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The optical constants(E)[ = €,(E) +i e,(E) ] of two epitaxial layers of GalnAsSb/GaSb have been
measured at 300 K using spectral ellipsometry in the range of 0.35-5.3 eVe(H)espectra
displayed distinct structures associated with critical poi@89 at E, (direct gap, spin-orbit split
Eo+Ag component, spin-orbit splitf; ,E;+A;) and € ,Ey+Ag) doublets, as well ag,. The
experimental data over the entire measured spectral r@fige oxide removalhas been fit using

the Holden model dielectric functiofHoldenet 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 By, Ey+Ag, and theE;, E;+A; doublet. In addition to
evaluating the energies of these various band-to-band CPs, information about the binding energy
(R;) of the two-dimensional exciton related to the, E;+A; CPs was obtained. The value ®f

was in good agreement with effective m&s® theory. The ability to evaluat®; has important
ramifications for recent first-principles band-structure calculations which include exciton effects at
Ey, E;, andE, [M. Rohlfing and S. G. Louie, Phys. Rev. Leftl, 2312(1998; S. Albrechtet al,

Phys. Rev. Lett80, 4510(1998]. The experimental absorption coefficients in the regioR pivere

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 fittosigen model of the optical
constants of GaSh. @000 American Institute of Physids$S0021-89780)04004-4

I. INTRODUCTION function e(E)[ =€,(E) +ie,(E)] for a doped sample also
were reported in the range 0.7-5.4 eV using a rotating ana-
The quaternary alloy Ga,In,As,Sh,  lattice matched |yzer spectral ellipsometét.Investigations of the reflectivity
to GaSb is a narrow-band-gap semicondu¢®B—-0.7 €Y in the infrared have been reported by Mezereggl. (25—
with a number of applications including thermophotovoltaic 250 xm) (Ref. 12 and Belovet al. (20—260um).*3
cells infrared light-emitting diodé€s and lasers;® and In this article we report a room-temperature spectral el-
photodetectorS:® The optical constants are of interest for jipsometry(SE) investigation of the complex dielectric func-
fundamental reasons as well as for these applications. HoWjon ¢(E) of two Ga _,In,As,Sh _,/GaSbh samplefsample
ever, in spite of its significance, relatively little work has Nos, 1 k=0.16y=0.14) and 2 ¥=0.15y=0.14)] in the
been reported on the optical properties related to the eleGshoton energy range of 0.35-5.3 eV. Distinct structures as-
tronic band structure. Snydet al. have used a Fourier trans- gociated with critical point¢CP9 at E, (direct gap, spin-
form infrared variable angle spectral ellipsometer in theg it split E,+ A, component, spin-orbit splitg; ,E;+ A )
range of 0.089-0.620 eV to i_nvestigate .undoped and Tezng E},Ej+A}) doublets, as well aE, were observed.
dOpequ%énO-l?A‘SO-ﬂsbl% epilayers lattice matched 10 rhg eyperimental data over the entire measured spectral
GaSb.” The onset of the band gap at about 0.55 eV wag,n e (after oxide removalhave been fit using the Holden
observed for the undoped sample. The data below the ba’}ﬂodel dielectric functiof~1” based on the electronic

gap for the doped material displayed free-carrier as well Ejll'i,nergy—band structure near these CPs plus the discrete and
interference effects. Measurements of the complex dieleCtrigontinuum excitonic effects aE,, Eq+Ag, E;, and E
’ ’ 1 1

+A;. TheEy,E{+Aj structures were also included in the
¥Permanent address: Departamento de Fisica; CINVESTAV-IPN; Mexicoanalysis. In addition to evaluating the energies of these vari-

DF, Mexico, electronic mail: martin@fis.cinvestav.mx. P ; T :
' ' TV ) . ous band-to-band CPs, it is possible to obtain information
YAlso at the Graduate School and University Center of the City Uni- P

versity of New York, New York, NY 10036, electronic mail: abo'Ut the binding energyR;) of the tWO'dimer.‘SionaQZD)
fhpbc@cunyvm.cuny.edu exciton related to th&, ,E;+ A; CPs. The obtained value of
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R, is in reasonable agreement with effective mlass/
theory!® The ability to evaluatd?; has important ramifica-
tions for recent first-principles band-structure calculations
which include exciton effects &,, E;, andE,.'>? The
experimental absorption coefficients in the regiortgfwere

in good agreement with values obtained from a linear inter-
polation of the end-point materials. Our results were com- s~
pared with a recent room-temperature SE investigation of the
optical constants of single-crystal GaSbWe also per-
formed room-temperature photoluminescefee) to evalu-

ate the fundamental band gap.

