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Measurements performed with a rotating-analyzer ellipsometer have been used to determine the
dielectric function of undoped InSb between 1.2 and 5.6 eV in the temperature range 100 to 700 K.
The critical energies of the critical points (CP’s) E,, E\+A;, Ey, Eb +Ay, Eyy AP — A, AY— AL,
E}, and E} + A}, and their dependence on temperature, have been obtained. Separate critical con-
tributions in the E; region, which were assigned earlier to I'- and A-symmetry transitions, have
been resolved. The experimentally obtained CP energies have been fitted to the empirical expression
given by Varshni and also to a phenomenological expression which follows from the Bose-Einstein
statistical factor. The line-shape analysis of the derivative spectra allows us to obtain precise
broadening parameters, amplitudes, and excitonic phase angles for the above-mentioned CP’s. A de-
crease in these phase angles with increasing temperature is observed. It suggests a corresponding de-
crease of excitonic interaction effects with increasing temperature.

I. INTRODUCTION

InSb is an interesting semiconductor from the point of
view of optical spectroscopy, band-structure theory, and
optoelectronic applications. Because of the large atomic
number of its constituents, relativistic effects [among oth-
ers, spin-orbit (SO) splittings], are large for InSb and re-
quire elaborate relativistic band-structure calculations.
Because of this, the critical-point structures in the visible
and uv optical spectra show better-resolved SO splittings
in InSb than in other zinc-blende-type semiconductors.
Its small direct lowest gap (~0.2 eV) makes it an interest-
ing material for optoelectronic applications as an ir detec-
tor and generator.

Interband transitions have been studied in InSb by
means of reflectance!™> and transmission* spectroscopy,
different reflectance-modulation schemes, such as piezore-
flectance,5 electroreﬂectance,6 ’chermor<=,flectance,7’8 mag-
netoreflectance,” and wavelength-modulated reflec-
tance,'%"12 as well as by ellipsometry'>'* and electron-
energy-loss spectroscopy.!”> Recent angle-resolved photo-
emission work has given detailed experimental informa-
tion on the k dependence of the valence bands.'®

Several authors, using different optical techniques, have
reported on the temperature dependence of interband tran-
sitions and, sometimes, of the corresponding optical con-
stants of InSb. Transmission between 80 and 300 K,*? re-
flectivity between 300 and 500 K,"? and wavelength-
modulated reflectance measurements!! (80—300 K) have
been performed near the fundamental gap"® for the E;
and E;+A,,"*% and E,, E;+A,, and E; interband tran-
sitions.!!  However, considerable discrepancies exist
among these data because the experimental results are
rather sensitive to the resolution of the experimental tech-
‘niques, the models used to interpret them, and the number
of measured points.

Many band-structure calculations are available in the
literature for diamond and zinc-blende semiconductors,
but only a few apply to InSb.!”~2* One of them is
presented in Fig. 1.°° Some theoretical work on the tem-
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perature dependence of the band structure has been per-
formed for InSb.>2! Two mechanisms are generally be-
lieved to be responsible for this temperature dependence,
namely thermal expansion and the electron-phonon in-
teraction.?!~23 These two mechanisms yield contributions
of the same order, although the former is usually smaller
than the latter. The effect of thermal expansion can be
easily calculated from the usually known dependence of
the band structure on volume and the expansion coeffi-
cient. Hence the primary theoretical interest has focused
recently on the effect of the electron-phonon interaction.
This effect can also be broken up into two contributions:
the effect of the second-order electron-phonon interaction
taken to first order (the so-called Debye-Waller. terms),
and the effect of the first-order electron-phonon interac-
tion taken to second order (the Fan terms?*). Early esti-
mates showed that the Debye-Waller term accounts for
most of the observed temperature dependence of the
critical-point (CP) energies in the III-V compounds.?>~?’
However, it has been recognized that both of these contri-
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FIG. 1. Band structure of InSb in different directions of the
Brillouin zone reproduced from Ref. 20. Arrows indicate inter-
band transitions assigned to the observed structures.
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butions??>?” should be taken into account.

This paper presents the optical constants of undoped
InSb determined with an automatic rotating-analyzer el-
lipsometer,?® for several temperatures from 100 to 700 K
in the photon-energy range 1.2—5.6 eV. We investigate,
in this manner, the higher interband transitions E;,
EI+A1’ Eb: E,0+AE), E2» Agu' gu’ and Agl' gu7 and E’I
and E|+A]. A line-shape analysis of the numerically
obtained second-derivative spectra of the complex dielec-
tric function (e=e€;-+i¢€,) near the CP allows us to obtain
precisely the critical energies ( E), the broadening parame-
ters (T'), the amplitudes (A4), and the phases (¢) of the
CP’s as a function of temperature. A shift of the CP’s to
lower energies and an increase in their broadening param-
eters I, as well as a decrease of the excitonic interaction
with increasing temperature, have been observed. In Sec.
II the experimental details are described, and in Sec. III
the results of our measurements are presented and dis-
cussed.

