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Abstract—The energy band structure, reflectivity, modulated reflectivity and imaginary part of the
frequency dependent dielectric function are calculated for InAs and InSb using the empirical psendo-
potential method. Comparison is made with the measured reflectivity and modulated reflectivity and
prominent features in the experimental spectra are identified and associated with interband transitions
in specific regions of the Brillouin zone. The wavefunctions obtained from our calculated band
structures are used to calculate the electronic charge density as a function of position in the unit cell.

1. INTRODUCTION

THE EMPIRICAL pseudopotential method[1, 2]
(EPM) employs the use of optical data to
obtain one-electron potentials which can then
be used to calculate energy bands and optical
constants. In this paper we have applied this
method to analyze the electronic structure of
InAs and InSb. The availability of new optical
data, particularly modulated reflectivity data
[3] (and the inclusion of spin-orbit interactions)
allow a more accurate determination of the
band structure than in earlier work [2].

Since we are only concerned with direct
transitions in interpreting the reflectivity and
in fitting the band structure, we expect that
the direct energy gaps at the points of interest
in the Brillouin zone will be accurate, whereas
the indirect gaps may not. Comparisons of the
calculated and measured spectra show that
our model gives the correct energies for the
prominent optical structure to the order of
t+eV. These comparisons also allow us to
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identify the interband transitions responsible
for the prominent structure in the reflectivity.

After a brief discussion of the calculation
we present the results for the band structure;
reflectivity, R(w); modulated reflectivity,
1/R(dR(w)/dw); and the imaginary part of the
frequency dependent dielectric function,
€(w), for both InAs and InSb. In the cal-
culations we implicitly assume a temperature
of 5°K which is the temperature at which the
modulated reflectivity spectra was measured.

2. CALCULATION

The calculation is based on the EPM. If the
crystal potential is expanded in the reciprocal
lattice, it can be expressed in terms of a struc-
ture factor, S(G), and form factors V,(G) of
the atomic potential

V(r)=3 V(G)e*” (1)
G

V(G) =% S(G)Va(G) 2

S(G)=e ™. (3)

where 7, is the vector which locates each atom
in a cell.
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This potential can then be used to calculate
the energy levels[1, 2]. The input is the struc-
ture factor which can be obtained from X-ray
analysis and the V,(G)'s. The EPM involves
the use of optical data to obtain the V,(G)’s.
Usually three form factors are all that is
required for each atom. Calculated values for
these form factors can be used, then the optical
spectrum can be calculated. In general the
peaks calculated this way will be shifted from
those in the experimental curves. Adjustment
of the form factors can move the peaks until a
good fit is obtained. This is the basis of the
EPM and accurate spectra can be calculated
[4]. For the optical spectra analysis the di-
electric function e(q = 0, w) is calculated. It is
also possible to calculate e(q, w = 0)[5]. If the
calculated e(q) is used to screen a bare atomic
potential, the resulting potential [5] is close to
that obtained using the EPM. This self-
consistency is reassuring.

Both InAs and InSb crystallize in the zinc-
blende structure. Application of the EPM to
this structure is well-documented[1, 2, 4] so
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we will not repeat the details here. The form
factors were obtained by first starting with the
form factors of Ref. [2] and then varying them
to obtain a modulated reflectivity spectrum in
agreement with experiment. The variation of
the form factors was at most 0-055 Ry.

The spin-orbit interaction is included using
the method of Weisz[6] as modified by Bloom
and Bergstresser[7]. Two spin-orbit para-
meters are used to characterize the spin-orbit
interaction[8]. The metallic form factor is
allowed to vary from its free atomic value,
while the non-metallic parameter is con-
strained so as to maintain a constant ratio
between the two parameters. This constant
ratio is set equal to the ratio of the spin-orbit
interactions for the two atoms as determined
by Herman and Skillman[9]. Using this one
arbitrary parameter, we are able to obtain the
experimentally known splittings at I" and L to
within 0-05eV.