Il. EXPERIMENTAL DETAILS

The two samples consisted of epitaxial layers fabricated
by organometallic vapor-phase epitaq®MVPE) on GaSb

(001) substrategcut 2° towardg101]). Details of the OM- 20 ]
VPE growth are given in Ref. 21. The optical data in the [ ]
range of 0.75-5.3 eVultraviolet (UV)/visible (VIS)/near 16 7]
infrared (NIR)] was taken using an Instruments SA variable-

angle ellipsometer. For the interval of 0.35-0.8 jgkidin- 12L ]

frared (MIR)/far infrared(FIR)], a variable-angle instrument ~
which used a Fourier transform infrared reflectometer as a ®
light source was employed. Thus, there was some overlay
between the two intervals. The UV/VIS/NIR measurements
were performed with a 70° incidence angle, and the MIR/ 4r
FIR measurements were performed with 60° and 70° inci- [
dence angles. To remove the surface oxide, an etching pro 0
cedure was performed on the UV/VIS/NIR ellipsometer with
prealigned samples mounted vertically on a vacuum chuck in

a windowless cell that maintained the surfaces in a dryFIG. 1. Solid and dashed lines are the experimental and fit values, respec-
nitrogen atmosphere. The details of the etching procedure af&ely, of the (a) real (e;) and(b) imaginary (e;) components of the com-
given in Ref. 14, except in this study the etch was a 3:1Pex dielectric function of GalnAsSb sample No. 1.

mixture of HCI: methanol followed by a quick rinse in

methanol.

- , . , y —— .
Energy (eV)

absorption coefficientx for sample Nos. 1 and 2, respec-
tively. The insets of Figs. 7 and 8 show an expanded version
Il EXPERIMENTAL RESULTS of « in the region of the direct gap.
The solid lines in Figs. () ano_l 1b) are the experimen- IV. THEORETICAL MODEL
tal values of the redle;(E)] and imaginary e,(E)] com-
ponents of the complex dielectric function, respectively, as a  In the direct-gap zinc-blende-type semiconductor Galn-
function of photon energye for sample No. 1. The solid AsSb the spin-orbit interaction splits the highest-lyifigy
lines in Figs. 2a) and 2b) are the corresponding data for valence band intdg and ' (splitting energyA,) and the
sample No. 2. In the, spectrum there is an absorption edge {5 conduction band intd'$ andI'§ (splitting energyA ).
around 0.55 eV, doublet peaks in the range 2.0-2.5 eV, anfihe corresponding lowest-lying transitions lat0 [three-
a large feature with a peak around 4 eV, with some structurdimensional (3D) M,] are labeledEy[T'g(T'ys) —g(I')]
on the low-energy side around 3.5 eV. However, in contrasand Eq+Ag['%(I'}9) —T§(I'S)], respectively. The spin-
to Ref. 11 we observed a weak feature at around 1.2 eV. orbit interaction also splits th&%(AY%) valence band into
The solid lines in Figs. @ and 3b) show the experi- Lyg(A}9 andLg(Ag). The corresponding 2IM, CPs are
mental values ofle;(E)/dE andde,(E)/dE, respectively, designateds[L}) o(L%) —Lg(L]) orAy(A%)—Ag(Af)] and
for sample No. 1 as obtained by taking the numerical derivaE; + A [L{(L%) —LE(LT) or A (A%) — Ag(AD], respec-
tive (with respect tcE) of the solid curves in Figs.(&d and  tively. The E{,E;+A( features correspond to transitions
1(b), respectively. The solid lines in Figs(a} and 4b) are  from theI'§ valence to the spin-orbit split$/T'g conduction

the corresponding data for sample No. 2. levels and related transitions aloti0).??> The E, feature is
The experimentally determined re@) (solid lineg and  due to transitions alon¢L10 (3) or near theX point??
imaginary(«) (dashed linescomponents of the complex in- The data near th&, band gap were fit to a function

dex of refraction for sample Nos. 1 and 2 are displayed invhich contains Lorentzian-broadenéad discrete excitonic
Figs. 5 and 6, respectively. In Figs. 7 and 8 we plot the(DE) and(b) 3D M, band-to-band continuum exciton BBCE
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FIG. 2. Solid and dashed lines are the experimental and fit values, respe

tively, of the (a) real (e;) and(b) imaginary (€,) components of the com-
plex dielectric function of GalnAsSb sample No. 2.
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FIG. 3. Solid and dashed lines are the experimental and fit values, respec-
ﬁvely, of (a) de; /dE and(b) de, /dE of GalnAsSb sample No. 1.