II. EXPERIMENTAL DETAILS

The measurements were performed on a thin undoped
crystal of InSb (1X10" e/cm®, mobility 5.3%10°
cm?V~tsec~!at 77 K, and ~0.1 Q cm resistivity) with a
(110)-surface orientation, in the temperature range
100—700 K. The mechanical polishing of the surfaces
followed the procedure described in Ref. 29. The etching
procedure was chosen after several tries so as to optimize
€, at the E, critical point (at ~4 €V).>° We settled for a
rinse in methanol followed by etch with a 5-vol % solu-
tion of HF in methanol and finally an etch with a 50-
vol % solution of HCI in methanol. The treatment was
repeated until the largest value of €, at E, (6;~21) was
obtained. During the etching procedure the samples were
kept at room temperature in a windowless cell in flowing
dry N, so as to minimize surface contamination. We also
investigated a (100) surface with the same etchants used
for the (110) surface: The values of €,(w) at E, were, for
the (110) surface, at least one unit larger than those for
(100) orientation. Hence we used the (110) samples in our
measurements. An etching procedure with exposure to an
HCl-methanol (1:1) solution for a long time!*3! did not
give us the best values of €,(w) at E,. After etching, the
sample was placed as quickly as possible in the cryostat so
as to minimize oxide formation.

Owing to the formation of natural oxides on the InSb-

surfaces and the preferential etching characteris-
tics,!#32=3* a careful etching procedure is necessary to
produce the sharpest substrate-ambient discontinuities in
order to facilitate the use of the two-phase model* for the
evaluation of the optical constants from the ellipsometric
measurements. On its way from the ellipsometer table to
the cryostat, the sample was kept in flowing dry N,, and
at the last moment was again rinsed with methanol.

The sample was glued to the cold finger of the cryostat
with “Leitsilber” cement.’® We closed the cryostat in a
N, atmosphere and then pumped it with a diffusion pump
and an ion pump until the pressure was 10~¢ Torr. The
entire cryostat was then baked out to ~200°C. In this
way we attained a vacuum better than 2 10~8 Torr for
all temperatures at which measurements were performed.

InSb (110)

201

— Our data
---Ref.30
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FIG. 2. Solid lines: real (€;) and imaginary (e,) parts of the
dielectric function measured for a (110) surface of InSb at room
temperature. Dashed lines: corresponding results reported in
Ref. 30.

This was necessary in order to avoid reflectivity changes
due to condensation of vapors on the sample at low tem-
perature.?>%7

The details concerning the ellipsometer, including mir-
ror optics, light sources, photomultipliers, and the cryo-
stat, as well as the alignment, precision, and stability of
the apparatus, have been presented in Ref. 29.

III. RESULTS AND DISCUSSION

Figure 2 shows the spectrum of the dielectric function
at room temperature obtained by us for the (110) surface
of undoped InSb (solid line) after etching with methanol,
HF-methanol (1:20), and HCl-methanol (1:1) solutions.
The agreement with measurements in Ref. 30 for InSb of
the same orientation (dashed lines) is quite good. Small
discrepancies are probably due to differences in surface
conditions after the chemical treatment. The real and
imaginary parts of the complex dielectric function are
shown for selected temperatures in Figs. 3 and 4, respec-
tively. These dielectric functions were calculated from the
complex reflectance ratio with a three-phase model. We
assumed that a thin oxide layer was still present and es-

InSb

FIG. 3. Real part of the dielectric function of InSb at: 100
(——), 300 (— — —),490(-+-),and 650K (—-—-— ).
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FIG. 4. Imaginary part of the dielectric function of InSb.
The symbols are the same as in Fig. 3.

timated? its thickness to be 6+2 A. We supposed that
this undesired oxide was InSb native oxide and we used, to
correct its effects, dielectric function data from Ref. 13.
The main characteristics of the data in Figs. 3 and 4 are
the shift to low energy and the broadening of the major
CP’s E,, E\+Ay, Ey, E,,and E|. The E;, E;+ A}, and
E, structures are clearly observed at all temperatures
from 100 and 650 K. Other weaker structures, such as
E{ and Ey+A), as well as AY-A%, E}, and E}| +A] (see
Sec. III D and Fig. 5), are difficult to distinguish in these
figures.

