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Spectral ellipsometry of GaSb: Experiment and modeling
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The optical constantse(E)@5e1(E)1 i e2(E)# of single crystal GaSb at 300 K have been measured using
spectral ellipsometry in the range of 0.3–5.3 eV. Thee(E) spectra displayed distinct structures associated with
critical points~CP’s! at E0 ~direct gap!, spin-orbit splitE01D0 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@Phys. Rev. B56, 4037~1997!# based
on the electronic energy-band structure near these CP’s plus excitonic and band-to-band Coulomb enhance-
ment effects atE0 , E01D0 , and theE1 , E11D1 doublet. In addition to evaluating the energies of these
various band-to-band CP’s, information about the binding energy (R1) of the two-dimensional exciton related
to theE1 , E11D1 CP’s 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 atE0 , E1 , andE2 @M. Rohlfing and S. G. Louie, Phys. Rev. Lett.81, 2312
~1998!; S. Albrechtet al., Phys. Rev. Lett.80, 4510~1998!#. Our experimental results were compared to other
evaluations of the optical constants of GaSb.@S0163-1829~99!02035-4#
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I. INTRODUCTION

The semiconductor GaSb is of interest from both fun
mental and applied perspectives.1 The spin-orbit splitting of
the valence band at the center of the Brillouin zone~BZ! is
almost equal to the direct gap (E0) leading to high hole
ionization effects. Among compound III-V semiconducto
GaSb is particularly interesting as a substrate material
cause its lattice parameter matches solid solutions of var
ternary and quaternary III-V compounds whose band g
cover the spectral range from;0.8–4.3mm. Also, detection
at longer wavelengths, 8–14mm is possible with intersub
band absorption in antimonide based superlattices. Fro
device point of view, GaSb-based structures have shown
tential for application in laser diodes with low-thresho
voltage, photodetectors with high-quantum efficiency, hig
frequency devices, superlattices with tailored optical a
transport characteristics, booster cells in tandem solar
arrangements for improved efficiency of photovoltaic ce
and high-efficiency thermophotovoltaic cells.2

However, in spite of its significance, relatively little wor
has been reported on the optical properties related to
electronic band structure. Both Aspnes and Studna3 and Zoll-
ner et al.4 have performed spectral ellipsometry~SE! mea-
surements of the complex dielectric functione(E)@5e1(E)
1 i e2(E)# only in the range of 1.5–5.5 eV. The former in
vestigation was at room temperature while the latter st
was in the range from 10 K–740 K. Patriniet al.5 have pub-
lished results on the optical constants at room temperatu
the range of 0.0025–6 eV using a combination of meth
PRB 600163-1829/99/60~11!/8105~6!/$15.00
-

,
e-
us
s

a
o-

-
d
ell
,

he

y

in
s

including reflectance, transmission, and SE~1.4–5.0 eV!.
Several authors have investigated the optical properties~ab-
sorption coefficient, index of refraction! in the region of the
fundamental gap.6–11 Paskov8 has presented a model for th
optical constants, which includes both discrete and c
tinuum exciton contributions atE0 but not at theE1 critical
point ~transitions along the equivalent^111& directions of the
BZ!. Adachi12 has modeled the optical constants~0.5–5.5
eV! using the data of Ref. 11 in the vicinity ofE0 and Ref. 3
in the range of 1.5–5.5 eV. However, his treatment does
include continuum exciton contributions, i.e., band-to-ba
Coulomb enhancement effects~BBCE!, at eitherE0 or E1 .