correspond to the DE and BBCEontinuum excitoj con-
tributions, respectively. Since the DE is not resolved, we

contributions. References 16, 23, and 24 have demonstratqgkergxzro_

that even if theE, exciton is not resolved, the Coulomb

interaction still affects the band-to-band line shape. Thu

€-(E) is given by*1’

o A 2R,
e(B)=g2|Im | g "Ry —E_iTe
2RO foo e(E’_Eo)

+ STex + o o (E)
(Eg—Ro) +E+ITS | |1 ¢ 2rm®)
0(—E'~Ep)] dE’ .
1o 27 |[E—E_iT,| | @)

whereA is a constantk, is the energy of the direct gaRy,

is the effective Rydberg enerdy=(Eq—Eg)],I'§" is the
broadening of the excitor, is the broadening parameter
for the band-to-band transitioz; (E')=[Ry/(E’ —E)]*?,
2,(E")=[Ry/(— E' —Eg)1*2 and6(x) is the unit step func-
tion. In Eq.(1) the quantityAs (Ry) Y233 Po|?, wherep, is
the reduced interband effective masskgt, and P, is the
matrix element of the momentum betweE§ andI'g. The
terms in the square brackets and under the integral i{Eq.

For theEy+ Ay transition a function similar to Eq.l)

Swas used, withA—B, Eq—Ey+A,, Ry—Rsy, and I'y

iy
For theE,; CP, €,(E) is written as*~*’
E)= Cy | 4R,
e(E)= EZ2 m (Elle)*E*iFEl
ARy f 6(E'—Ey)
+ : i AE TR
(E;—Ry)+E+ITg | Jow|1+e 272%(E)
0(_E,_E1) dE/ 2
1+e 27%(E) |[E'—E~ilg | |’ @

whereC, is a constant, is the energy of the gajR; is the
2D Rydberg energyl“El is the broadening parameter for
both the exciton and band-to-band transition;(E’)
=[Ry/4(E'—Eq)]1Y? andz,(E')=[R./4(—E'—E;)]*2

For theE;+A; CP, a function similar to Eq(2) was
used withC;—C, andE;—E;+ Ay, I'e —Tg 44, €tc. In
practice, the same 2D Rydber&,) was used for both the
E, andE;+ A, CP features.
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% L FIG. 6. Solid and dashed lines are the experimental values of thémeal
30 4 and imaginary(x) components, respectively, of the complex index of refrac-
4 I 1 tion of GalnAsSb sample No. 2.
W 12r . the former do not correspond to a single, well-defined?€P.
T sl ] Therefore, each was described by a damped harmonic oscil-
~~ 1 lator term?’
8 of ]
rys ] e(E)= F()
12f ] [1=x“(D1=iv(Dx()’
sl ] with j=EJ, Ej+Ap, or E,, @)
24 . . . whereF(j) is the amplitudex(j)=E(j)/E, and y(j) is a

2Energy (faV) dimensionless damping parameter.

The fact that Ref. 19 found thd,, like the E4/Eq
Ay and E;/E;+A; CP features, contains an excitonic
component provides some justification in using a damped
oscillator term for this structure.