We have used second derivatives of the complex dielec-
tric function, numerically computed from the ellip-
sometric data, to study the change of the CP’s with tem-
perature. The existence of an important contribution of
excitonic effects, which was recognized earlier by several
authors,!®!2 is taken into account by assuming a mixture
of two different CP’s, M; and M, ;.***° Figure 5 shows
the second-derivative spectrum computed from our exper-
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imentally obtained imaginary part of the complex dielec-
tric function at 100 K, together with best fits using the
standard critical-point line shapes. The model assumed
for the fitting of derivative spectra around two-
dimensional (2D) and three-dimensional - (3D) critical

points3—*! is

e~C—In(E—w—iTl)e’® for a 2D critical point (1a)
(minimum or saddle point), and
e~C+ilo—E+il)%' for a 3D critical point  (1b)

(M, or M), where E denotes the CP energy and I is the
broadening parameter. In the absence of excitonic effects, -
the phase angle ¢ should be zero for an M or minimum
critical point, and 7/2 for an M, or saddle point. We
have used Egs. (1a) and (1b) to fit the CP’s at different
temperatures.

Figure 5 reveals considerable structure which is diffi-
cult to see in Figs. 3 and 4. In the region from 3 to 4 eV
two sets of two peaks are seen. The first and the third are
labeled Ej and E+Ag in the literature. For reasons
which will become apparent below, we label the second
and the fourth ones E((A) and E + Ap(A).

The critical-point energies obtained from our fit to the
E,, E;+A, E(A), Exg+Ap(A), E,, and E] CP’s as a
function of temperature are shown in Figs. 6 and 7.
These temperature dependences were analyzed with two
different models: Varshni’s empirical relation,*? and a
phenomenological expression based on the Bose-Einstein
statistical factor which should take into account electron-
ph;)gnon interactions with phonons of average frequency
Q:

E(T)=E(0)—aT?/(T +B) (Varshni) , (2a)
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FIG. 5. Fits to the second derivatives of the real (dashed line) and imaginary (solid line) parts of the dielectric function of InSb as a
function of photon energy at 100 K. The dots represent data for d’e,/dw* The vertical scale for the region of the E o and E| transi-
tions has been expanded by a factor of 20, and that for the E, transitions, by a factor of 3.



950 S. LOGOTHETIDIS, L. VINA, AND M. CARDONA 31

)] —_ F~
g = N
.8 7 N ‘ Je.2
& ﬁ s s 21k25 “'@— ]
E > o | n % . & - —
'q;) TO o= > 1
. = 3 40
2 X 19123 1
[=] >
> —_— - ~ E T _!’_
8 3 3 =~ 0N
5] - =
g wor < EA 38
; < 0 V7121 w ~Er ]
o |5 $S
] SN F E,
~ "D 35 i " s
E T b 00 00 '
° I 2 4 600 800
S) T(K)
‘;12 FIG. 6. Temperature dependence of the critical-point ener-
= N . gies of InSb: the solid circles correspond to the E; critical point
8 _|I8Le8R ) (outer scale on the left), and open circles, to the E;+ A, critical
2 oM| g = point (inner scale on the left). The squares and triangles (scale
> aa b on the right) show the results of two different fits to the E,
=5 structure as described in Sec. IIIC: The squares correspond to
Q fits to a 2D maximum and the triangles to fits with a mixture of
ch; a 2D saddle point and maximum. The solid lines represent the
" scas s best fits with Eq. (2a); the dashed lines for the E; and E;+A,
F <= |29 %, = Q critical points correspond to the fit with Eq. (2b) and, for the E,
2 Sg|low & 3 critical point, to a linear fit. Typical error bars for the experi-
2 - mental points are given in Table III.
bt
8.‘ .
SN
3
2 |
" % = g E(T)=Eg—ag |1+ 2 (Bose-Einstein) (2b)
& hes|agxaga & . e®/T_1 ’
o583 2
o=y oo o A least-squares-fitting procedure was used to determine
€ 4 the parameters of these two equations. Values of these
&= constants are listed in Table I with the corresponding un-
3 § certainties representing 95% reliability. A lineary depen-
F= _|1gegg 5 dence of the CP energy on temperature is found at high
2gl2¥|gd823 = temperatures. This dependence usually flattens out at low
o0& - & ~ temperatures, a fact which is well represented by either
£3 Eq. (2a) or (2b).
&g We have used an expression analogous to Eq. (2b) in or-
53
o
25 7
S 6 M T T T
BEl »88ss 8 t 152
- Sl |2gES c 36f39 ]
BE|l 1L |=x¥cx ol _
D a, o |Yown ¥ oo
e £ Jo
&y & = 34
Q.5 9 2 = J =
o o ] = K
§ & 3 2T e |8
8 2 N 5 w L Eo*ag € 449
P % —_ | =3 Q 32135 E
criex|zszEe @ < L e
HEEE LTI [ Sosto
g vt .
;E NN enoen s} g ; 30_ ED(A)_‘,‘.7
23 g 2 o0 T 260 200 800 800
S5 = E TIK)
- 3B - g E FIG. 7. Temperature dependence of the Eq(A) (solid circles),
RS 2 S E, +Ao(A) (open circles), and E| (squares) critical-point ener-
— . ~o =} . p . . .
aé s q 53 _: g gies of InSb. The solid lines represent the best fits with Eq. (2a),
= = _+ :g:*; ~ = while the dashed lines correspond to a fit with Eq. (2b). Typical
B KRR K NB Fy error bars for experimental points are given in Table III.
P! P g



