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Density-functional theory investigation

of energy gaps and optical properties
of Hg;_,Cd,Te and In;_,Ga,As*
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We use a modified Becke—Johnson exchange plus a local density approximation correlation potential within the

density functional theory to investigate the electronic structures of Hgj_,Cd,Te and In;_,GazAs with z being 0,

0.25, 0.5, 0.75, and 1. For both of the two series, our calculated energy gaps and dielectric functions (real part 1

and imaginary part €2) are in agreement with the corresponding experimental results with x being between 0 and

1. The calculated zero-frequency refractive index varies greatly with x for Hg;_,Cd;Te, but changes little with «

for Iny_,GagAs, which is consistent with the real parts of their dielectric functions. Therefore, this new approach is

satisfactory to describe the electronic structures and the optical properties of the semiconductors.
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1. Introduction

Hg;_,.Cd,Te alloys can have different band gaps
through changing z, and thus can provide an un-
precedented degree of freedom in infrared (IR) de-
tector design. They may become the most impor-
tant material for detector applications in the entire
IR range.l'! Related HgTe/CdTe quantum-well struc-
tures are predicted theoretically to be two-dimensional
quantum spin hall topological insulators, which has

$.2=4 The semiconduc-

been confirmed by experiment
tor In;_,Ga,As is an important model material for
high speed devices, such as high electron mobility
transistors and field-effect transistors, due to its small
effective electron mass and high electron mobility. It
can be used to fabricate quantum confinement het-
erostructure lasers. High-performance optical proper-
ties can be obtained by controlling the indium com-
position and the thickness of the layers in the quan-
tum wells.56 Tt is highly desirable to elucidate the
z-dependent electronic structures and optical proper-
ties of these two series of semiconductors for further
applications.

Since the energy gap is underestimated by the
local density approximation (LDA) and the gener-
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alized gradient approximation (GGA), some further
approximations are usually needed to make the first-
principles electronic gaps and optical properties com-
parable with the experimental results. Fortunately,
a modified Becke-Johnson exchange plus local den-
sity approximation correlation potential (mBJLDA)
was proposed recently by Tran and Blaha,”) which
can be used to produce accurate semiconductor gaps.
So far, several groups have used the mBJLDA poten-
tial for the calculation of the electronic properties of
different families of solids, confirming that mBJLDA
band gaps are improved for a wide range of different
materials.[5=13! In this paper, we use the mBJLDA
approach within the density functional theory (DFT)
to investigate the electronic structures and the optical
dielectric functions of Hg;_,Cd,Te and In;_,Ga,As
with = being 0, 0.25, 0.5, 0.75, and 1.
show that the calculated energy gaps and the opti-

Our results

cal properties agree with related experimental results
of Hgy_,Cd,Te and In;_,Ga,As with z being in the
range of from 0 to 1. More detailed results will be
presented in the following.

We will give the computational details in the next

section. Our main results will be presented in the third
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section. In the fourth section, we will discuss our re-
sults and give our conclusion.

2. Computational details

We use the full-potential linearized augmented-
plane-waves method within the density functional
theory,['*1% which is implemented in the package
WIEN2k.['6] We use the mBJLDA for the exchange-
correlation potential'™7 to perform our main DFT
calculations, and take the popular GGA by Perdew,
Burke, and Ernzerhof (GGA-PBE)!8! to optimize the
volume and the internal position parameters. The full
relativistic effects are calculated with the Dirac equa-
tions for the core states, and the scalar relativistic ap-
proximation is used for the valence states.['9~21 The
spin—orbit coupling is neglected, because it has little
effect on our results. We use 2000 k-points in the first
Brillouin zone for the self-consistent calculation and
20000 k-points for the optical property calculation.
We make the harmonic expansion up to lyax = 10 in
each of the atomic spheres and set Ry X kmax = 8.
The radii of the atomic spheres of Hg, Cd, Te, In, Ga,
and As are set to 2.5a9, 2.5a9, 2.5aq, 2.33ag, 2.33ag,
and 2.33ag, respectively, where ag is the Bohr radius.
The volumes are optimized in terms of the total en-
ergy and the internal position parameters with a force
standard of 2 mRy/a.u. The self-consistent calcula-
tions are considered to be converged when the inte-
gration of the absolute charge-density difference be-
tween the input and the output electron densities is
less than 0.0001|e| per formula unit, where e is the
electron charge.