Ref 14 list latively simpl tical A constante;,, was added to the real part of the dielec-
| eterence ISIS relatively simpie analytical eXpreS~,;. onstant to account for the vacuum plus contributions
sions fore(E) for Ey, Eq+Aq, E4, andE;+A; based on

. from higher-lying energy gap&; , etc).**~*" This quantity
the above equatiorfs. : : . .
The nature of thé}, Ej+Aj, andE, features is more should not be confused with the high-frequency dielectric

: ) . : constante().
complicated in relation t&y/Eq+ Ay andE, /E{+ A4 since ()

FIG. 4. Solid and dashed lines are the experimental and fit values, respecy
tively, of (a) de; /dE and(b) de, /dE of GalnAsSb sample No. 2.
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FIG. 7. Solid line is the experimental value of the absorption coefficient
FIG. 5. Solid and dashed lines are the experimental values of thémeal for GalnAsSb sample No. 1. Solid and dashed lines in the inset show an
and imaginary(x) components, respectively, of the complex index of refrac- expanded version of the experimental data and the linear interpolation of Eq.
tion of GalnAsSb sample No. 1. (7), respectively, in the region neét,.
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We estimated the value &, listed in Table | for these
E quaternaries based on effective-mass theory dRgl

: =1.6meV for GaSB® The exciton binding energy can be
expressed &8

- ROOC/.L()/EZ(OO), (5)

where uq is the reduced interband effective massgtand
€(x0) is the high-frequency dielectric constant.
The quantitye(e) for the quaternaries can be estimated
from a linear interpolation between the end-point binary ma-
04 %'6 0{;3 1.0 ] terials given by Eq(5) of Ref. 12. Using the values of the
Ga, i INy A8 1 S00ss v 1  dielectric function of the binary end-point materials given in
- Ref. 12, we finde()=14.1 for our materials. This value is
close to that of GaSpe(«)=14.4] since the main constitu-
ent of our samples is this binary.
FIG. 8. Solid line is the experimental value of the absorption coefficient Thus, the variation iR, is due mainly to differences in

for GalnAsSb sample No. 2. Solid and dashed lines in the inset show an,,. For small-band-gap materialg,, is dominated by the
expanded version of the experimental data and the linear interpolation of E% . . *
onduction-band effective mass,

(7), respectively, in the region ne&r, . 5 -, and hence, fronk-p
theory

E
3
E
]
1

0. .1...2. 3...4...5.
Energy (eV)

1 -1

EtETE ©
The dotted curves in Figs(d), 1(b), 2(a), and Zb) are Eo Eot4g
fits to the experimental data using the above formulas. Sinc<i>hLIS from the values of the relevant band gaps and

the exciton a1E0/E0+4O has not been resolved, a value of Ro(GaSh) listed in Table I, we findRy(quaternary)
Ro=1.2meV was estimated frorR, of GaSb (1.6 me\ —0.79R,(GaSb)=1.2 meV.

(Ref. 26 and effective-mass theofy.Because of the large

ROOC m: S

The absorption coefficient of the quaternaries in the re-
. _ NN Qion of the fundamental band gapa,y)(E) also can be
their broadening parameters were initialized from values obggtimated from a linear interpolation procedure givel?8y
tained by numerically taking the first derivative of the dielec-
tric functions (with respect to energyand fitting to Eq.  @quatx.y)(E) =XY@inad E+ Eg inas— Eo,quatx.y) ] T X(1—Y)
(A16) of Ref. 14. The details of this approach are given in X il E+ Eg as— Eoquatry ]+ Y(1—X)

Refs. 14-17. The final values of the different energies are

indicated by a'rrows'in the various figures. All relevant pa- X agand E+Eg cans™ Eoquatxy) ]+ (1—X)
rameters are listed in Table |. The corresponding values of
de;(E)/dE and de,(E)/dE, obtained from Eq(A16) of X(1-y)agast E+Eogass~ Eoquaxyls  (7)

