PHYSICAL REVIEW B VOLUME 60, NUMBER 11 15 SEPTEMBER 1999-I

Spectral ellipsometry of GaSb: Experiment and modeling
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The optical constants(E)[ = €,(E) +ie,(E)] of single crystal GaSb at 300 K have been measured using
spectral ellipsometry in the range of 0.3-5.3 eV. E(E) spectra displayed distinct structures associated with
critical points(CP’s) at E, (direct gap, spin-orbit splitEq+ A, component, spin-orbit splitf;, E;+A;) and
(Eg, Eg+Ag) doublets, as well ag,. The experimental data over the entire measured spectral tafige
oxide removal has been fit using the Holden model dielectric funcfiBhys. Rev. B66, 4037(1997)] based
on the electronic energy-band structure near these CP’s plus excitonic and band-to-band Coulomb enhance-
ment effects aEy, Eo+Ay, and theE;, E;+ A, doublet. In addition to evaluating the energies of these
various band-to-band CP’s, information about the binding eneRgy ¢f the two-dimensional exciton related
to theE,, E;+A; CP’s was obtained. The value Bf was in good agreement with effective m&sg/theory.

The ability to evaluatdR; has important ramifications for recent first-principles band-structure calculations,
which include exciton effects &, E;, andE, [M. Rohlfing and S. G. Louie, Phys. Rev. Le#l, 2312
(1998; S. Albrechtet al, Phys. Rev. Lett80, 4510(1998]. Our experimental results were compared to other
evaluations of the optical constants of Gafh0163-18209)02035-4

I. INTRODUCTION including reflectance, transmission, and 8E4-5.0 eV.
Several authors have investigated the optical propeféls
The semiconductor GaSb is of interest from both fundasorption coefficient, index of refractipin the region of the
mental and applied perspectiveShe spin-orbit splitting of  fundamental gap-*! Pasko{ has presented a model for the
the valence band at the center of the Brillouin zdB&) is optical constants, which includes both discrete and con-
almost equal to the direct gafE{) leading to high hole tinuum exciton contributions &, but not at theE; critical
ionization effects. Among compound IlI-V semiconductors, point (transitions along the equivale(it11) directions of the
GaSb is particularly interesting as a substrate material beBz). Adachi? has modeled the optical constarits5—5.5
cause its lattice parameter matches solid solutions of variousV) using the data of Ref. 11 in the vicinity &, and Ref. 3
ternary and quaternary Ill-V compounds whose band gapk the range of 1.5-5.5 eV. However, his treatment does not
cover the spectral range from0.8—4.3um. Also, detection include continuum exciton contributions, i.e., band-to-band
at longer wavelengths, 8—14m is possible with intersub- cgulomb enhancement effedBBCE), at eitherE, or E;.
band absorption in antimonide based superlattices. From a |, this paper we report a room temperature SE investiga-
device point of view, GaSh-based structures have shown pg;on of e(E) of single crystal GaSb in the photon energy
terllttial forhatppcljictati(;n in .';]Sif ﬁiodes tWith fl;_)vy-thresﬂplg range of 0.3-5.3 eV. Distinct structures associated with criti-
voltage, photodetectors with high-quantum efficiency, high- ; , : ; ; ;
frequ%ncs devices, superlatticgs (\q/vith tailored opti)c/al gncf al points(CP’s) at &, (direct gap, spin-orbit splitEo+Aq

transport characteristics, booster cells in tandem solar Cegomponent, spin-orbit split ,E; +4,) and (EO’E°+_A°)
oublets, as well ag, were observed. The experimental

arrangements for improved efficiency of photovoltaic cells, ) -
and high-efficiency thermophotovoltaic cefls. data over the entlre_mea_sured spectral ra@ader OXId.e re-
However, in spite of its significance, relatively little work Mmova) has been fit using the Holden model dielectric