Table 1 compares the Cohen and Berg-
stresser (CB) form factors[2] with those used
in the present calculation. The pseudopotential

Table 1. A comparison of the form factor (Ry) of Cohen-
and Bergstresser (Ref.[2]) with the form factors used in
the present calculation. The lattice constants are also

given
InAs InSb
Cohen and Present Cohen and Present
Bergstresser’®  work  Bergstresser®  work

Lattice constant 6-04A 6-0531 6-48 6-47310
v(@3) —0-22Ry —0-2699 —0-20 —0-2547
V(8) 0-0 0-0196 0-0 0-0188
v(rn 0-05 0-0411 0-04 0-0452
v(@3) 0-08 0-0775 0-06 0-0302
V(4) 0-05 0-0384 0-05 0-0012
v 0-03 0-0364 0-01 0-0329
Metallic

spin-orbit — 0-00137 — 0-00203
Parameter
Non-metallic

spin-orbit — 0-00109 — 0-00260
Parameter

@ICOHEN M. L. and BERGSTRESSER T. K., Phys. Rev. 141, 789

(1966).

BIGIESECKE Y. G. and PFISTER H., Acta. crystallogr. 11, 369
(1958). NOVIKOVA 8. 1., Soviet Phys. solid St. 2, 2087 (1961).
Lattice constants were scaled to a temperature of 5°K.
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form factors are changed by less than 0-05 Ry
for InAs and 0-055 Ry for InSb. In the CB
calculations, the symmetric form factors of
InSb were constrained to be the same as the
form factors for Sn, and the symmetric form
factors for InAs were constrained to be the
average of the form factors for Ge and Sn. We
did not impose this constraint in the present
calculation.

3. RESULTS

The calculated energy bands for InAs and
InSb are given in Figs. 1 and 5. These are
similar to other energy band calculations {7, 10]
for these materials. Using the calculated
energy bands throughout the Brillouin zone,
the imaginary part of the frequency-dependent
dielectric function, e,(w), can be computed[1].
This function can then be used to compute the
reflectivity, R(w), and the modulated reflec-
tivity, R'(w)/R(w) as shown in Ref. [1]. The
sharp structure in €,(w), R(w) and R'/R arises
from Van Hove[ll, 1] singularities in the
joint density of states between the valence and

8 __~

Energy (eV)

Fig. 1. Electronic band structure of InAs along the

principal symmetry directions in the Brillouin zone. Some

bands slightly split by spin-orbit interaction are drawn as
degenerate because of the smallness of the splitting.
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conduction bands. These singularities arise
when the gradient with respect to k of the
energy bands E(k) are equal for the conduction
and valence bands of interests. There are four
types of singularities in three dimensions[1, 11]
a minimum M, a maximum M, and two saddle
points M, and M,.

Figures 2 and 6 contain the theoretical
imaginary part of the frequency dependent

I T I T I I f

Energy (eV)

Fig. 2. Calculation of the imaginary part of the frequency
dependent dielectric function for InAs.
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Fig. 3. Calculated and measured reflectivity for InAs.
Experiment 1 is EHRENREICH H., PHILIPP H. R.
and PHILLIPS J. C., Phys. Rev. Lett. 8,59(1962). Experi-
ment 2 is VISHNUBHATLA S. S. and WOOLLEY
J.C.,Can.J. Phys. 46, 1769 (1968).
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dielectric function for InAs and InSb. The
calculated and measured[12, 13] reflectivities
appear in Figs. 3 and 7 for these crystals. The
calculated and measured [3] modulated spectra
for InAs and InSb appear in Figs. 4 and 8.
Tables 2 and 3 compare the energies of the
prominent structure in the calculated and
measured curves for InAs and InSb. These
tables also give the origin in the Brillouin zone
for the interband transitions which give rise to
the optical structure, the critical point (c,)
energy, i.e. the interband energy at which a
Van Hove singularity is found, and the sym-
metry of the associated Van Hove singularity.
In some cases a c, is not discernible, and the
structure arises from transitions in a volume
of the zone; these are labelled in the table.

The two crystals will be discussed separ-
ately.
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Fig. 4. Comparison of the theoretical and experimental

modulated reflectivity spectrum for InAs. The experi-

mental spectrum is from ZUCCA R. R. L. and SHEN

Y. R, Phys. Rev. Bl, 2668 (1970). Prominent structure
is identified.

Table 2. Identification of transitions responsible for the

prominent theoretical and experimental reflectivity struc-

ture in InAs, including location in the Brillouin zone,
energy, and symmetry of the calculated critical points

Associated critical points (InAs)