31 TEMPERATURE DEPENDENCE OF THE DIELECTRIC. .. 951

400 v T T T T T T

300

M (meV)

100

00 L 1
00

1 1 I
400 600 800

5
T(K)
FIG. 8. Temperature dependence of the broadening parame-

ters of the critical points. The solid circles correspond to the E,

transition, the squares to the E,+ A, transitions, and the open

circles to the E, transitions. The solid lines represent the best
fits with Eq. (3) with the parameter ® fixed as described in the
text. Typical error bars for experimental points are given in

Table IV.

der to fit the temperature dependence of the Lorentzian
broadening parameter I' for the different CP’s (Ref. 29)
shown in Figs. 8 and 9,

2

N(T)=I+T, 1+;5/—T—1—

. (3)

The values of T obtained for E;, E;+A,, and E, (Fig. 8
and Table II) are sufficiently accurate to allow a meaning-
ful fit of Ty, I'|, and ® in Eq. (3). The data for Eg,
Ey +Ap, and E| (Fig. 9), however, show so much scatter
that a meaningful determinatoin of the three fitting pa-
rameters is not possible. Hence, for the fit, we have
chosen to fix the average phonon temperature ® at the
value found from the shifts of these critical points versus
temperature.

A. E, and E,+ A, transitions

The E,| and E; + A, transitions should take place along
A or at L, as in other similar materials.2>*~%6 As can be
seen in Table III, our results for the energy of those CP’s
at 100 K obtained from a fit with Eq. (1b) compare well
with wavelength-modulated-reflectance results obtained at
80 K,'2 and also with electroreflectance® and ellipsometric
results!? if temperature differences are corrected for.

Since the transverse reduced mass m; of the critical
points responsible for the E; and E;+ A, transitions is

300 T T T T T T T

200 1
3
g 0o .
00 - 4 ;
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a 250
2 1 3
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3 3
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FIG. 9. Temperature dependence of the broadening parame-
ters of the Eg(A), Eo+Ag(A), and E; critical points. The
solid and open circles correspond to the Eq(A) and Eg 4+ Ag(A)
transitions, respectively, while the squares correspond to the E
transitions. The dashed lines represent the best fits with Eq. (3)
(where the parameter © is fixed). The solid lines represent the
corresponding linear fits for E; +Ap(A) and E;j. Typical error
bars for experimental points are given in Table IV.

much smaller than its longitudinal counterpart m, (Refs.
6 and 39) (for InSb, m~1 and m, ~0.04), these critical
points can be treated as two dimensional. Strictly speak-
ing, there are two possibilities: either a 3D M, critical
point at L, or a combination of an M, critical point at L
and an M critical point at a general A, very close in ener-
gy. Band-structure calculations are not sufficiently reli-
able to discriminate between these possibilities.’® The
difference, however, becomes merely academic. if one
treats the problem as a 2D minimum: this difference may
actually be lost within the Lorentzian broadening of the
critical points.?’ Recently, the two- or three-dimensional
character of these critical points has been investigated el-
lipsometrically versus temperature for Ge (Ref. 29) and
a-Sn (Ref. 40). At all temperatures, the best fit was found
with a 2D CP. The same situation holds for our fits of
the E, and E,+A, transitions of InSb with either a 2D
or 3D model. We always obtain a better fit with the 2D
model. In view of this, we have used a 2D line shape to
describe the E; and E,;+A; structures. We have been
able to simultaneously fit the E; and E;+A; CP’s at all
temperatures with a mixture of a 2D minimum and a sad-
dle point [Eq. (1a) with 0 <@ <7/2]. Eight different ad-
justable parameters, four for each structure (4, E, I, and