has been reported on the optical properties related to thginction'>~*°based on the electronic energy-band structure
electronic band structure. Both Aspnes and Stdidma Zoll- ~ near these CP’s plus discrete and continuum excitonic effects
ner et al* have performed spectral ellipsometf$E) mea- atEq, EqtAg, E;, andE;+A;. TheEy, Eq+ A struc-
surements of the complex dielectric functie(E)[ = €,(E) tures were also included in the analysis. In addition to evalu-
+ie,(E)] only in the range of 1.5-5.5 eV. The former in- ating the energies of these various band-to-band CP’s, it is
vestigation was at room temperature while the latter studyossible to obtain information about the binding energy)(
was in the range from 10 K—740 K. Patrigii al> have pub-  of the two-dimensional exciton related to thg, E;+A;
lished results on the optical constants at room temperature iGP’s. The obtained value d®; is in reasonable agreement
the range of 0.0025—6 eV using a combination of methodsvith effective mas#-p theory!® The ability to evaluatdr,
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has important ramifications for recent first-principles band- =
structure calculations, which include exciton effectsEgt 24
Ell andE2.17'18

Il. EXPERIMENTAL DETAILS

The sample consisted of bulk Ga8b1) {cut 4° towards
[110]}. The optical data in the range of 0.75-5.3 pitra-

violet (UV)/visible (VIS)/near infraredNIR)] was taken us- 6 ]
ing an Instruments SA variable angle ellipsometer. For the
interval of 0.3-0.8 eV[midinfrared (MIR)/far infrared or 7

(FIR)], a variable angle instrument which used a Fourier-
transform infrared reflectometer as a light source was em- 6
ployed. Thus, there was some overlap between the two inter-
vals. The UV/VIS/NIR measurements were performed with a -12
70° incidence angle, and the MIR/FIR measurements were

performed with 60° and 70° incidence angles. To remove the Energy (V)

surface oxide, an etching procedure was performed on the —

UV/VIS/NIR ellipsometer with prealigned samples mounted 3 (E+A)R, EO“O[ )

vertically on a vacuum chuck in a windowless cell that main- =" | E-R, ’ ]

(b)

tained the surfaces in a dry nitrogen atmosphere. The details
of the etching procedure are given in Ref. 13, except in this
study the etch was a 3:1 mixture of HCl:methanol followed
by a quick rinse in methanol.

12}
ll. EXPERIMENTAL RESULTS -

Shown by the solid lines in Figs.(d@ and 1b) are the 81
experimental values of the redle;(E)] and imaginary A
[e,(E)] components of the complex dielectric function, re- 4
spectively, as a function of photon energy,In thee, spec- i
trum there is an absorption edge around 0.7 eV, doublet 00 :
peaks in the range 2.0-2.5 eV, and a large feature with a
peak around 4 eV, with some structure on the low-energy
side around 3.5 eV. However, in contrast to Refs. 3-5 we F|G. 1. The solid and dashed lines are the experimental and fit
observe a weak feature at around 1.5 eV. values, respectively, of thés) real (e;) and (b) imaginary (,)

The solid lines in Figs. @) and 2b) show the experimen- components of the complex dielectric function of GaSh.
tal values ofde;(E)/dE and de,(E)/dE, respectively, as
obtained by taking the numerical derivatiieith respect to (100.2° The E, feature is due to transitions alokgl0) (3)

E) of the solid curves in Figs.(&) and 1b), respectively. or near thex point1°

The experimental determined re@) and imaginary(x) The data near thE, band gap were fit to a function that
components of the complex index of refraction are d'5p|ayeQ:ontains Lorentzian broadendd) discrete excitonio DE)
in Figs. 38 and 3b), respectively, while in Fig. 4 we plot  5,4(n) 3p M, BBCE contributions®-*Both Refs. 7 and 15
the absorption coefficieni. The inset of Fig. 4 shows an jemgnstrate that even if tHe, exciton is not resolved, the
expanded version af in the region of the direct gap. Coulomb interaction still affects the band-to-band line shape.

