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Optical constants of Ga 1Àx InxAsySb1Ày lattice matched to GaSb „001…:
Experiment and modeling
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The optical constantse(E)@5e1(E)1 i e2(E)# of two epitaxial layers of GaInAsSb/GaSb have been
measured at 300 K using spectral ellipsometry in the range of 0.35–5.3 eV. Thee(E) spectra
displayed distinct structures associated with critical points~CPs! at E0 ~direct gap!, spin-orbit split
E01D0 component, spin-orbit split (E1 ,E11D1) and (E08 ,E081D08) doublets, as well asE2 . The
experimental data over the entire measured spectral range~after oxide removal! has been fit using
the Holden model dielectric function@Holdenet al., Phys. Rev. B56, 4037 ~1997!# based on the
electronic energy-band structure near these CPs plus excitonic and band-to-band
Coulomb-enhancement effects atE0 , E01D0 , and the E1 , E11D1 doublet. In addition to
evaluating the energies of these various band-to-band CPs, information about the binding energy
(R1) of the two-dimensional exciton related to theE1 , E11D1 CPs was obtained. The value ofR1

was in good agreement with effective mass/k•p theory. The ability to evaluateR1 has important
ramifications for recent first-principles band-structure calculations which include exciton effects at
E0 , E1 , andE2 @M. Rohlfing and S. G. Louie, Phys. Rev. Lett.81, 2312~1998!; S. Albrechtet al.,
Phys. Rev. Lett.80, 4510~1998!#. The experimental absorption coefficients in the region ofE0 were
in good agreement with values obtained from a linear interpolation of the end-point materials. Our
experimental results were compared to a recent evaluation and fitting~Holden model! of the optical
constants of GaSb. ©2000 American Institute of Physics.@S0021-8979~00!04004-4#
ic

or
o
s
le
-
he
T
o
a
a

l a
tr

na-

el-
-

as-

ctral
n
c

and

e
ari-
ion

f

xic

ni
:

I. INTRODUCTION

The quaternary alloy Ga12xInxAsySb12y lattice matched
to GaSb is a narrow-band-gap semiconductor~0.3–0.7 eV!
with a number of applications including thermophotovolta
cells,1 infrared light-emitting diodes2 and lasers,3–8 and
photodetectors.9,10 The optical constants are of interest f
fundamental reasons as well as for these applications. H
ever, in spite of its significance, relatively little work ha
been reported on the optical properties related to the e
tronic band structure. Snyderet al.have used a Fourier trans
form infrared variable angle spectral ellipsometer in t
range of 0.089–0.620 eV to investigate undoped and
doped Ga0.85In0.15As0.17Sb0.83 epilayers lattice matched t
GaSb.11 The onset of the band gap at about 0.55 eV w
observed for the undoped sample. The data below the b
gap for the doped material displayed free-carrier as wel
interference effects. Measurements of the complex dielec
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function e(E)@5e1(E)1 i e2(E)# for a doped sample also
were reported in the range 0.7–5.4 eV using a rotating a
lyzer spectral ellipsometer.11 Investigations of the reflectivity
in the infrared have been reported by Mezerreget al. ~25–
250 mm! ~Ref. 12! and Belovet al. ~20–260mm!.13

In this article we report a room-temperature spectral
lipsometry~SE! investigation of the complex dielectric func
tion e(E) of two Ga12xInxAsySb12y /GaSb samples@sample
Nos. 1 (x50.16,y50.14) and 2 (x50.15,y50.14)# in the
photon energy range of 0.35–5.3 eV. Distinct structures
sociated with critical points~CPs! at E0 ~direct gap!, spin-
orbit split E01D0 component, spin-orbit split (E1 ,E11D1)
and (E08 ,E081D08) doublets, as well asE2 were observed.
The experimental data over the entire measured spe
range~after oxide removal! have been fit using the Holde
model dielectric function14–17 based on the electroni
energy-band structure near these CPs plus the discrete
continuum excitonic effects atE0 , E01D0 , E1 , and E1

1D1 . The E08 ,E081D08 structures were also included in th
analysis. In addition to evaluating the energies of these v
ous band-to-band CPs, it is possible to obtain informat
about the binding energy (R1) of the two-dimensional~2D!
exciton related to theE1 ,E11D1 CPs. The obtained value o
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R1 is in reasonable agreement with effective mass/k•p
theory.18 The ability to evaluateR1 has important ramifica-
tions for recent first-principles band-structure calculatio
which include exciton effects atE0 , E1 , and E2 .19,20 The
experimental absorption coefficients in the region ofE0 were
in good agreement with values obtained from a linear in
polation of the end-point materials. Our results were co
pared with a recent room-temperature SE investigation of
optical constants of single-crystal GaSb.17 We also per-
formed room-temperature photoluminescence~PL! to evalu-
ate the fundamental band gap.