TABLE II. Values of the parameters obtained by fitting the broadening parameters with Eq. (3), and
=L, +yT. The parameter ® has been fixed to have the same values as in Table I.

r, | o c) . v
(meV) (meV) (K) (meV) (xX10~% eVK™!)
I(E,) 9(3) 18(1) 272 15(3) 1.24(9)
T(E;+A) 2(2) 31(1) 286 14(3) 1.99(9)
T(Eo(A)) —29(18) 61(6) 272 33) 3.56(40)
T(E) +A5(A)) 60(20) 39(10) 286 74(12) 2.7(6)
T(E,) —16(14) 112(16) 463(50) 48(5) 3.88(1)
I(E}) 65(30) 52(16) 413 88(10) 2.3(5)
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TABLE IV. Experlmental and theoretical spm—orblt splittings for InSb, all in meV.

T Auu_AvI Avu_AvI
(K) A Ay Ao(T) (0.3,0,0) (0.5,0, 0) Af A+ A}
, Experimental
RT 5607
RT 820° 500° 330°
RT - 600°
RT 803¢ 5009
RT 502(12)°
80 510f
80 4982 3808 3808
80 500"
80 : 5021 370
5 8207 495 390} 1707 630!
4.2 980~
100 850! 498(4)! 392(12)! 396(16)! 250(40)! 154(28)"
Theoretical
480°

820° 530° 450° 330°

770™ 490™ 470™ 240™

820" 480" 430" 400" 290" 230" 710°

2J. Tauc and A. Abraham, in Proceedings of the International Conference on the Physics of Semiconductors (Czechoslovakia Academy

of Sciences, Prague, 1960), p. 375.

*Reference 6.

“Reference 43.

48, O. Sari, Solid State Commun. 12, 705 (1973).
“Reference 13.

fReference 7.

8Reference 12.

"Reference 10.

iReference 44.

iReference 11.

k§. Zwerdling, W. H. Kleiner, and J. P. Therlault J. Appl. Phys. 32, 2118 (1961).

"Present work.

mReference 60, calculated with the relativistic orthogonalized-plane-wave method.

"Reference 20.

@), have been obtained for each temperature. The SO
splitting A, is 498(4) meV (Table IV), in excellent agree-
ment with Ref. 12. A variation of A; smaller than 10
meV in the temperature range 100—700 K, of the same
order as the experimental error, emphasizes the tempera-
ture independence of this parameter which follows from
its intra-atomic origin.

Figure 6 shows the temperature dependence of the E,
and E;+ A, CP energies; these curves are nearly parallel
to each other, as can be seen by the small differences in
the slopes of the linear portions (Table I). In Fig. 6 the
solid lines represent the best fit to Eq. (2a). The values of
the B parameter are close to the Debye temperature of

InSb [150 K at room temperature (RT) according to Ref.’

47]. The small value of this parameter, together with the
large error in estimating it, results in nearly linear
behavior for these two structures in the entire temperature
range. This is a general property of the temperature
dependence of all the CP energies in InSb. The dashed
lines in Fig. 6 for E; and E;+ A, correspond to the best
fit to Eq. (2b). The parameter ® in this model should cor-
respond to an average phonon frequency (see Table 1).248

It is somewhat larger than the average frequency obtained
from dispersion relations.* This large value of ® indi-
cates that the major contribution to the gap shifts at high
temperatures comes from optical phonons.

Several authors have observed that the spectra of InSb
in the neighborhood of the E; and E; + A, structures can-
not be simply explained in the framework of the one-
electron approximation with lifetime-broadening correc-
tions, and have suggested that the Coulomb interaction
should play a strong role.!%!2° These effects can be
described in a simple way with the help of the phase fac-
tor of Eq. 1(b).3**! We have included this phase factor
and used ¢ as the fourth adjustable parameter in our fits.
We show in Fig. 10 the temperature dependence of the
phase angle ¢ for the E; (open circle) and E + A, (trian-
gle) CP’s. This dependence is basically the same for both
critical points at low T, although at high T it decreases
somewhat faster for E, than for E;+A,. We note that,
at low T, ¢ reaches values as high as 105°, which, if taken
literally, would correspond to a mixture of saddle point
and maximum critical point. We note that such large
values of ¢ are also found at low temperatures for other
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FIG. 10. Temperature dependence of the phase angle ¢ de-
fined in Egs. (1) for the E; (open circles), E;+ A, (triangles), E,
(squares), and Eq(A) (solid circles) critical points. The rhs scale
corresponds to the E, points.

semiconductors of the family. %3152 Unfortunately, no
quantitative theory for the decrease in ¢ with increasing
temperature is available.