Thus, e,(E) is given by>~1°

Energy (eV)

IV. THEORETICAL MODEL

In GaSh the spin-orbit interaction splits the highest lying A 2R,
I'}s valence band intd'y andT'y (splitting energy,A,) and €2(E)= E2 Im (Eg—Rg)—E—iT%
the I'{5 conduction band intd’$ and I'g (splitting energy,
A().Y® The corresponding lowest-lying transitions ka0 N 2R, }Jffx 0(E'—Ep)
[thrse-(ilimensional (3D) I\\flO]v are CIakzeled EO[F‘é(_F‘{S) (Eg—Rg) +E+ilg| J-u|1—e 27a(E)
—T'g(I'7)] and Eg+Aq['7(I'79) —T'g(I'7)], respectively. , ,
The spin-orbit interaction also splits thej(AY) valence _ O0(-E'—Eyp) dE i
band intoLy 5(A} 9 andLg(Ag). The corresponding 2M 1—e 27(E) |[E'—E—ily| [’

CP’'s are designatedE [Ly(Ls) —Lg(LT) or Ajs(A3)

—Ag(AD] and E;+A; [Lg(Lz)—Lg(Li) or Ag(A3)  whereAis a constantE, is the energy of the direct gaRy,
—Ag(AD], respectively. TheEy, Eq+Aq features corre- s the effective Rydberg enerdy=(E,—EY)], I'$ is the
sponds to transitions from thEg valence to the spin-orbit broadening of the excitorl}, is the broadening parameter
split ['$/T'§ conduction levels and related transitions alongfor the band-to-band transitiorg,(E) =[Ry/(E—Eg)*?],
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values, respectively, dB) de; /dE and(b) de,/dE of GaSb.

Z,(E)=[Ry/(—E—Eg)]*? and 6(x) is the unit step func-
tion. In Eq.(1) the quantityAe (Rg) Y2134 Po|? wherepu, is
the reduced interband effective masskEgt, and P, is the
matrix element of the momentum betwedf—T'g. The
terms in the square brackets and under the integral if{Eg.
correspond to the DE and BBC{ontinuum excitoh con-

tributions, respectively. Since the DE is not resolved, we

take'§*=T.

For the Eyx+ A, transition a function similar to Eql)
was used, withA—B, Ey—Ey+Ay, Rp—Rg, and I'y
—T -

For theE; CP, e,(E) is written as®

4R,
(Es—Ry)—E~ilg

C,

. 4R, +Jm
(E1— Ry +E+iTg, —e
dE’

E’—E—iFEl})’

whereC, is a constant; is the energy of the gajR; is the

6(E' —E,)
1+ e*Z’lTZ3(E')

(—E'-Ey
1+e—27rz4(E/)

)

SPECTRAL ELLIPSOMETRY OF GaSb: EXPERIMEN ..

8107

Energy (eV)

. . . ~ FIG.3. The solid lines are the experimental values of(éheeal
FIG. 2. The solid and dashed lines are the experimental and fitn) and (b) imaginary () components of the complex index of

refraction of GaSbh.

both the exciton and band-to-band transitions(E)
=[R,/4(E—E;)]"? andz,(E)=[R,/4(—-E—E;)]"2

For theE;+ A4 CP a function similar to Eq2) was used
with C;—C, andE;—E;+ A4, FElHI‘Elml, etc. In prac-
tice the same 2D rydberdRf) was used for both thE,; and

E,+A; CP features.

. (E+A)R,
f Gasb &F | ‘
‘ = E'O+A'UF1
Ea Egth, °
E10 E 10°F E
(&) [
B I E
H 10°F
1045' 3
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Energy (eV)

FIG. 4. The solid line is the experimental value of the absorp-
tion coefficienta of GaSh. The inset shows an expanded version in
2D Rydberg energyl'g, is the broadening parameter for the region neak,.
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Reference 13 has listed relatively simple analytical ex- TABLE I. Values of a number of relevant parameters obtained
pressions for(E) for Ey, Eq+Ag, E;, andE;+ A, based in this experiment. Also listed are selected values of the energy

on the above equatioS.

gaps, broadening parameters, etc. from other investigations.

The nature of th&e), E{+ A, andE, features is more

complicated in relation t&,/Eq+A, andE; /E;+ A, since This Other selected
the former do not correspond to a single, well-defined'€P. Parameter experiment experiments
Therefore, each was described by a damped harmonic oscit (ev) 0.724+0.005 0.728
lator term®12:13 0.7%
F() A (eV?) 0.10+ 051005
€(E)= LI EA— Ro. Reo(meV) 1.6 1.6
[1—=x“(D]=Tv()x(]) Iy, IS (meV) 15+5
Eo+Aq (eV) 1.52+0.02 1.5
with j=E;, Ej+Af, or E,, (3) 1.4
2
whereF(j) is the amplitudex(j)=E(j)/E, and y(j) is a E(e\;lx(mev) et
dimensionless damping parameter. sor ~ o -