II. EXPERIMENTAL DETAILS

The two samples consisted of epitaxial layers fabrica
by organometallic vapor-phase epitaxy~OMVPE! on GaSb
~001! substrates~cut 2° towards@101#!. Details of the OM-
VPE growth are given in Ref. 21. The optical data in t
range of 0.75–5.3 eV@ultraviolet ~UV!/visible ~VIS!/near
infrared~NIR!# was taken using an Instruments SA variab
angle ellipsometer. For the interval of 0.35–0.8 eV@midin-
frared~MIR!/far infrared~FIR!#, a variable-angle instrumen
which used a Fourier transform infrared reflectometer a
light source was employed. Thus, there was some ove
between the two intervals. The UV/VIS/NIR measureme
were performed with a 70° incidence angle, and the M
FIR measurements were performed with 60° and 70° in
dence angles. To remove the surface oxide, an etching
cedure was performed on the UV/VIS/NIR ellipsometer w
prealigned samples mounted vertically on a vacuum chuc
a windowless cell that maintained the surfaces in a d
nitrogen atmosphere. The details of the etching procedure
given in Ref. 14, except in this study the etch was a
mixture of HCl: methanol followed by a quick rinse i
methanol.

III. EXPERIMENTAL RESULTS

The solid lines in Figs. 1~a! and 1~b! are the experimen
tal values of the real@e1(E)# and imaginary@e2(E)# com-
ponents of the complex dielectric function, respectively, a
function of photon energyE for sample No. 1. The solid
lines in Figs. 2~a! and 2~b! are the corresponding data fo
sample No. 2. In thee2 spectrum there is an absorption ed
around 0.55 eV, doublet peaks in the range 2.0–2.5 eV,
a large feature with a peak around 4 eV, with some struc
on the low-energy side around 3.5 eV. However, in contr
to Ref. 11 we observed a weak feature at around 1.2 eV

The solid lines in Figs. 3~a! and 3~b! show the experi-
mental values ofde1(E)/dE and de2(E)/dE, respectively,
for sample No. 1 as obtained by taking the numerical deri
tive ~with respect toE! of the solid curves in Figs. 1~a! and
1~b!, respectively. The solid lines in Figs. 4~a! and 4~b! are
the corresponding data for sample No. 2.

The experimentally determined real~n! ~solid lines! and
imaginary~k! ~dashed lines! components of the complex in
dex of refraction for sample Nos. 1 and 2 are displayed
Figs. 5 and 6, respectively. In Figs. 7 and 8 we plot
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absorption coefficienta for sample Nos. 1 and 2, respe
tively. The insets of Figs. 7 and 8 show an expanded vers
of a in the region of the direct gap.

IV. THEORETICAL MODEL

In the direct-gap zinc-blende-type semiconductor Ga
AsSb the spin-orbit interaction splits the highest-lyingG15

v

valence band intoG8
v and G7

v ~splitting energyD0! and the
G15

c conduction band intoG7
c andG8

c ~splitting energyD08!.
22

The corresponding lowest-lying transitions atk50 @three-
dimensional ~3D! M0# are labeledE0@G8

v(G15
v )2G6

c(G1
c)#

and E01D0@G7
v(G15

v )2G6
c(G11

c )#, respectively. The spin-
orbit interaction also splits theL3

v(L3
v) valence band into

L4.5
v (L4.5

v ) and L6
v(L6

v). The corresponding 2DM0 CPs are
designatedE1@L4.5

v (L3
v)2L6

c(L1
c) orL4.5

v (L3
v)2L6

c(L1
c)# and

E11D1@L6
v(L3

v)2L6
c(L1

c) orL6
v(L3

v)2L6
c(L1

c)#, respec-
tively. The E08 ,E081D08 features correspond to transition
from theG8

v valence to the spin-orbit splitG7
c/G8

c conduction
levels and related transitions along^100&.22 TheE2 feature is
due to transitions alonĝ110& ~S! or near theX point.22