Ref. 14, are shown by the dotted lines in Fig&a)33(b),  \whereq; andE,; are the absorption coefficient and funda-
4(a), and 4b), respectively. Overall, there is very good mental band gap of the relevant end-point materidls
agreement b.etwe.en experiment and theory for both.the di= |nAs, InSb, GaAs, or GaSkand Eo.quatiy) iS the funda-
electric functior{Figs. 1), 1(b), 2(a), and Zb)] and the first  mental band gap of the quaternary of compositign Using
derivative[Figs. 3a), 3(b), 4(a), and 4b)]. the values off,; and absorption coefficients of InAs, InSb,
and GaAs listed in Refs. 30 and 31, respectively, and
Eocask=0.724eV) and the GaSb absorption coefficient
V. DISCUSSION OF RESULTS taken from Ref. 17, we obtain the dashed curves in the insets
of Figs. 7 and 8. Due to alloy broadening, the experimedtal
The dependence of the direct gap of the quaternarys somewhat larger below the band gap in relation to the
Ga, ,InAs,Sh, _, on composition at 300 K is given B/ linear interpolation.
_ 2 The measured values ef ande, of this experiment are
Eo.quatxy)=0.726-0.96X~0.50Y +0.08y+0.41% in good agreement with the corresponding data of Ref. 11.
+1.2y%+0.02%y — 0.6XYy?, (4g  For comparison purposes, listed in Table | are the relevant
parameters from this study. However, Snyeééel. did not
model their data. Their values of EY{/E;+A;"” and the
0.86% corresponding broadening parameters listed in Table | were
Y= 1 0.0a&" (4b)  obtained by fitting the numerical second derivative of the
' data to an expression that corresponds to the second deriva-
Thus, from Eqgs(4a and(4b) together with the values &, tive of a 2D CP. This analysis is incorrect since the optical
listed in Table I, we find that sample Nos. 1 and 2 arefeatures associated with the, /E;+A; CPs are primarily
Gay.gdNo.16AS0.145h g5 aNd GG gdNo 15ASp.145h g6 rESPEC-  EXcitonic.
tively. Therefore, these samples are very similar to the qua- Recently, Mz et al!” have measured the optical con-
ternary material in Ref. 11. stants of GaSb in the range of 0.3-5.3 eV using SE. These

where for the condition of lattice matching to Ga%b,
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TABLE I. Values of the relevant parameters obtained in this experiment for the two GalnAsSb samples. Also
listed are the room-temperature values of the PL peaks and some of the corresponding parameters for

Gay g5Np.15AS0.175th g3 and Gasb.

Sample No. 1 Sample No. 2

Parameter  (GaygdNo.16AS0.155M 89 (G edNo.1sASo1Shed GayedNosASo 1 Shyes®  Gash

Eo (eV) 0.535+0.01 0.542+0.01 0.55+0.02 0.724-0.005
(0.538°¢ (0.555°

A (eV?) 0.034*+0.005 0.057+0.005 0.1@-0.005
Ro, Reo (MeV) 1.2 1.2 1.6
Iy, I (meV) 22+5 24+5 15+5
Eo+Aq (eV) 1.200+0.03 1.205+0.03 1.52-0.02
B (eV?) 0.020+0.005 0.17+0.005 0.26:0.01
[0, I (MeV) 120+10 120+10 15+5
E,—R; (eV) 1.976+0.01 1.975+0.01 1.97% 2.047+0.003
C, (eV? 19.8+0.01 19.7+0.01 22.06-0.007
R; (meV) 30+5 30+5 32+3
e, T (meV) 150+ 10 160+ 10 8g 95+5
(E;+A)—Ry (V) 2.39+0.01 2.38+0.01 2.429 2.488+0.005
T ia, TEvg, 200+15 195+15 126 220+10
C, (eV?) 24.8+0.01 22.4+0.01 30.6-0.01
E; (eV) 3.14+0.03 3.22+0.03 3.40-0.01
F(Eg) 0.03+0.01 0.1-0.01 1.26-:0.01
Y(EQ) 0.40+0.05 0.45-0.05 0.23-0.01
Ej+AL (V) 3.53+0.03 3.55+0.03 3.79-0.02
F(Eg+Af) 2.37+0.01 2.57-0.01 1.03-0.01
Y(Eg+A)) 0.35-0.05 0.40-0.05 0.17-0.01
E, (eV) 4.06+0.01 4.07+0.01 4.10-0.005
F(E,) 2.51+0.01 2.110.01 1.87:0.01
Y(Es) 0.22+0.02 0.23-0.02 0.125-0.01
€1 2.39+0.01 2.50-0.01 1.97
aSee Ref. 11. fIncorrectly labeledg;, .
PSee Ref. 17. e,

‘Room-temperature PL.

IFixed.