3. Main calculated results

At first, we construct the smallest unit cell by sub-
stituting Cd (Ga) for Hg (In) in the zincblende struc-

ture of Hgy_,Cd,Te (In;_,Ga,As) with = equaling 0,
0.25, 0.5, 0.75, and 1, and then optimize their volumes
and internal position parameters by using the popu-
lar GGA. The optimized lattice constants are sum-
marized in Table 1. For Hg;_,Cd,Te, the lattice con-
stants vary very little with x, increasing by 0.45% from
CdTe to HgTe. The lattice constants for Hg;_,Cd,Te
are larger than those obtaind by the LDA in Ref. [22],
because for semiconductors, the lattice constants ob-
tained by the GGA usually are a little larger than
the experimental values, while those obtained by the
LDA are a little smaller than the experimental val-
ues. For In;_,Ga,As, the lattice constants gradu-
ally change with z, increasing by 7.6% from GaAs to
InAs. Asis well know, the GGA and the LDA under-
estimate the gaps of semiconductors. Therefore, we
use an improved exchange—correlation method includ-
ing the modified Becke-Johnson exchange potential
to calculate the electronic structures of Hgy_,Cd,Te
and In;_,Gaz As.
conductor gaps and d-state positions for numerous

This new method improves semi-
materials. We summarize the gap data in Table 1
for Hgy_,Cd,Te and In;_,Ga,As, and compare the
gaps calculated with the mBJLDA with the experi-
mental ones for Hg;_,Cd,Te?¥ and In;_,Ga,As*4
The gap of HgTe is —0.03 eV, the neg-
ative sign means that the Fermi energy crosses the

in Fig. 1.

conduction band. The gap increases from —0.03 eV to
1.57 eV for Hgy_,Cd,Te and from 0.31 eV to 1.23 eV
for In;_,Ga,As with = varying from 0 to 1. The gap
value 1.23 eV in the case of GaAs is obtained because
we use the optimized lattice constant 5.752 A. The
larger value given in Ref. [7] can be obtained if we
use the experimental lattice constant. From Fig. 1,
we can see that for Hg;_,Cd,Te, the gaps agree well
with the experimental values, and for In;_,Ga,As,
the gaps calculated with the mBJLDA are lower than
the experimental values for larger x.

Table 1. Lattice constants a optimized with the GGA, and gaps and the zero-frequency refractive index
n(0) of Hg1—»CdzTe and Iny_,GazAs calculated with the mBJLDA.

Hg1_,Cds;Te In;_,GayzAs
x a /A Gap/eV n(0) a /A Gap/eV n(0)
0 6.660 -0.03 3.70 6.192 0.31 3.38
0.25 6.654 0.22 3.30 6.076 0.46 3.35
0.5 6.647 0.62 3.00 5.975 0.58 3.29
0.75 6.639 1.05 2.74 5.867 0.85 3.26
1 6.630 1.57 2.55 5.752 1.23 3.19
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Fig. 1. Energy gaps of Hg; ,Cd,Tel?3] (a) and

Inj_;GagyAsl?4 (b) with different = calculated with the
mBJLDA compared with those measured experimentally.

We present the energy bands with the Hg charac-
ter calculated with the mBJLDA for Hg;_,Cd, Te and
those with the In character calculated for In; _,Ga,As
in Fig. 2. As x changes from 0 to 1, the space group of
the crystal structure undergoes a change of 216, 215,
115, 215, and 216, and the atom number in the unit
cell changes from 2 to 8, 4, 8, 2, which can be seen
from the number of energy bands. There is a band
cross point near the Fermi energy at high symmetry

I’ point for HgTe in both bands calculated with the
mBJLDA and the GGA. However, the InAs has a di-
rect energy gap of 0.31 eV according to the calculation
with the mBJLDA, while the conduction bands calcu-
lated with the GGA are crossed by the Fermi level.
For both Hg;_,Cd,Te and In;_,Ga,As, the gap is
a direct band one at the I' point, and we use the
same Brillouin zone as that of the face-centred cubic
structure for convenience in comparing energy bands
of different 2 (note: The path is not always the lines
connecting the high symmetry points).