The fact that Ref. 17 found the,, like the Eg/E, £t~ Ra(€V) 2.047-0.003 2'02';
+Ay and E;/E;+A; CP features, contains an excitonic 2.05 'f
component provides some justification in using a damped ” 2.08"
oscillator term for this structure. Ci(eV) 22.0£0.07

A constante;,, was added to the real part of the dielectric Ry (mev) 323
constant to account for the vacuum plus contributions frond & T'E (meV) 95+10 6d .
higher-lying energy gap&; , etc).*2*3This quantity should (E1t41)~Ri(eV) 2.488-0.005 249 .
not be confused with the high frequency dielectric constant é?ﬁh

The dotted curves in Figs.(d and ib) are fits to the Te+a, TEjra, 220+ 10 70
experimental data using the above formulas. Since the excf2 (eV?) 30.0+0.01
ton at Eq/Eq+ Ay has not been resolveR, (=1.6 meV) Ej(eV) 3.40+0.01 3.27
was taken from Ref. 21. Because of the large number oF(E) 1.20+0.01
fitting parameters values for the various gaps and theig(E}) 0.23+0.01
broadening parameters were initialized from values obtaineg;+ A/ (eV) 3.79+0.02 3.56
by numerically taking the first derivative of the dielectric F(Ej+AY) 1.03+0.01
functions with respect to energy. The details of this approach;,(E(rﬁAé) 0.17+0.01
are given in Refs. 13-15. The final values of the differentg, (ev) 4.100+ 0.005 4.20
energies are indicated by arrows in the various figures. All 420
relevant parameters are listed in Table I. The corresponding 4.0
values ofde;(E)/dE and de,(E)/dE, obtained from Eq. F(E,) 1.87+0.01 5.69
(A16) of Ref. 6 are shown by the dotted lines in Fig$a)2

: , Y(E,) 0.125+0.01 290
and 2b), respectively. Overall there is very good agreement 197 10

between experiment and theory for both the dielectric func=1

tion [Figs. 1@ and Xb)] and the first derivativéFigs. 2a) aReference 1.
and 2b)]. bReference 12.
‘Fixed.
dReference 21.
®Reference 29.

V. DISCUSSION OF RESULTS AND SUMMARY

The results of this experiment are in good agreement Wity o rectly labelecE; .

prior studies of the optical constants of GaSh: Figures  sreference 4.

1(a) and Xb) correspond closely to the relevant data of Refs.hcorrectly labelecE, + A, .

3 and 4 in the range of 1.5-5.3 eV and Ref. 4 in the range of

0.3-5.3 eV, except they have not obser&dE,+A,. The various methodgat different temperaturgss compiled in

real component of the index of refracti¢n) in the vicinity ~ Ref. 4. There is some scatter in the experimental data, prob-
of Eq, as displayed in Fig. (@), corresponds to the works of ably due to differences in sample quality, surface preparation
Pasko¥ and Muroz Uribe’® The line shape of our absorp- and/or line-shape analysis.

tion coefficient in the range of 0.68—0.80 éiviset of Fig. 4

The optical constants, / €, for GaSb(Refs. 3-5 as well

is similar to that presented in Ref. 7 in this region. Howeveras other diamond- and zinc-blende-ty{¥/B) semiconduc-
our value ofa~10*cm 1 in the plateau region above about tors, over an extended range, have been investigated by a

0.75 eV is about a factor of two larger in relation to Ref. 7.number of author

é3—15,22—27
1

mainly using SE. However,

Table | shows that the values of the various energy gapaspnes?’ and Cardona and coworkérs did not model

obtained in this investigation, i.eEq,Eq+Ag,E1— Ry, (Eq

their results, although the latter fit derivative spectra. In Ref.

+A;)—Ry, etc. are in good agreement with other selectedl2 Adachi used a model in which th®,, Eq+Ag, E;, and
experiments. An extensive list of these energies obtained bl,+ A, CP’s are represented by only Lorenztian broadened
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band-to-band single-particléBBSP expressions, i.e., no the corresponding conduction and valence bands. In
DE. As will be discussed below the optical structure associGaSbmg , =0.12 (in units of the free electron mass
ated with theE,;/E;+A; CP’s is primarily excitonic. In Hence, using the experimental values &f and E;
later works, Adachi did include DE terms but with separate+A,, E, was calculated from Ed4b) andm}, | was deter-
amplitude factors for the DE and BBSP contributiéf4®  mined from Eq.(4c), to obtainu, =0.088.