1
YIncorrectly labeledE;+ A .

hFex
Ej+4A,

1785

data were also fit using the Holden model. For comparisoused a model in which thg&,, Eq+Ay, E;, andE;+A;

purposes, Table | also lists the relevant parameters for GaSbPs are represented by only Lorentzian-broadened band-to-
obtained from this analysis. The absorption curves in thdband single-particléBBSP expressions, i.e., no DE. As dis-
region of the direct gap for our quaternaries, as shown by theussed below, the optical structure associated with the
solid lines in the insets of Figs. 7 and 8, are very similar toE,/E;+ A, CPs is primarily excitonic. In later works Ada-
the corresponding curve for GaSb né&y,'” although some-  chi did include DE terms but with separate amplitude factors
what broader below the band gap due to alloy effects. for the DE and BBSP contributiori$3® However, in the DE
The optical constantg; and e, for GaSb!’*>=3*and  plus BBCE approach, for a given CP both terms must have
other diamond- and zinc-blende-ty(®ZB) semiconductors, the same strength parameter, e§(E;) and Ci(E;), as
over an extended range, have been investigated by a numbiedicated in Eqgs.(1) and (2), respectively. In Paskov's
of authors, mainly using SE1"35-*However, Aspne¥*°  treatmerft’ the BBCE contribution is included &,, but not
and Cardona and co-worké?$* did not model their results, E;.

although the latter fit derivative spectra. In Ref. 42 Adachi  The inadequacy of the BBSP approachEgthas been
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clearly demonstrated in Refs. 16, 23, and 24. These worksomparison with optical and modulated optical experiments,
showed that in the region of the fundamental gap the BBCEncluding the “‘E;,E;+ A"’ features. Therefore, the band-
term gave a better fit to experimental valuesdd,/dE  to-band energies are too low by an amoit Recently,
(Refs. 16 and 24and o (Ref. 23 in relation to the BBSP Rohlfing and Louie published a first-principles calculation of
expression. The deficiency of the BBSP model also is illusthe optical constants of GaAs, including excitonic effétts.
trated by Fig. 3 in Ref. 41. The fit expressions for the DEUsing this formalism they also calculatd®l,. Their ap-
plus BBSP are considerably lower than the experimentaproach makes it possible to evaluate; from first
data, particularly for the 20 K measurement. The effect of theprinciples*® Albrecht et al. also have recently presented an
BBCE term in relation to the BBSP expression is to bothab initio approach for the calculation of excitonic effects in
increase the oscillator strength and change the line shapbe optical spectra of semiconductors and insulatdkow-
from a 3DM,, singularity to one that approximates a 8},  ever, to date they have only presented results for Si.
function (within about 8-10R, from Eg). Kim and

Sivinathari® used DE plus BBSP terms with both Lorentzian v|. SUMMARY

and Gaussian broadeningncreased fitting parameters

However, Aspnes found no evidence for Gaussian broaden- N Summary, we measured the room-temperature com-
ing based on a Fourier analysis of the optical constants ot?Iex dielectric function of two epitaxial layers of GalnAsSb/
CdTe GasSb in the extended range of 0.35-5.3 eV using spectral

ellipsometry. Distinct structures related to critical points as-
sociated with the direct gapEg), spin-orbit splitEq+ Ag,
spin-orbit split €;,E;+A;) and Eg,E(+Ag) doublets,
and E, were observed. Th&y+ A, feature has not been
reported in a previous SE investigation. The experimental
modulated®** optical studies have incorrectly labeled thesed@t@ over the entire measured spectral range have been fit
excitonic features as By, E;+A;." using the Holden model dielectric function based on the elec-
tronic energy-band structure near these CPs plus DE and

Our values of R;(30=5meV) for the quaternary X
samples are in good agreement with that obtained experPBCE €ffects aEo, Eo+ Ao, Eq, andE;+A4,. The experi-

mentally for GaSHRef. 17 (see Table)and in reasonable mental absorption coefficients in the region Bf were in

accord with a value of 25 meV deduced from effective massfgOOd agreement with values obtained from a linear interpo-
k-p theory. According to this approath lation of the end-point materials. In addition to measuring

the energies of these various band-to-band CPs, we have
Ry, 1€(), (8@  evaluated the 2D exciton binding energR,(=30
+5 meV), in good agreement with that of GaSb and in rea-
sonable accord with effective malssp theory. The ability to
determineR; has important ramifications for recent first-
principles band-structure calculations which have included
excitonic effects at various critical points.

Due to the relatively large values ofR;(~30
—300meV) 17 the optical structure associated with the
E,,E;+A; CPs in DZB semiconductors are actually mainly
the excitonic feature&;—R;,(E1+ A1) —R;, respectively,
as denoted in the figures. Almost all prior opti¢af~*2and

where i, 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 (ng ;) and valencerfy ) effective massesin
units of the free-electron masare given by
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