The data near theE0 band gap were fit to a function
which contains Lorentzian-broadened~a! discrete excitonic
~DE! and~b! 3D M0 band-to-band continuum exciton BBC

FIG. 1. Solid and dashed lines are the experimental and fit values, res
tively, of the ~a! real (e1) and ~b! imaginary (e2) components of the com-
plex dielectric function of GaInAsSb sample No. 1.
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contributions. References 16, 23, and 24 have demonstr
that even if theE0 exciton is not resolved, the Coulom
interaction still affects the band-to-band line shape. Th
e2(E) is given by14–17

e2~E!5
A

E2 HImH F 2R0

~E02R0!2E2 iG0
ex

1
2R0

~E02R0!1E1 iG0
exG1E

2`

` F u~E82E0!

12e22pz1~E8!

2
u~2E82E0!

12e22pz2~E8!G dE8

E82E2 iG0
J J, ~1!

whereA is a constant,E0 is the energy of the direct gap,R0

is the effective Rydberg energy@5(E02E0
ex)#,G0

ex is the
broadening of the exciton,G0 is the broadening paramete
for the band-to-band transition,z1(E8)5@R0 /(E82E0)#1/2,
z2(E8)5@R0 /(2E82E0)#1/2, andu(x) is the unit step func-
tion. In Eq.~1! the quantityA}(R0)1/2m0

3/2uP0u2, wherem0 is
the reduced interband effective mass atE0 , and P0 is the
matrix element of the momentum betweenG8

v andG6
c . The

terms in the square brackets and under the integral in Eq~1!

FIG. 2. Solid and dashed lines are the experimental and fit values, res
tively, of the ~a! real (e1) and ~b! imaginary (e2) components of the com-
plex dielectric function of GaInAsSb sample No. 2.
ted

s,

correspond to the DE and BBCE~continuum exciton! con-
tributions, respectively. Since the DE is not resolved,
takeG0

ex5G0 .
For theE01D0 transition a function similar to Eq.~1!

was used, withA→B, E0→E01D0 , R0→Rso , and G0

→Gso .
For theE1 CP, e2(E) is written as14–17

e2~E!5
C1

E2 HImH F 4R1

~E12R1!2E2 iGE1

1
4R1

~E12R1!1E1 iGE1
G1E

2`

` F u~E82E1!

11e22pz3~E8!

2
u~2E82E1!

11e22pz4~E8!G dE8

E82E2 iGE1
J J, ~2!

whereC1 is a constant,E1 is the energy of the gap,R1 is the
2D Rydberg energy,GE1

is the broadening parameter fo
both the exciton and band-to-band transition,z3(E8)
5@R1/4(E82E1)#1/2, andz4(E8)5@R1/4(2E82E1)#1/2.

For the E11D1 CP, a function similar to Eq.~2! was
used withC1→C2 andE1→E11D1 , GE1

→GE11D1
, etc. In

practice, the same 2D Rydberg (R1) was used for both the
E1 andE11D1 CP features.

ec-
FIG. 3. Solid and dashed lines are the experimental and fit values, res
tively, of ~a! de1 /dE and ~b! de2 /dE of GaInAsSb sample No. 1.
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Reference 14 lists relatively simple analytical expre
sions fore(E) for E0 , E01D0 , E1 , andE11D1 based on
the above equations.25

The nature of theE08 , E081D08 , andE2 features is more
complicated in relation toE0 /E01D0 andE1 /E11D1 since

FIG. 4. Solid and dashed lines are the experimental and fit values, res
tively, of ~a! de1 /dE and ~b! de2 /dE of GaInAsSb sample No. 2.

FIG. 5. Solid and dashed lines are the experimental values of the rea~n!
and imaginary~k! components, respectively, of the complex index of refra
tion of GaInAsSb sample No. 1.
-

the former do not correspond to a single, well-defined CP22

Therefore, each was described by a damped harmonic o
lator term:17

e~E!5
F~ j !