In this paper we report a room temperature SE investi
tion of e(E) of single crystal GaSb in the photon energ
range of 0.3–5.3 eV. Distinct structures associated with c
cal points~CP’s! at E0 ~direct gap!, spin-orbit splitE01D0

component, spin-orbit split (E1 ,E11D1) and (E08 ,E081D08)
doublets, as well asE2 were observed. The experiment
data over the entire measured spectral range~after oxide re-
moval! has been fit using the Holden model dielect
function13–15 based on the electronic energy-band struct
near these CP’s plus discrete and continuum excitonic eff
at E0 , E01D0 , E1 , and E11D1 . The E08 , E081D08 struc-
tures were also included in the analysis. In addition to eva
ating the energies of these various band-to-band CP’s,
possible to obtain information about the binding energy (R1)
of the two-dimensional exciton related to theE1 , E11D1
CP’s. The obtained value ofR1 is in reasonable agreemen
with effective mass/k–p theory.16 The ability to evaluateR1
8105 ©1999 The American Physical Society
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has important ramifications for recent first-principles ban
structure calculations, which include exciton effects atE0 ,
E1 , andE2 .17,18

II. EXPERIMENTAL DETAILS

The sample consisted of bulk GaSb~001! $cut 4° towards
@110#%. The optical data in the range of 0.75–5.3 eV@ultra-
violet ~UV!/visible ~VIS!/near infrared~NIR!# was taken us-
ing an Instruments SA variable angle ellipsometer. For
interval of 0.3–0.8 eV @midinfrared ~MIR!/far infrared
~FIR!#, a variable angle instrument which used a Fouri
transform infrared reflectometer as a light source was
ployed. Thus, there was some overlap between the two in
vals. The UV/VIS/NIR measurements were performed wit
70° incidence angle, and the MIR/FIR measurements w
performed with 60° and 70° incidence angles. To remove
surface oxide, an etching procedure was performed on
UV/VIS/NIR ellipsometer with prealigned samples mount
vertically on a vacuum chuck in a windowless cell that ma
tained the surfaces in a dry nitrogen atmosphere. The de
of the etching procedure are given in Ref. 13, except in
study the etch was a 3:1 mixture of HCl:methanol follow
by a quick rinse in methanol.

III. EXPERIMENTAL RESULTS

Shown by the solid lines in Figs. 1~a! and 1~b! are the
experimental values of the real@e1(E)# and imaginary
@e2(E)# components of the complex dielectric function, r
spectively, as a function of photon energy,E. In thee2 spec-
trum there is an absorption edge around 0.7 eV, dou
peaks in the range 2.0–2.5 eV, and a large feature wi
peak around 4 eV, with some structure on the low-ene
side around 3.5 eV. However, in contrast to Refs. 3–5
observe a weak feature at around 1.5 eV.

The solid lines in Figs. 2~a! and 2~b! show the experimen
tal values ofde1(E)/dE and de2(E)/dE, respectively, as
obtained by taking the numerical derivative~with respect to
E! of the solid curves in Figs. 1~a! and 1~b!, respectively.

The experimental determined real~n! and imaginary~k!
components of the complex index of refraction are displa
in Figs. 3~a! and 3~b!, respectively, while in Fig. 4 we plo
the absorption coefficient,a. The inset of Fig. 4 shows a
expanded version ofa in the region of the direct gap.

IV. THEORETICAL MODEL

In GaSb the spin-orbit interaction splits the highest lyi
G15

v valence band intoG8
v andG7

v ~splitting energy,D0! and
the G15

c conduction band intoG7
c and G8

c ~splitting energy,
D08!.

19 The corresponding lowest-lying transitions atk50
@three-dimensional ~3D! M0# are labeled E0@G8

v(G15
v )

2G6
c(G1

c)# and E01D0@G7
v(G15

v )2G6
c(G1

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

v(L3
v) valence

band intoL4,5
v (L4,5

v ) andL6
v(L6

v). The corresponding 2DM0

CP’s are designatedE1@L4,5
v (L3

v)2L6
c(L1

c) or L4,5
v (L3

v)
2L6

c(L1
c)# and E11D1 @L6

v(L3
v)2L6

c(L1
c) or L6

v(L3
v)

2L6
c(L1

c)#, respectively. TheE08 , E081D08 features corre-
sponds to transitions from theG8

v valence to the spin-orbi
split G7

c/G8
c conduction levels and related transitions alo
-
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^100&.19 The E2 feature is due to transitions along^110& ~S!
or near theX point.19