The real part €1 and the imaginary part 5 of the
dielectric functions calculated with the mBJLDA are
presented in Fig. 3 for Hg;_,Cd,Tel?? and in Fig. 4
for Iny_,Ga,As,[2% and related room-temperature ex-
perimental results are also shown for comparison. The
calculated dielectric functions as functions of photon
energy are consistent with the experimental results for
both Hg;_,Cd,Te and In;_,Ga,As. For different z,
the main differences of the dielectric functions are be-
tween 0 eV and 6 eV for Hg;_,Cd,Te. The real part
€1 and the imaginary part €2 between 0 eV and 2 eV
increase with x changing from 1 to 0, and the z de-
pendence becomes small at the higher photon energy,
which are consistent with the experimental results.
For In;_,Ga,As, the = dependence of the dielectric
functions, both the real part €; and the imaginary
part 2, is smaller than that for Hg;_,Cd,Te. We also
calculate the zero frequency refractive indexes n(0) for
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Fig. 2. Energy bands of Hg1_,Cd,Te ((a)—(e)) and In1_,GazAs ((f)—(j)) calculated with the mBJLDA with z equaling to 0,
0.25, 0.5, 0.75, and 1 (from left to right). The diameter of a dot in a band is proportional to either Hg or In weight at that

point. The Fermi energy EF is set to be 0.
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Fig. 3. Real parts €1 and imaginary parts 2 of dielectric functions of Hgi_,Cd,;Te (with x = 0, 0.25, 0.5, 0.75, 1)

calculated with the mBJLDA ((a) and (c)) and some room-temperature experimental results ((b) and (d)).!
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Fig. 4. Real parts €1 and imaginary parts €2 of dielectric functions of Inj_,GazAs (with z = 0, 0.25, 0.5, 0.75, 1)

calculated with the mBJLDA ((a) and (c)) and some room-temperature experimental results ((b) and (d)).[26]

Hg;_,Cd,Te and In;_,Ga,As. The related data are
summarized in Table 1. The calculated n(0) decreases
with = for both cases. The x dependence of the cal-
culated n(0) for Hgy_,Cd,Te is substantially larger
than that for In;_,Ga,As. This is accordance with

the real parts of the dielectric functions.

4. Discussion and conclusion

Semiconductor gaps are important parameters for
device design, however the DFT calculation with the
LDA or the GGA usually underestimates the gaps.
Hg;_,Cd,Te (z = 0.250, 0.375, 0.500, 0.625, 0.875,
1.000) has been studied by using first-principles calcu-
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lations with the LDA,[?2] the LDA-calculated gaps are
substantially smaller than the experimental values. It
has been proved that the mBJLDA potential improves
semiconductor gaps for numerous semiconducotrs.!”
For HgTe, both the mBJLDA and the GGA cal-
culations produce no gap, which is consistent with
For InAs, the GGA calculations pro-
duce no gap, while the mBJLDA gives a correct gap

experiments.

comparable with the experimental value. Therefore,
the mBJLDA does not merely enlarge the gap, but
can produce accurately the gap in some cases where
other exchange—correlation potentials cannot yield the
nonzero gap. The optical properties can reflect the
outline of the energy structure, not just the gap. The
mBJLDA yields the optical properties, which are in
agreement with the room temperature experiment for
both Hg;_,Cd,Te and In;_,Ga,As. The substantial
improvement shows that the mBJLDA gives a better
description to the kinetic effects of electrons than ei-
ther the LDA or the GGA.

In summary, we have used a state-of-the-art DFT
method with the mBJLDA potential to investigate the
electronic structures of Hgy_,Cd, Te and In;_,Ga,As
with x being 0, 0.25, 0.5, 0.75, and 1. For both
Hg;_,Cd,;Te and In;_,Ga,As, our calculated energy
gaps are in accordance with the related experimental
results for x being between 0 and 1. We also calcu-
late the real part ; and the imaginary part o of the
dielectric functions of Hg;_,, Cd, Te and In;_,Ga,As,
showing that the calculated results are consistent with
the experimental ones. Our z dependence of the di-
electric functions agrees well with the experiment. We
also calculate the zero-frequency refractive index n(0)
with the mBJLDA. Our study shows that the calcu-
lated n(0) decreases with the increasing z, and the
x dependence of Hg;_,Cd,Te is substantially larger
than that of In;_,Ga,As, which is consistent with
the corresponding real parts of the dielectric functions.
Therefore, the mBJLDA is satisfactory to describe the
electronic structures and the optical properties of the

semiconductors.
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