@12x2~ j !#2 ig~ j !x~ j !
,

with j 5E08 , E081D08 , or E2 , ~3!

whereF( j ) is the amplitude,x( j )5E( j )/E, andg( j ) is a
dimensionless damping parameter.

The fact that Ref. 19 found thatE2 , like the E0 /E0

1D0 and E1 /E11D1 CP features, contains an exciton
component provides some justification in using a damp
oscillator term for this structure.

A constante1` was added to the real part of the diele
tric constant to account for the vacuum plus contributio
from higher-lying energy gaps~E18 , etc.!.14–17 This quantity
should not be confused with the high-frequency dielec
constante~`!.

ec-

-

FIG. 6. Solid and dashed lines are the experimental values of the rea~n!
and imaginary~k! components, respectively, of the complex index of refra
tion of GaInAsSb sample No. 2.

FIG. 7. Solid line is the experimental value of the absorption coefficiena
for GaInAsSb sample No. 1. Solid and dashed lines in the inset show
expanded version of the experimental data and the linear interpolation o
~7!, respectively, in the region nearE0 .
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The dotted curves in Figs. 1~a!, 1~b!, 2~a!, and 2~b! are
fits to the experimental data using the above formulas. S
the exciton atE0 /E01D0 has not been resolved, a value
R051.2 meV was estimated fromR0 of GaSb ~1.6 meV!
~Ref. 26! and effective-mass theory.27 Because of the large
number of fitting parameters, values for the various gaps
their broadening parameters were initialized from values
tained by numerically taking the first derivative of the diele
tric functions ~with respect to energy! and fitting to Eq.
~A16! of Ref. 14. The details of this approach are given
Refs. 14–17. The final values of the different energies
indicated by arrows in the various figures. All relevant p
rameters are listed in Table I. The corresponding values
de1(E)/dE and de2(E)/dE, obtained from Eq.~A16! of
Ref. 14, are shown by the dotted lines in Figs. 3~a!, 3~b!,
4~a!, and 4~b!, respectively. Overall, there is very goo
agreement between experiment and theory for both the
electric function@Figs. 1~a!, 1~b!, 2~a!, and 2~b!# and the first
derivative@Figs. 3~a!, 3~b!, 4~a!, and 4~b!#.

V. DISCUSSION OF RESULTS

The dependence of the direct gap of the quatern
Ga12xInxAsySb12y on composition at 300 K is given by28

E0,quat~x,y!50.72620.961x20.501y10.08xy10.415x2

11.2y210.021x2y20.62xy2, ~4a!

where for the condition of lattice matching to GaSb,28

y5
0.867x

120.048x
. ~4b!

Thus, from Eqs.~4a! and~4b! together with the values ofE0

listed in Table I, we find that sample Nos. 1 and 2 a
Ga0.84In0.16As0.14Sb0.86 and Ga0.85In0.15As0.14Sb0.86, respec-
tively. Therefore, these samples are very similar to the q
ternary material in Ref. 11.

FIG. 8. Solid line is the experimental value of the absorption coefficiena
for GaInAsSb sample No. 2. Solid and dashed lines in the inset show
expanded version of the experimental data and the linear interpolation o
~7!, respectively, in the region nearE0 .
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We estimated the value ofR0 listed in Table I for these
quaternaries based on effective-mass theory andR0

51.6 meV for GaSb.26 The exciton binding energy can b
expressed as26

R0}m0 /e2~`!, ~5!

wherem0 is the reduced interband effective mass atE0 and
e~`! is the high-frequency dielectric constant.

The quantitye~`! for the quaternaries can be estimat
from a linear interpolation between the end-point binary m
terials given by Eq.~5! of Ref. 12. Using the values of th
dielectric function of the binary end-point materials given
Ref. 12, we finde(`)514.1 for our materials. This value i
close to that of GaSb@e(`)514.4# since the main constitu
ent of our samples is this binary.

Thus, the variation inR0 is due mainly to differences in
m0 . For small-band-gap materials,m0 is dominated by the
conduction-band effective massmc* , and hence, fromk•p
theory29

R0}mc* }F 2

E0
1

1

E01D0
G21

. ~6!

Thus, from the values of the relevant band gaps a
R0(GaSb) listed in Table I, we findR0(quaternary)
50.75R0(GaSb)51.2 meV.