Reflectivity structure
Cp
Theory  Exper.[a! Location in zone Symmetry energy
0-46eV  0-42eV T'(4-5)0,0,0) M, 0-46eV
2-58 261 A(4-5)(0-3,0-3,0-3) M, 2-47
L(4-5)(0-5,0-5,0-5) M, 2-48
2-85 2-88 A(3-5)0-3,0-3,0-3) M, 2-74
L(3-5)(0-5,0-5,0-5) M, 2-75
4-37 4-39 A(4-5)(0-7,0,0) M, 4-3
I'(4-6)(0,0,0) — 4-37
4-47 4-58 X(4-5)(1-0,0,0) M, 4-43
Vol. near (3-5)(0-7, 0, 0) — 4-43
4-7 4-74 3(4-5)(0-7,0-7,0) M, 4-65
A(3-6)(0-3,0,0) M, 4-69
53 5-31 Vol. near A(4-6)(0-7, 0, 0) — 525
5-57 55 Vol. near A(3-6)(0-7, 0, 0) — 5-39
6-05 6-5 L(4-7)(0-5,0-5,0-5) M, 591
A(4-7)(0-4,0-4,0-4) M, 5-96
6-44 6-80 L(3-7)0-5,0-5,0-5) M, 6-18
A(3-7)(0-4,0-4,0-4) M, 6-23
7-37 7.1 Vol. near (4-7)(0-4,0-3,0-1) — 7-05

@WZUCCA R. R. L. and SHEN Y. R., Phys. Rev. B1, 2668 (1970),

except as listed below.

MIDIXON L. R. and ELLIS J. M., Phys. Rev. 123, 1560 (1961).
WEHRENREICH H., PHILLIP H. R. and PHILLIPS J. C., Phys.
Rev. Lett. 8, 59 (1962). These values have been adjusted to a tempera-

ture of 5°K.
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Table 3. Identification of transitions responsible for the

prominent theoretical and experimental reflectivity

structure in InSb including location in the Brillouin

zone, energy, and symmetry of the calculated critical
points

Reflectivity structure

Theory Exper.[®

Location in zone

Associated critical points (InSb)

Cp
Symmetry energy

0-26eV  0-24eV™® T'(4-5)(©0,0,0) M, 0-26 eV
2:03 1-98 A(4-5)0-3,0-3,0-3) M, 1-94
L(4-5)(0-5, 0-5,0-5) M, 2-0
2:60 2-48 A(3-5)(0-3,0-3,0-3) M, 2-5
L(3-5)0-5,0-5,0-5) M, 2-55
3-65 3-39 A(4-5)(0-7,0,0) M, 3-65
3-83 3-78 A(3-5)(0-7,0,0) M, 3-83
4-15 4-23 A(3-6)(0-2,0,0) M, 395
3.(4-5)(0-7,0-7,0) M, 4-1
4-48 4-56 Vol. near A(4-6)(0-5, 0, 0) — 44
473 475 A(4-6)(0-7,0,0) M, 475
4-95 492 L(4-6)(0-5,0-5,0-5) M, 4-86
A(4-6)(0-4,0-4,0-4) M, 4-87
A(3-6)(0-7,0, 0) M; 4-94
53 5-33 L(3-6)(0-5,0-5,0-5) M, 5-41
A(3-6)(0-4,0-4,0-4) M, 543
6-01 5-96 L(3-7)(0-5,0-5,0-5) M, 5-64
A(3-7)0-4,0-4,0-4) M, 5-69

@WZUCCA R. R. L. and SHEN Y. R,, Phys. Rev. B1, 2668 (1970),

except for [b].

MEHRENREICH H.,J. appl. Phys. Suppl. 32,2155 (1961).

4. InAs

The first direct gap (Fig. 1) is I's—T's[14].
The measured gap is 0-42eV [15]; the I spin
orbit splitting (I'; —I'g) is also 0-42eV[16, 3].
The spin-orbit splitting near L(Ls— L,L;) is
0-27 eV [3]. In the calculated curves the spin-
orbit parameter for In was adjusted to give a
L splitting of 0-27 eV. The calculated splitting
atI'is0-40 eV.

The calculated I'; — Iy transitions give rise
to the M, threshold in e,(w), (Fig. 2), at 0-46
eV. The I'; —T's threshold at 0-86 eV is hidden
in the background. These transitions give rise
to a slight bump in R(w), (Fig. 3); however,
both transitions show up in the calculated
R'(w)/R(w) spectrum (Fig. 4).