The amplitude 4 depends on interband momentum ma-
trix elements and effective masses.
electron approximation (i.e., if ¢=0), it is approximately
given by

44(E,+A,/3)

~ =3.75,
1 aoE}

)
AUE +28,/3)

A ~
E, +4 ao(E1+A1)2

s

where ag, the lattice constant, is in A, and E is in eV.
The values Ag,=4.5(3) and Ag, +4,=2.5(3) (dimension-

less units of dielectric function) are found from our fitting
at 100 K. A ratio (A, /Ag, 1A expt=1.77 is found from

the experimental values, as compared to the ratio obtained
from Eqgs. 4), (g /Ag, A )calc=1.46. Calculations for

Si (Refs. 54 and 55) and GaAs (Ref. 56) show that the k-
linear term for k perpendicular to (111) can significantly
increase the strength of the E; and E' structures relative
to E;+A; and E}+A]. This effect should be small
(~10%) for materials with large A, such as InSb.*® On
the other hand, Hanke and Sham?>’ have shown that exci-
tonic effects can also increase the strength of the E,
structure.

From the measured values of A4 E, and A E,+A, VS T, we

obtain

Ag
—— L —(1.88+0.08)—(4.04+2) X 10~*T (5)
Ap, +4,

for temperatures between 100 and 550 K. If we extrapo- -

late Eq. (5) to T=650 K, where excitonic effects should
be very weak (see Fig. 10), we find (Ag,/
Ag, +A)expt(T=650 K)=<1.6210.08. The calculated value of
this ratio, including a correction for terms linear in k with
a matrix element II of P equal to that for Si (II
~0.1 bohr™!), becomes 1.46 1.13~1.65, in rather good
agreement with the experimental value (Il represents the
matrix element of the average component of P perpendic-

Within the one- .

ular to [111] between the two components of the Aj;
valence wave functions).**

Figure 8 shows the temperature dependence of the
broadening parameters fitted with Eq. (3). As already
mentioned, we have fixed the parameter ® to have the
same value as obtained for the CP energies (see Tables I
and II). In Table II we also give the average slope
(dT /dT) for the different CP’s.

B. Ej transitions

Detailed analysis of low-temperature modulated-
reflectance data of InSb (Refs. 11 and 12) and similar ma-
terials*>#6%8 in the E{ region shows the existence of two
doublets. Comparison with band-structure calculations®2°
suggests that the splitting of each of these doublets ori-
ginates from critical points at I' (I'§—TI'%, T'§) and also at
points in the A direction (AY, A%—A%¥. Within this in-
terpretation the separation between the two doublets Aj
would have different origins for the first and second com-
ponents of the doublets. For the Ey(I')-Eg + Ay(T) pair
it would correspond to the spin-orbit splitting of the I';s
conduction bands, while for the Ey(A)-Eg + Ag(A) pair it
would correspond to the splitting of the top valence bands
at the A point at which the transitions occur [around 30%
of the I'- X separation away from I" (Ref. 20)]. By exam-
ining the band structure of Fig. 1, one concludes that
these splittings are nearly equal (~0.4 eV) for InSb, al-
though Ag(T") should be slightly larger than Ap(A). These
doublets are also observed in our low-temperature data
(Fig. 5) in the (3—4)-eV region. If we assign the first and
third structures to Ey(I") and Ey+Aq(I'), we obtain an
SO splitting Ag(I')=392(12) meV. The other two singu-
larities can be attributed to E4(A) and E + Ag(A) transi-
tions at (27/a)(0.3,0.0,0.0): an SO  splitting
Ap(A)=369(16) meV is found. These splittings are in
reasonable agreement with those calculated in Ref. 20:
Ay(T') =430 meV and Ay(A)=400 meV.

We have also identified the structure between 4.5 and 5
eV in Fig. 5 as transitions along the A direction of the
Brillouin zone. In Ref. 20, a doublet at (27/a)(0.5,
0.0,0.0) with an SO splitting of 290 meV has been ob-
tained in this region, again in good agreement with our re-
sult of 250(40) meV. Our experimental splittings for the
three doublets just discussed are about 40 meV smaller
than those calculated.