The absorption coefficient of the quaternaries in the
gion of the fundamental band gapaquat(x,y)(E) also can be
estimated from a linear interpolation procedure given by12,30

aquat~x,y!~E!5xya InAs@E1E0,InAs2E0,quat~x,y!#1x~12y!

3a InSb@E1E0,InAs2E0,quat~x,y!#1y~12x!

3aGaAs@E1E0,GaAs2E0,quat~x,y!#1~12x!

3~12y!aGaSb@E1E0,GaSb2E0,quat~x,y!#, ~7!

wherea i and E0,i are the absorption coefficient and fund
mental band gap of the relevant end-point materials~i
5InAs, InSb, GaAs, or GaSb! and E0,quat(x,y) is the funda-
mental band gap of the quaternary of compositionx,y. Using
the values ofE0,i and absorption coefficients of InAs, InSb
and GaAs listed in Refs. 30 and 31, respectively, a
E0,GaSb(50.724 eV) and the GaSb absorption coefficie
taken from Ref. 17, we obtain the dashed curves in the in
of Figs. 7 and 8. Due to alloy broadening, the experimentaa
is somewhat larger below the band gap in relation to
linear interpolation.

The measured values ofe1 ande2 of this experiment are
in good agreement with the corresponding data of Ref.
For comparison purposes, listed in Table I are the relev
parameters from this study. However, Snyderet al. did not
model their data. Their values of ‘‘E1 /E11D1’ ’ and the
corresponding broadening parameters listed in Table I w
obtained by fitting the numerical second derivative of t
data to an expression that corresponds to the second de
tive of a 2D CP. This analysis is incorrect since the opti
features associated with theE1 /E11D1 CPs are primarily
excitonic.

Recently, Mun˜oz et al.17 have measured the optical con
stants of GaSb in the range of 0.3–5.3 eV using SE. Th

an
q.
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TABLE I. Values of the relevant parameters obtained in this experiment for the two GaInAsSb samples
listed are the room-temperature values of the PL peaks and some of the corresponding parame
Ga0.85In0.15As0.17Sb0.83 and GaSb.

Parameter
Sample No. 1

~Ga0.84In0.16As0.14Sb0.86!
Sample No. 2

~Ga0.85In0.15As0.14Sb0.86! Ga0.85In0.15As0.17Sb0.83
a GaSbb

E0 ~eV! 0.53560.01
~0.538!c

0.54260.01
~0.555!c

0.5560.02 0.72460.005

A (eV2) 0.03460.005 0.05760.005 0.1060.005

R0 , Rso ~meV! 1.2d 1.2d 1.6

G0 , Go
ex ~meV! 2265 2465 1565

E01D0 ~eV! 1.20060.03 1.20560.03 1.5260.02

B (eV2) 0.02060.005 0.1760.005 0.2060.01

Gso , Gso
ex ~meV! 120610 120610 1565

E12R1 ~eV! 1.97660.01 1.97560.01 1.971e 2.04760.003

C1 ~eV2! 19.860.01 19.760.01 22.060.007

R1 ~meV! 3065 3065 3263

GE1
, GE1

ex ~meV! 150610 160610 88f 9565

(E11D1)2R1 ~eV! 2.3960.01 2.3860.01 2.421g 2.48860.005

GE11D1
, GE11D1

ex 200615 195615 126h 220610

C2 ~eV2! 24.860.01 22.460.01 30.060.01

E08 ~eV! 3.1460.03 3.2260.03 3.4060.01

F(E08) 0.0360.01 0.160.01 1.2060.01

g(E08) 0.4060.05 0.4560.05 0.2360.01

E081D08 ~eV! 3.5360.03 3.5560.03 3.7960.02

F(E081D08) 2.3760.01 2.5760.01 1.0360.01

g(E081D08) 0.3560.05 0.4060.05 0.1760.01

E2 ~eV! 4.0660.01 4.0760.01 4.1060.005

F(E2) 2.5160.01 2.1160.01 1.8760.01

g(E2) 0.2260.02 0.2360.02 0.12560.01

e1` 2.3960.01 2.5060.01 1.97

aSee Ref. 11.
bSee Ref. 17.
cRoom-temperature PL.
dFixed.

eIncorrectly labeledE1 .
fGE1

ex .
gIncorrectly labeledE11D1 .
hGE11D1

ex .
so
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ave
data were also fit using the Holden model. For compari
purposes, Table I also lists the relevant parameters for G
obtained from this analysis. The absorption curves in
region of the direct gap for our quaternaries, as shown by
solid lines in the insets of Figs. 7 and 8, are very similar
the corresponding curve for GaSb nearE0 ,17 although some-
what broader below the band gap due to alloy effects.