The data near theE0 band gap were fit to a function tha
contains Lorentzian broadened~a! discrete excitonic~DE!
and~b! 3DM0 BBCE contributions.13–15Both Refs. 7 and 15
demonstrate that even if theE0 exciton is not resolved, the
Coulomb interaction still affects the band-to-band line sha
Thus,e2(E) is given by13–15

e2~E!5
A

E2 XImH 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 C, ~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(E)5@R0 /(E2E0)1/2#,

FIG. 1. The solid and dashed lines are the experimental an
values, respectively, of the~a! real (e1) and ~b! imaginary (e2)
components of the complex dielectric function of GaSb.
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z2(E)5@R0 /(2E2E0)#1/2 and u(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

v2G6
c . The

terms in the square brackets and under the integral in Eq~1!
correspond to the DE and BBCE~continuum exciton! con-
tributions, respectively. Since the DE is not resolved,
takeG0

ex5G0 .
For the E01D0 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 as13

e2~E!5
C1

E2 XImH 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 C, ~2!

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

is the broadening parameter fo

FIG. 2. The solid and dashed lines are the experimental an
values, respectively, of~a! de1 /dE and ~b! de2 /dE of GaSb.
e

both the exciton and band-to-band transition,z3(E)
5@R1/4(E2E1)#1/2, andz4(E)5@R1/4(2E2E1)#1/2.

For theE11D1 CP a function similar to Eq.~2! was used
with C1→C2 andE1→E11D1 , GE1

→GE11D1
, etc. In prac-

tice the same 2D rydberg (R1) was used for both theE1 and
E11D1 CP features.

fit
FIG. 3. The solid lines are the experimental values of the~a! real

~n! and ~b! imaginary ~k! components of the complex index o
refraction of GaSb.

FIG. 4. The solid line is the experimental value of the abso
tion coefficienta of GaSb. The inset shows an expanded version
the region nearE0 .
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8108 PRB 60MUÑOZ, WEI, POLLAK, FREEOUF, AND CHARACHE
Reference 13 has listed relatively simple analytical
pressions fore(E) for E0 , E01D0 , E1 , andE11D1 based
on the above equations.20

The nature of theE08 , E081D08 , andE2 features is more
complicated in relation toE0 /E01D0 andE1 /E11D1 since
the former do not correspond to a single, well-defined CP19

Therefore, each was described by a damped harmonic o
lator term:8,12,13

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. 17 found thatE2 , like the E0 /E0
1D0 and E1 /E11D1 CP features, contains an exciton
component provides some justification in using a dam
oscillator term for this structure.

A constante1` was added to the real part of the dielect
constant to account for the vacuum plus contributions fr
higher-lying energy gaps~E18 , etc.!.12,13This quantity should
not be confused with the high frequency dielectric const
e~`!.

The dotted curves in Figs. 1~a! and 1~b! are fits to the
experimental data using the above formulas. Since the e
ton at E0 /E01D0 has not been resolvedR0 (51.6 meV)
was taken from Ref. 21. Because of the large number
fitting parameters values for the various gaps and th
broadening parameters were initialized from values obtai
by numerically taking the first derivative of the dielectr
functions with respect to energy. The details of this appro
are given in Refs. 13–15. The final values of the differe
energies are indicated by arrows in the various figures.
relevant parameters are listed in Table I. The correspond
values of de1(E)/dE and de2(E)/dE, obtained from Eq.
~A16! of Ref. 6 are shown by the dotted lines in Figs. 2~a!
and 2~b!, respectively. Overall there is very good agreem
between experiment and theory for both the dielectric fu
tion @Figs. 1~a! and 1~b!# and the first derivative@Figs. 2~a!
and 2~b!#.