In earlier works,®!"!2 the last doublet of Fig. 5
(4.56—4.81 eV) has not been resolved in its two counter-
parts, and has been assigned to the E,+8 structure® (AY-
A$* close to the X point). Only in the thermoreflectance
study of Ref. 8, where the assignment as here was also
made, fine structure was observed at 4.6—4.84 €V, in rath-
er good agreement with the present results. A very weak
structure in the high-energy wing of the E, CP is also
seen in Fig. 5. Its energy location could correspond to the
Ey+Ap+Aq CP, giving Ag=~850 meV, in agreement with
other experimental and theoretical determinations (see
Table IV).

The E{ structures were analyzed with a mixture of M,
and M, 3D critical points. The linewidths obtained at
100 K are listed in Table V. The temperature dependence



TABLE V. Broadening parameters of interband transitions
in InSb. All values are in meV at 100 K.

I(E,) 34(1)
T(E,+A)) 40(1)
I(Ey) 32(12)
I(A¥-A40.3, 0,0)) 53(9)
T(Eq +Ap) 39(10)
I'(A%-A2(0.3, 0, 0)) 98(16)
I(E,) ‘ 96(4)
T(A®-A$(0.5,0,0)) 90(40)
T(AY-A240.5,0,0)) 80(25)
[(E}) 98(27)
I(E7 +A}) 53(28)

found for the average phase angle ¢ is shown, in Fig. 10,
to follow the general trend for this parameter. The criti-
cal point is nearly M; at low temperatures and nearly M,
at high temperatures. The temperature dependence of the
Ey(A) and Eg+Ay(A) energies is plotted in Fig. 7 and
fitted with both Egs. (2a) (solid lines) and (2b) (dashed
lines). Measurements at liquid-He temperature would
help to decide which fit is better. The parameter ® ob-
tained from the fit with Eq. (2b) is, with rather large error
bars, the same as that found for the E| and E; + A, struc-
tures (see Table I). The same applies to the parameters 3
of the fit with Eq. (2a). The temperature dependence of
the broadening parameters I’ of the E3(A) and
E{ + Ap(A) structures is shown in Fig. 9. Within the ex-
perimental error, I £y +apa) a0 be fitted by a straight

line, while some curvature is seen for T’ at low tem-

E{(A)
E)(A) corresponds to the
fit with ®=272 K, the value used for the fit of the tem-
perature dependence of the energy of this CP.

C. E, transitions

peratures. The dashed line for T’

The more pronounced structure in the region 3.0—4.5
eV is labeled E, (see Fig. 4). This peak, dominant in the
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€)(w) spectra of similar materials, corresponds to an ex-
tended region of k space around the point
(27/a)(0.7,0.2,0.2).2° Different models can be used to
fit the structure corresponding to the E, CP, yielding fits

" of similar quality. Not only CP’s of different dimen-

sionality, as pointed out in Ref. 29, but also different 2D
models describe this structure. We are able to fit this CP
with 1D, 2D, or 3D models, allowing for a phase angle ¢,
and obtained the same dependence of the CP energy with
T (—7.5x10~* eV K~!). However, a pure 2D maximum,
which also gives a good fit and the same dependence of
broadening on temperature, yields a quite different T
dependence of the E, CP (—5.43x 10 eVK™!), as can
be seen-in Fig. 6 and Table VI. Owing to this fact and to
the complicated character of this structure, care must be
taken in analyzing its line shape. The best representation
was obtained with a mixture of a 2D saddle point and
maximum, a fact that is confirmed by similar results in
Ge (Ref. 29) and a-Sn (Ref. 40).

The temperature dependence for the E, CP obtained
from this fit is displayed in Fig. 6, together with that of
the E; and E,+A; CP’s. This dependence is practically
linear, in the absence of data at lower temperatures, and
thus the fitting with Eqgs. (2a) and (2b) fails to give mean-
ingful values of the ® and 3 parameters. We have plotted
Ik, vs T in Fig. 8 and fitted it with Eq. (3). (In this case

we were able to use ® as a free parameter.) The Debye
temperature as well as the mean frequency of phonons
taking part in the scattering process decrease in the series
diamond—Ge—Si—a-Sn—InSb.>® If the parameters 8.and
@® from our fits are related to these quantities, they should
decrease by the same amount. This is borne out by the ex-
periments: a ratio of 1.9 is found between the Debye tem-
peratures of Ge and InSb,*® and the corresponding average
ratio between our B-fit parameters is about 2.1.”° The
same can be said of the mean phonon frequencies and the
® parameters. As the quadratic contribution in Egs. (2) is
important for B and ® large compared with T [Egs. (2a)
and (2b)], this contribution shifts to low temperature as 8