The optical constantse1 and e2 for GaSb,17,32–34 and
other diamond- and zinc-blende-type~DZB! semiconductors,
over an extended range, have been investigated by a nu
of authors, mainly using SE.14–17,35–42However, Aspnes32,40

and Cardona and co-workers33,34 did not model their results
although the latter fit derivative spectra. In Ref. 42 Ada
n
Sb
e
e

ber

i

used a model in which theE0 , E01D0 , E1 , and E11D1

CPs are represented by only Lorentzian-broadened ban
band single-particle~BBSP! expressions, i.e., no DE. As dis
cussed below, the optical structure associated with
E1 /E11D1 CPs is primarily excitonic. In later works Ada
chi did include DE terms but with separate amplitude fact
for the DE and BBSP contributions.37,38However, in the DE
plus BBCE approach, for a given CP both terms must h
the same strength parameter, e.g.,A(E0) and C1(E1), as
indicated in Eqs.~1! and ~2!, respectively. In Paskov’s
treatment23 the BBCE contribution is included atE0 , but not
E1 .

The inadequacy of the BBSP approach atE0 has been
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clearly demonstrated in Refs. 16, 23, and 24. These wo
showed that in the region of the fundamental gap the BB
term gave a better fit to experimental values ofde2 /dE
~Refs. 16 and 24! and a ~Ref. 23! in relation to the BBSP
expression. The deficiency of the BBSP model also is ill
trated by Fig. 3 in Ref. 41. The fit expressions for the D
plus BBSP are considerably lower than the experime
data, particularly for the 20 K measurement. The effect of
BBCE term in relation to the BBSP expression is to bo
increase the oscillator strength and change the line sh
from a 3DM0 singularity to one that approximates a 2DM0

function ~within about 8–10 R0 from E0!. Kim and
Sivinathan39 used DE plus BBSP terms with both Lorentzia
and Gaussian broadening~increased fitting parameters!.
However, Aspnes found no evidence for Gaussian broad
ing based on a Fourier analysis of the optical constants
CdTe.40

Due to the relatively large values ofR1('30
– 300 meV),14–17 the optical structure associated with th
E1 ,E11D1 CPs in DZB semiconductors are actually main
the excitonic featuresE12R1 ,(E11D1)2R1 , respectively,
as denoted in the figures. Almost all prior optical11,32–42and
modulated43,44 optical studies have incorrectly labeled the
excitonic features as ‘‘E1 ,E11D1 .’ ’

Our values of R1(3065 meV) for the quaternary
samples are in good agreement with that obtained exp
mentally for GaSb~Ref. 17! ~see Table I! and in reasonable
accord with a value of 25 meV deduced from effective ma
k•p theory. According to this approach18

R1}m' /e2~`!, ~8a!

where m' is the perpendicular reduced interband effect
mass related toE1 ande~`! is the high-frequency dielectric
function. From a three-bandk•p formula the perpendicula
conduction (mc,'* ) and valence (mv,'* ) effective masses~in
units of the free-electron mass! are given by

1

mc,'*
511EPS 1

E1
1

1

E11D1
D , ~8b!

1

mv,'*
512

EP

E1
, ~8c!

whereEP is proportional to the square of the magnitude
the matrix element of the perpendicular momentum betw
the corresponding conduction and valence bands. Using
value ofEP58.36 eV for GaSb~Ref. 17! and the experimen
tal values ofE1 andE11D1 deduced from Table I,mc,'* and
mv,'* were determined from Eqs.~8b! and ~8c!, to obtain
m'50.088. For the quaternariese(`)514.1, as discusse
previously.

For CdTe, R15145 meV, both experimentally16 and
from the considerations of Ref. 18. Therefore, usinge(`)
57.05 andm'50.15 for CdTe~Ref. 26! and e(`)514.1,
we findR1(quaternary);26 meV, in reasonably good agre
ment with our experimental number of 3065 meV.