The first peak in e(w) occurs at 2-60eV
and is caused by L(4-5) and A(4-5) transitions
[14]. The spin-orbit split peak at 2-90eV is
caused by L(3-5) and A(3-5) transitions. This

structure gives rise to peaks in the reflectivity
spectrum at 2-58 and 2-85eV which agree
favorably with the experimental values of
2-61and 2-88 V.

The small shoulder at 4-45 eV on the lower
side of the main peak in €,(w) is caused by
(4-5) transitions at X and along A(3-5). The
corresponding structure in the calculated
reflectivity is at 4-47 eV, whereas the measured
value is 4-58 eV. A(4-5) and ['(4-6) transitions
just below this energy show up in the experi-
mental R'/R spectra at4-39eV and correspond
to the small structure at 4-37eV of the
theoretical R'/R curve at 4-63 eV. Excitonic
effects at I' may enhance the experimental
spectrum.

The main peak in €,(w) occurs at 4:63 eV
and this peak comes from 2(4-5) transitions at
4-65 eV. Transitions near X(4-5) also add to
the height of the main peak. The main peak in
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the calculated reflectivity occurs at 4-7eV;
the experimental value is 4-74 ¢V. On the high
energy side of the main peak in €,(w), there are
two changes in slope at about 5-32 eV, and at
5-35eV. The first structure comes from A(4-6)
transitions at 5-25 eV; this structure is found
in the calculated reflectivity at 5-3 eV, close
to the experimental value of 5-31eV. The
second structure arises mainly from A(3-6)
transitions at 5:39eV. The peak in the cal-
culated reflectivity occurs at 5-57 eV, while
the measured value is 5-5eV.

Critical points at A(4-7) and L(4-7) with
energies of 5-91eV and 5-96eV cause the
next peak in €,(w). The peak in the calculated
reflectivity occurs at 6-05eV. The experi-
mental value for this peak is 6:5¢eV, and is
obtained by correcting the original value of
6-4 eV at 300°K to the low temperature limit,
the agreement here is only fair.

The next small peak in e(w) at 6:4eV is
caused by A(3-7) transitions of 6-23eV. It’s
counterpart in the measured reflectivity is a
broad peak at 6-44 eV, the experimental value
for this peak is 6-8eV. The last structure
which can be accurately identified is the
shoulder at 7-1 eV, coming from (4-7) transi-
tions in the energy range near 7-1eV. The
peak in the calculated reflectivity occurs at
7-3eV, the corresponding temperature
adjusted experimental valueis 7-1eV.

5. InSb

The measured splitting of the first direct gap
for InSb, I's—TI is 0-:24eV[17]; the spin
orbit splitting at the top of the valence band
at " is 0-82eV[18,3] and 0-50eV[18, 3] at L.
The calculated band structure is plotted in
Fig. 5; the I'y—TI splitting is 0-23 eV. The
spin-orbit parameter for In is adjusted to give
a splitting of 0-82eV at I' and the calculated
valueat Lis 0-55eV.

The imaginary part of the dielectric func-
tion, the calculated reflectivity and the cal-
culated modulated reflectivity are given in
Figs. 6, 7 and 8 respectively. The I's—TI}
transitions give rise to the threshold in e,(w) at
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Fig. 5. Electronic band structure of InSb along the

principal symmetry directions in the Brillouin zone. Some

bands slightly split by spin-orbit interaction are drawn as
degenerate because of the smallness of the splitting.
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Fig. 6. Calculation of the imaginary part of the frequency
dependent dielectric function for InSb.
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Fig. 7. Calculated and measured reflectivity for InSb.
Experiment 1 is EHRENREICH H., PHILIPP H. R.
and PHILLIPS J. C., Phys. Rev. Lett. 8, 59 (1962).
Experiment 2 is VISHNUBHATLA S. S. and
WOOLLEY J. C.,Can. J. Phys. 46, 1769 (1968).
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is from ZUCCA R. R. L. and SHEN Y. R,, Phys. Rev.
B1, 2668 (1970). Prominent structure is identified.

0-26 eV. The spin-orbit split transition I'; —I'g
gives a small peak in e;(w), but this is largely
masked by fluctuations inherent in the cal-
culation. Both contributions appear clearly in
the calculated R'/R curve at 0-26 and 0-66 eV
respectively. '

The first peak in e,(w) at 1-98 eV is caused
by A(4-5) transitions at 1-94eV. The next
peak at 2-6 eV is caused by A(3-5) transitions
at 2-5eV. Associated with these structures
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are the spin-orbit split A peaks in the reflec-
tivity at 2-03 and 2-6 eV. The positions of
these peaks agree well with the experimental
values of 1-98 and 2-48 eV.