TABLE VI. Linear temperature coefficients of critical-point energies in InSb; all values in 10~*

eV/K.
—dE /dT —d(E\+A)/dAT —dE{(A)/dT —d(Ey+ALNA)/dT —dE,/dT —dE}/dT
Experimental
4.4(4) 3.6(4)°
5.3(3)° 4.9(3)° 5.4°
4.02° 3.6(2)° .
6.2(1)¢ 5.65(10)¢ 4.6(4) 4.4(6)° 5.4(6)f 5.6(5)4
7.5(4)f
Theoretical
6.98
3.4h 3.0t

2Reference 11, between 80 and 300 K.
bReference 2, between 300 and 500 K.
°Reference 4, T <295 K.

9Present work, between 100 and 700 K.
‘Present work, between 100 and 550 K.

fPresent work; the larger value corresponds to a 2D mixture and the lower to a 2D maximum.
EP. Y. Yu and M. Cardona, Phys. Rev. B 2, 3193 (1970), calculated using only Debye-Waller terms.
hReference 26, calculated using only Debye-Waller terms.
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and ® decrease. Experimental points at lower tempera-
tures would be necessary to obtain this quadratic contri-
bution for the E, structure. On the other hand, a more
complicated formula than Egs. (2) and (3) and that in Ref.
48 may be necessary to describe the temperature depen-
dence in these materials.

The phase angle ¢(E,) is displayed in Fig. 10; ¢ runs
nearly parallel to the angle for the E; CP (open circles).
This angle, as chosen by us, represents, for /2 <¢ <,
the amount of 2D maximum added to a saddle point. Its
temperature dependence may indicate that excitonic ef-
fects are also important at the £, CP. However, the com-
plicated character of this CP prevents us from attributing
this fact to a pure excitonic effect.

D. E| transitions

These transitions take place from the top valence band
A3 to the second-lowest conduction band (A$) near the L
point. Unfortunately, our spectral region only covers the
E and E| 4+ A} structures. We see two structures in Fig.
5: the largest [E} =5.22(3) eV at 100 K] corresponds to
transitions from Aj s to A§, and the weakest [5.38(2) eV at
100 K] to transitions from Aj s to A§s. Its energy separa-
tion of 154(28) meV is somewhat lower than the calculat-
ed SO splitting [A] =240—330 meV (Refs. 6 and 60)]. We
have analyzed these transitions with a mixture of a 2D
maximum and a saddle point. Within the experimental
error the phase angle is found to be constant with a value
of $=47°16°. As we can see in Fig. 7 and Table I, the E
transition is more nonlinear at low temperatures than the
other transitions observed for InSb, and its slope is also
the largest. In Fig. 7 the solid line corresponds to a fit
with Eq. (2a), the dashed line, with Eq. (2b). Again, mea-
surements at liquid-He temperatures are needed in order
to decide which of the two fits is better. The broadening
parameter I" and its temperature dependence are shown in
the upper part of Fig. 9, as obtained with Eq. (3) (dashed
line), where ® has also been fixed to have the value ob-

tained from the CP energy fit. The solid hne in this fig-
ure corresponds to a linear fit.

In Table VI we list the average linear temperature coef-
ficients of the CP energies in InSb in the (100—700)-K
range, together with corresponding values found in the
literature. Although there is a good agreement between
our values and those given elsewhere for the E|, E; +A,,
and E, critical points, our complete line-shape analysis
should give better results than the maxima of observed
peaks used so far in the literature. No previous data are
available for the linear coefficients of the Eg(A),
Ey+Ag(A), and E| critical points, and the corresponding
broadening parameters.

IV. CONCLUSIONS

We have analyzed, by means of spectral ellipsometry,
the temperature dependence of the dielectric function of
InSb. Detailed information about this dependence and ac-
curate values of the complex dielectric function between
100 and 700 K have been presented. The different contri-
butions of I" and A symmetry in the E| region have been
obtained. The critical-point energies and broadening pa-
rameters of the E,, E\+A;, Ey, Eog+Ap, E,, and E)
transitions have been analyzed by studying the line shape
of the second-derivative spectra. With increasing tem-
perature, a rapid decrease of excitonic effects for the E,
Eg, and E, structures is found, with a smaller decrease
for the E; +A;. These effects are found to be indepen-
dent of temperature for the E structure.
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