V. DISCUSSION OF RESULTS AND SUMMARY

The results of this experiment are in good agreement w
prior studies of the optical constants of GaSb.3–11 Figures
1~a! and 1~b! correspond closely to the relevant data of Re
3 and 4 in the range of 1.5–5.3 eV and Ref. 4 in the range
0.3–5.3 eV, except they have not observedE08 ,E081D08 . The
real component of the index of refraction~n! in the vicinity
of E0 , as displayed in Fig. 3~a!, corresponds to the works o
Paskov8 and Muñoz Uribe.10 The line shape of our absorp
tion coefficient in the range of 0.68–0.80 eV~inset of Fig. 4!
is similar to that presented in Ref. 7 in this region. Howev
our value ofa'104 cm21 in the plateau region above abo
0.75 eV is about a factor of two larger in relation to Ref.

Table I shows that the values of the various energy g
obtained in this investigation, i.e.,E0 ,E01D0 ,E12R1 ,(E1
1D1)2R1 , etc. are in good agreement with other selec
experiments. An extensive list of these energies obtained
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various methods~at different temperatures! is compiled in
Ref. 4. There is some scatter in the experimental data, p
ably due to differences in sample quality, surface prepara
and/or line-shape analysis.

The optical constantse1 /e2 for GaSb~Refs. 3–5! as well
as other diamond- and zinc-blende-type~DZB! semiconduc-
tors, over an extended range, have been investigated
number of authors,13–15,22–27 mainly using SE. However
Aspnes3,27 and Cardona and coworkers4,23 did not model
their results, although the latter fit derivative spectra. In R
12 Adachi used a model in which theE0 , E01D0 , E1 , and
E11D1 CP’s are represented by only Lorenztian broaden

TABLE I. Values of a number of relevant parameters obtain
in this experiment. Also listed are selected values of the ene
gaps, broadening parameters, etc. from other investigations.

Parameter
This

experiment
Other selected
experiments

E0 (eV) 0.72460.005 0.725a

0.72b

A ~eV2! 0.1060.005
R0 , Rso(meV) 1.6c,d 1.6d

G0 , G0
ex (meV) 1565

E01D0 (eV) 1.5260.02 1.52d

1.46b

B ~eV2! 0.2060.01
Gso, Gso

ex (meV) 1565
E12R1 (eV) 2.04760.003 2.03e,f

2.052f,g

2.05b,f

C1 (eV2) 22.060.07
R1 (meV) 3263
GE , GE

ex (meV) 95610 60f

~E11D1)2R1 (eV) 2.48860.005 2.49e,h

2.494g,h

2.50b,h

GE11D1
, GE11D1

ex 220610 70g

C2 (eV2) 30.060.01
E08 (eV) 3.4060.01 3.27e

F(E08) 1.2060.01
g(E08) 0.2360.01
E081D08 (eV) 3.7960.02 3.56e

F(E081D08) 1.0360.01
g(E081D08) 0.1760.01
E2 (eV) 4.10060.005 4.20c

4.20g

4.0b

F(E2) 1.8760.01 5.69b

g(E2) 0.12560.01 290b

e1` 1.97 1.0b

aReference 1.
bReference 12.
cFixed.
dReference 21.
eReference 29.
fIncorrectly labeledE1 .
gReference 4.
hIncorrectly labeledE11D1 .
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band-to-band single-particle~BBSP! expressions, i.e., no
DE. As will be discussed below the optical structure asso
ated with theE1 /E11D1 CP’s is primarily excitonic. In
later works, Adachi did include DE terms but with separa
amplitude factors for the DE and BBSP contributions.24,25

However, in the DE plus BBCE approach, for a given C
both terms must have the same strength parameter,
A (E0) andC1 (E1), as indicated in Eqs.~1! and~2!, respec-
tively. In Paskov’s treatment8 the BBCE contribution is in-
cluded atE0 but notE1 .