The rise at 3-55eV on the low side of the
main peak in €,(w) arises from (4-5) transi-
tions in a volume located near A. At slightly
higher energies near the main peak, thereis a
shoulder at 3-8 eV. This shoulder is caused by
A(3-5) transitions at 3-83eV. In the reflec-
tivity spectrum, these features give rise to a
shoulder at 3-65 eV and a shoulder at 3-83 eV.
The experimental values are 3-39 and 3-78 eV.

The main peak in €,(w) is caused primarily
by 3(4-5) transitions at 4-1 eV. This structure
gives rise to the peak at 4-01 eV in the reflec-
tivity. This peak occurs lower in energy than
at the experimental value of 4-23 eV.

The small structure and peak on the high
side of the main peak in €;,(w) at 4:4 and 4-75
eV are caused by (4-6) transitions in a volume
of k-space at about 4-4eV and by A(4-6)
transitions at 4-75 eV. These are related to the
two bumps in the reflectivity at 4-48 and 4-73
eV. These energies are in good agreement
with the experiment.

The peak at 4-8 eV and the small shoulder
at 5-09eV in the e(w) curve are caused by
A(4-6), A(3-6) and A(3-6) transitions at 4-87,
494 and 5-43eV. The related reflectivity
structures are the broad peak at 5-3eV with a
highly blurred shoulder at 4-73 eV, the cor-
responding experimental values are at 5-33
and4-92eV.

The peak in e,(w) at 5-73 eV arises mainly
from A(3-7) transitions at 5-69 eV. The peak
in R(w) is at 6-01 eV, in good agreement with
the experimental value of 5-96 eV.

As for the T'¢c—TI,¢, T'g¢—TI's¢ doublet,
electroreflectance measurements in n-type
InSb[19] show two peaks at 3-16 and 3-54 eV
with a red shift response to an increase of the
surface potential; this structure disappears as
the conduction band is depopulated. These
two facts indicate that these two peaks come
from transitions from the top of the conduc-
tion band (I'¢°) to higher conduction bands
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(I';¢ and T'g¢). Since these are s-like to p-like
transitions, we expect that the oscillator
strengths for these transitions are strong
enough to be observable. Our calculated
energy differences are

Iee—TI't=2:43eV; I'g—T¢=3-41eV

in fair agreement with the experimental values.

Most of the above assignments for both
InAs and InSb are consistent with those of
Refs. [1, 3] and [20].

6. ELECTRONIC CHARGE DENSITIES

We have solved the secular equation for the
pseudopotential Hamiltonian for the wave-
functions ,, ,(r) on a grid of 3360 points in the
Brillouin zone (n is the band index)[21] for
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Fig. 9. Location of atoms in the primitive cells. A section
of the (1, —1, 0) plane is shown bounded by dashed lines.

SUM OF VALENCE BANDS
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SUM OF VALENCE BANDS’
InSb

Fig. 11. InSb charge density — sum of valence bands 1-4.
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InAs and InSb. From these wavefunctions
we obtain the charge density in each valence
band as

pu(r) =3 efthn\ (T)]*

Figures 10 and 11 show the contour maps of
the sum over the first four valence bands for
InAs and InSb respectively, for the plane
(1,—1,0) as shown in Fig. 9. The density is
plotted in units of (e/(}) where {1 is the volume
of the primitive cell, {} = a®/4.

Our results are consistent with the fact that
InAs is a more ionic crystal than InSb[22],
the charge being more piled up towards the
As atom in InAs than towards the Sb atom in
InSb.

The form factors used here for InSb are
different from those used in Ref. [21] and give
a much better agreement with the optical data.
We have calculated the covalent bonding
charge Z, as described in [21]. Our result is
Z,=0-083e. When this result is plotted using
Phillips and Van Vechten[22] ionicity scale
with earlier results for Sn and CdTe, the curve
of bonding charge vs ionicity is more linear,
but the extrapolated value of the critical
ionicity f, does not change when compared
with the results of Walter and Cohen[21].

The value for Z, we obtain for InAs is
0-069¢. When this is plotted vs the ionicity
scale of Phillips and Van Vechten, this point
lies very near the curve of the Ge family of
Walter and Cohen.
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