sources and detectors for long-wavelength communication
system. The growth of the InP, As Sb, , , quaternaries
has been previously reported,” ¢ and lasers using electron
injection,”” electron beam pumping,”® and optical pump-
ing?” have been described. Infrared emission up to 4.6 xm
has also been reported from single-heterostructure
InP, As, Sb, _, _, diodes.”
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FIG. 14. Calculated refractive indices of InP, As, 8o _ . _,/GaSb as a
function of the photon energy with y-composition increments of 0.1.

The band-gap energies as a function of the y-composi-
tion parameter for InP, As,Sb, _, | lattice matched to
GaSb and InAs are shown in Figs. 12 and 13, respectively.
These quaternaries have direct gaps as the fundamental ab-
sorption edges within a full range of the y composition. The
direct-gap energies between 0.30 and (.57 eV can be ob-
tained for the quaternaries lattice matched tc GaSb and
between 0.36-0.66 eV for the quaternaries lattice matched to
InAs. These values are much lower than the lowest indirect
gap energies (E 7).

The calculated refractive indices of these systems as a
function of the photon energy with p-composition incre-
ments of 0.1 are shown in Figs. 14 and 15. The refractive-
index anomaly occurs only in the region of smaller y compo-
sitions (y 0.2). The long-wavelength indices do not differ
as much with the y composition. It is evident from these
figures that InP, As, Sb, _,_, lasers require an active layer
of larger y and cladding lavers of smaller y compaositions in
order to obtain sufficient optical confinement.

IV. CONCLUSION

AlGaAsSb, GalnAsSh, and InPAsShb quaternary sys-
tems have attracted great interest because of the recent de-

39
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FIG. 15. Cslculated refractive indices of InP, As 8b,_, _,/InAs as a
function of the photon energy with y-composition increments of 0.1.

Sadao Adachi 4875



38

Gahs
37r

35

T

34 g — {
6] 05 1.0 15

hw {eV)

FIG. 16. Calculated refractive-index dispersion of GaAs with three differ-
ent damping parameters (T =0, 0.035 E,, and 0.070 E;).

velopment of low-loss optical fibers in the 2-4-um wave-
length region. A number of interesting semiconductor
properties of the quaternary systems require guite detailed
knowledge of material parameters for their analysis, but it is,
at present, rather difficult to obtain the most reliable values
from the literature reported. The models for calculation of
various device parameters (the lattice constant, the band-
gap energy, and the refractive index ) in compound alloys are
discussed, and the results for AlGaAsSb, GalnAsSbh, and
InPAsSb quaternaries lattice matched to GaSb and InAs are
presented. Key properties of the quaternary material param-
eters for a variety of optoelectronic-device applications are
also discussed in detail.
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APPENDIX

The impurities or, more generally, the lattice defects in
semiconductors, reduce the lifetime of the electronic states
(excitons and/or free electron-hole pairs) resulting in a
change in the optical properties. The refractive-index disper-
sion may be affected by the lifetime broadening of the elec-
tronic states, especially in the photon-energy region close to
the band edge. We can easily introduce such an effect in our
model in a phenomenological manner by replacing #iw in Eq.
(2) by fiw + /T, where I’ is the broadening energy. Figure 16
shows, as an example, calculated refractive-index dispersion
of GaAs with three different damping parameters; I’ =0,
' =0.035 E,, and T = 0.070 E,. It is obvious from this fig-
ure that the broadening effect considerably reduces the n
value, especially in the E,-gap region. One must, therefore,
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pay attention to the analysis of the refractive-index disper-
sion in skch a region.
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