The inadequacy of the BBSP approach atE0 has been
clearly demonstrated in Refs. 8 and 15. These works sho
that in the region of the fundamental gap the BBCE te
gave a better fit to experimental values ofa and de2 /dE,
respectively, in relation to the BBSP expression. The d
ciency of the BBSP model also is illustrated by Fig. 3 in R
28. The fit expressions for the DE plus BBSP are consid
ably lower than the experimental data, particularly for t
20-K measurement. The effect of the BBCE term in relat
to the BBSP expression is to both increase the oscilla
strength and change the line shape from a 3DM0 singularity
to one that approximates a 2DM0 function ~within about
8–10 R0 from E0!. Kim and Sivinathan26 used DE plus
BBSP terms with both Lorentzian and Gaussian broaden
~increased fitting parameters!. However, Aspnes27 found no
evidence for Gaussian broadening based on a Fourier an
sis of the optical constants of CdTe.

Due to the relatively large values of R1
('30– 300 meV),13–15 the optical structure associated wi
the E1 ,E11D1 CP’s in DZB semiconductors are actual
mainly the excitonic featuresE12R1 ,(E11D1)2R1 , re-
spectively, as denoted in the figures. Almost all pr
optical3–5,22–27and modulated29,30optical studies have incor
rectly labeled these excitonic features as ‘‘E1 ,E11D1 .’’

Our value ofR1 (3263 meV) is in good agreement wit
the effective mass/k–p theory of Ref. 16. According to this
approach

R1}m' /e2~`!, ~4a!

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 ~4b!

1

mv,'*
512

EP

E1
, ~4c!

whereEP is proportional to the square of the magnitude
the matrix element of the perpendicular momentum betw
V
:

it
-

i-

e

.g.,

ed

-
.
r-

n
r

g

ly-

r

f
n

the corresponding conduction and valence bands.
GaSbmc,'* 50.12 ~in units of the free electron mass!.1

Hence, using the experimental values ofE1 and E1
1D1 , Ep was calculated from Eq.~4b! andmv,'* was deter-
mined from Eq.~4c!, to obtainm'50.088.

For CdTeR15145 meV, both experimentally15 and from
the considerations of Ref. 16. Therefore, usinge(`)57.05
andm'50.15 for CdTe~Ref. 16! ande(`)514.4 for GaSb
~Ref. 1! we find R1(GaSb);25 meV, in reasonably goo
agreement with our experimental number of 3263 meV.

The ability to measureR1 has considerable implication
for band-structure calculations, both empirical19 and first
principles.17,18 In the former case, band-structure paramet
e.g., pseudopotential form factors, are determined mainl
comparison with optical and modulated optical experime
including the ‘‘E1 ,E11D1’’ features. Therefore, the band
to-band energies are too low by an amountR1 . Recently,
Rohlfing and Louie have published a first-principles calcu
tion of the optical constants of GaAs, including exciton
effects.17 Using this formalism they have also calculatedR0 .
Their approach also makes it possible to evaluateR1 from
first-principles.31 Albrecht et al.18 also have recently pre
sented anab initio approach for the calculation of exciton
effects in the optical spectra of semiconductors and ins
tors. However, to date they have presented results for
Si.

In summary, we have measured the room-tempera
complex dielectric function of bulk GaSb in the extend
range of 0.3–5.3 eV using SE. Distinct structures relate
CP’s associated with the direct gap, spin-orbit splitE0

1D0 , spin-orbit split (E1 ,E11D1) and (E08 ,E081D08) dou-
blets, andE2 have been observed. TheE01D0 feature has
not been reported in previous SE investigations. The exp
mental data over the entire measured spectral range has
fit using the Holden model dielectric function based on
electronic energy-band structure near these CP’s plus DE
BBCE effects atE0 , E01D0 , E1 , andE11D1 . In addition
to measuring the energies of these various band-to-b
CP’s, we have evaluated the 2D exciton binding ene
R1 (53263 meV), in reasonable agreement with effect
mass/k–p theory. The ability to determineR1 has important
ramifications for recent first-principles band-structure cal
lations that have included excitonic effects at various crit
points.
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