However, in the DE plus BBCE approach, for a given CP  For CdTeR;=145meV, both experimentafyand from
both terms must have the same strength parameter, e.ghe considerations of Ref. 16. Therefore, usk{gr)=7.05

A (Ep) andC; (E,), as indicated in Eq$1) and(2), respec- andu, =0.15 for CdTe(Ref. 16 and () =14.4 for GaSb
tively. In Paskov's treatmefithe BBCE contribution is in- (Ref. 1) we find R;(GaSb)~25meV, in reasonably good
cluded atE, but notE; . agreement with our experimental number oft32meV.

The inadequacy of the BBSP approachEt has been The ability to measur&; has considerable implications
clearly demonstrated in Refs. 8 and 15. These works showei@r band-structure calculations, both empiriaand first
that in the region of the fundamental gap the BBCE termprinciples:”*®In the former case, band-structure parameters,
gave a better fit to experimental values @fandde,/dE,  €.9., pseudopotential form factors, are determined mainly by
respectively, in relation to the BBSP expression. The deficomparison with optical and modulated optical experiments,
ciency of the BBSP model also is illustrated by Fig. 3 in Ref.including the “E;,E;+A," features. Therefore, the band-
28. The fit expressions for the DE plus BBSP are considerto-band energies are too low by an amo&t Recently,
ably lower than the experimental data, particularly for theRohlfing and Louie have published a first-principles calcula-
20-K measurement. The effect of the BBCE term in relationtion of the optical constants of GaAs, including excitonic
to the BBSP expression is to both increase the oscillatogffects!’ Using this formalism they have also calculafgl
strength and change the line shape from aMpsingularity ~ Their approach also makes it possible to evallRgefrom
to one that approximates a 2@, function (within about first-principles®* Albrecht et al*® also have recently pre-
8-10 Ry from Ey). Kim and Sivinathaff used DE plus Sented arab initio approach for the calculation of excitonic
BBSP terms with both Lorentzian and Gaussian broadeningffects in the optical spectra of semiconductors and insula-
(increased fitting parametérdHowever, Aspne€ found no  tors. However, to date they have presented results for only

evidence for Gaussian broadening based on a Fourier anal{!-
sis of the optical constants of CdTe. In summary, we have measured the room-temperature

Due to the relatively large values ofR;, complex dielectric function of bulk GaSb in the extended
(~30-300 meV)**~°the optical structure associated with range of 0.3—5.3 eV using SE. Distinct structures related to

the E;,E;+A; CP’s in DZB semiconductors are actually CP’s associated with the direct gap, spin-orbit syt
mainly the excitonic feature&;—R;,(E;+A;)—R;, re-  +Aq, spin-orbit split €;,E;+A;) and E,,Eq+4,) dou-
spectively, as denoted in the figures. Almost all priorblets, andE, have been observed. Titg+ A, feature has
opticaP~>??~?"and modulate®*° optical studies have incor- not been reported in previous SE investigations. The experi-
rectly labeled these excitonic features &5, E;+A,.” mental data over the entire measured spectral range has been
Our value ofR; (32+3 meV) is in good agreement with fit using the Holden model dielectric function based on the
the effective mask/p theory of Ref. 16. According to this €lectronic energy-band structure near these CP’s plus DE and
approach BBCE effects ak,, Eg+Aq, E1, andE;+A;. In addition
to measuring the energies of these various band-to-band
Ry, [€(0), (48  CP’s, we have evaluated the 2D exciton binding energy
R; (=323 meV), in reasonable agreement with effective
massk-p theory. The ability to determinB; has important
ramifications for recent first-principles band-structure calcu-
lations that have included excitonic effects at various critical

where u, is the perpendicular reduced interband effective
mass related t&; and e(«) is the high-frequency dielectric
function. From a three bankl-p formula the perpendicular
conduction (g ;) and valencerfy ) effective masseséin

units of the free-electron masare given by points.
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