The ability to measureR1 has considerable implication
for band-structure calculations, both empirical22 and first
principles.19,20 In the former case, band-structure paramete
e.g., pseudopotential form factors, are determined mainly
ks
E

-

al
e

pe

n-
of

ri-

/

f
n

he

s,
y

comparison with optical and modulated optical experimen
including the ‘‘E1 ,E11D1’ ’ features. Therefore, the band
to-band energies are too low by an amountR1 . Recently,
Rohlfing and Louie published a first-principles calculation
the optical constants of GaAs, including excitonic effects19

Using this formalism they also calculatedR0 . Their ap-
proach makes it possible to evaluateR1 from first
principles.45 Albrecht et al. also have recently presented a
ab initio approach for the calculation of excitonic effects
the optical spectra of semiconductors and insulators.20 How-
ever, to date they have only presented results for Si.

VI. SUMMARY

In summary, we measured the room-temperature co
plex dielectric function of two epitaxial layers of GaInAsS
GaSb in the extended range of 0.35–5.3 eV using spec
ellipsometry. Distinct structures related to critical points a
sociated with the direct gap (E0), spin-orbit splitE01D0 ,
spin-orbit split (E1 ,E11D1) and (E08 ,E081D08) doublets,
and E2 were observed. TheE01D0 feature has not been
reported in a previous SE investigation. The experimen
data over the entire measured spectral range have bee
using the Holden model dielectric function based on the e
tronic energy-band structure near these CPs plus DE
BBCE effects atE0 , E01D0 , E1 , andE11D1 . The experi-
mental absorption coefficients in the region ofE0 were in
good agreement with values obtained from a linear inter
lation of the end-point materials. In addition to measuri
the energies of these various band-to-band CPs, we h
evaluated the 2D exciton binding energyR1(530
65 meV), in good agreement with that of GaSb and in re
sonable accord with effective mass/k•p theory. The ability to
determineR1 has important ramifications for recent firs
principles band-structure calculations which have includ
excitonic effects at various critical points.
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7H. K. Choi, J. N. Walpole, G. W. Turner, M. K. Connors, L. J. Missagg
and M. J. Manfra, IEEE Photonics Technol. Lett.10, 938 ~1998!.

8M. F. Flatte, C. H. Grein, H. Ehrenreich, R. H. Miles, and H. Cruz,
Appl. Phys.78, 4552~1995!.

9Y. Shi, J. H. Zhoa, J. Sarathy, H. Lee, and G. H. Olsen, IEEE Tra
Electron Devices44, 2167~1997!.

10K. Xie, J. H. Zhao, Y. Shi, H. Lee, and G. H. Olsen, IEEE Photon
Technol. Lett.8, 667 ~1996!.

11P. G. Snyder, T. E. Tiwald, D. W. Thompson, N. J. Ianno, J. A. Woolla
M. G. Mauk, and Z. A. Shellenberger, Thin Solid Films313–314, 667
~1998!.

12A. Mezerreq, C. Linares, J. L. Lazzari, and A. Montaner, Thin Solid Fil
221, 196 ~1992!.

13A. G. Belov, A. I. Belogorokhov, A. E. Bocharev, L. M. Dolginov, L. V
Druzhinina, G. M. Zinger, M. A. Il’in, P. Yu. Karasev, M. G. Mil’vidskii,
D. A. Rzaev, and A. I. Ryshkin, Sov. Phys. Solid State26, 84 ~1984!.

14T. Holden, P. Ram, F. H. Pollak, J. L. Freeouf, B. X. Yang, and M.
Tamargo, Phys. Rev. B56, 4037~1997!.

15T. Holden, F. H. Pollak, J. L. Freeouf, G. W. Charache, J. E. Rayno
and C. Geller, Proceedings of the 4th NREL Thermophotovoltaic Gen
tion of Electricity Conference, Denver, Co, 1998, edited by T. J. Coutts
P. Brenner, and C. S. Allman, AIP Conf. Proc.460 ~AIP, Woodbury, NY,
1999!, p. 39.

16K. Wei, F. H. Pollak, J. L. Freeouf, D. Shvydka, and A. D. Compaan
Appl. Phys.85, 7418~1999!.
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