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ABSTRACT

The complex density functional theory (DFT) calculations of structural, electronic, linear and nonlinear
optical properties for the defect chalcopyrite CdAl,Se, compound have been reported using the full
potential linearized augmented plane wave (FP-LAPW) method as implemented in the WIEN2k code.
We employed the Wu and Cohen generalized gradient approximation (GGA-WC), which is based on
exchange-correlation energy optimization to calculate the total energy. Also we have used the Engel-
Vosko GGA formalism, which optimizes the corresponding potential for band structure, density of states
and the spectral features of the linear and nonlinear optical properties. This compound has a wide direct
energy band gap of about 2.927eV with both the valence band maximum and conduction band
minimum located at the center of the Brillouin zone. The ground state quantities such as lattice
parameters (a, ¢, X, ¥y and z), bulk modulus B and its pressure derivative B’ are evaluated. We have
calculated the frequency-dependent complex &(w), its zero-frequency limit &;(0), refractive index n(w),
birefringence An(w), the reflectivity R(w) and electron energy loss function L(w). Calculations are
reported for the frequency-dependent complex second-order nonlinear optical susceptibilities. We find
opposite signs of the contributions of the 2w and 1w inter/intra-band to the imaginary part for the

Linear and nonlinear optical properties

dominant component through the wide optical frequency range.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Most of ternary adamantine semiconductors with the chemical
formula A"BJ'CY crystallize in the defect chalcopyrite (DC)
tetragonal structure. This structure is close to the chalcopyrite
(CH) [1], expect that the DC compounds contain a crystal-
lographically ordered array of vacancies (stoichiometric voids or
vacancies) in the cation sub-lattice. The low packing efficiency of
constituent atoms in lattice facilitates the doping of DC com-
pounds by impurities and the formation of solid solutions. Defect
chalcopyrite ordered vacancy compounds are a class of materials
with high technological interest due to their semiconducting
properties, broad band gaps, and potential applications in linear,
nonlinear optical and photovoltaic devices [2-5]. In particular,
tunable filters based on CdGa,S, and UV photo-detectors based on
CdAl,Se, are already used as devices [6,7]. The A"BY'CY com-
pounds concerned in this paper have cadmium as the group II
element, aluminum as the group III element, and selenium as the
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group IV element. CdAl,Se, is an interesting ordered-vacancy
compound, of which many experimental studies exist [3-5,8,12].
The CdAl,Se, single crystal was grown by the chemical vapor
transport method [5]. Spectroscopic ellipsometry and polarized
transmission intensity measurements have been used to char-
acterize the optical properties of the ordered-vacancy of this later
[4]. X-ray diffraction study at 80K and at high pressure is also
reported by Meenakshi and coworkers [9], they observe a
transformation of the (DC) CdAl,Se, to a disordered rock salt
type structure and after decompression into a disordered zinc-
blende type structure. Range et al. [10] observed a phase change to
spinel structure at 4.5GPa and 400°C. From the theoretical
viewpoint, Jiang and Lambrecht [11] have investigated the band
structure and band gaps of defect chalcopyrite compounds using
the linear muffin-tin orbital (LMTO) method.

Recently, several experimental studies have been performed to
determine its optical and vibrational properties at zero pressure
[3,4,12]. To our knowledge a theoretical study of the electronic and
optical properties of the investigated compound has not yet been
undertaken. Therefore, we think that it is timely to perform first-
principles calculations for structural and optoelectronic calcula-
tions within full potential linearized augmented plane wave
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(FP-LAPW) method [13,14]. Hence the effect of the full potential on
the linear and nonlinear optical properties can be ascertained.

The rest of the paper has been divided in three parts. In Section
2, we briefly describe the computational techniques used in this
study. The most relevant results obtained for the structural,
electronic and optical properties of CdAl,Se; compound are
presented and discussed in Section 3. Finally we summarize the
main conclusions of our work in Section 4.

2. Computational details

Self-consistent FP-LAPW [13,14] calculations on CdAl,Se, were
carried out using WIEN2k package [15]. An adequate trade-off
between accuracy and cost was achieved by considering a number
of basic functions up to Ryt x Kmax=9, where Ryt is the minimum
radius of the muffin-tin spheres and K,.x gives the magnitude of
the largest K vector in the plane wave basis. In order to keep the
same degree of convergence, we kept the values of the sphere
radii and K,.x constant over all the crystal geometries considered.
We have chosen the muffin-tin radii Ryt for Cd, Al and Se to be
2.44,2.11 and 2.2 atomic units (a.u), respectively. Additionally, the
valence wave functions inside muffin-tin spheres are expanded up
to lmax=10. The exchange and correlation effects are treated by the
Wu and Cohen generalized gradient approximation (GGA-WC)
functional [16]. Apart from the standard local density approxima-
tion (LDA) and GGA (PBE), a more accurate [17] nonempirical
density functional generalized gradient approximation (GGA), as
proposed by Wu and Cohen for the exchange-correlation energy,
E,. has been attempted in these calculations. The dependence of
the energy on the number of k points in the irreducible wedge of
the Brillouin zone (IBZ) has been checked, and the size of the
mesh has been set to 10 x 10 x 10 points. Self-consistency is
considered to be reached when the total energy difference
between successive iterations is < 10~ Ry per formula unit.

The crystal arrangement of our DC is formally similar to the
chalcopyrite structure. The A and B cations still form separate AC,4
and BC, tetrahedra, but the anion is now surrounded by one B
atom, one A atom and one vacant site, whereas the tetragonal
unit-cell of the DC compound is formed by roughly doubling the
zinc-blende unit cell along a preferred (c-) direction; the ordering
may result in a tetragonal distortion defined by 1 =c/2a < 1; cand
a being the lattice parameters. The basic lattice vectors can be
chosen as 2A(0,0,0), 2B1(0,0,0.5), 2B%(0,0.5,0.25) and 8C(x, y, 2),
where (x, y, z) are the internal positions parameter for the C atom.

3. Results and discussion
3.1. Structural properties

The internal structure parameters, x, y and z, describing the
position of Se atom and the (c/a) ratio are optimized. The obtained
values are used to investigate the structural properties. By
calculating the total energy at different volumes and fitting the
resulting E(V) curve to the empirical Murnaghan equation of state
[18], the equilibrium volume, lattice constants, bulk modulus B
and its first pressure derivative B were obtained. Table 1 displays
the values of the obtained structural properties compared to
previous experimental and theoretical results. Our calculated
structural properties show good agreement with the available
experimental results [5,8] and the previous theoretical calculation
using PBE96-GGA and LDA [3]. We notice that our bulk modulus B
and its first-order pressure derivative B’ are overestimated
compared with PBE96-GGA and LDA results. We would like to

Table 1

The lattice constant a, the c/a ratio and the internal parameters (x, y, z), the bulk
modulus B and its first derivative B’ of CdAl,Se, compared to experimental and
theoretical values.

This work Experimental Theoretical

a(A) 5.7474 5.7606° 5.740" 5.67¢ 5.86¢
cla 1.8713 1.86% 1.84° 1.86¢ 1.86¢
X 0.2742 0.2686% 0.272° 0.276° 0.270¢
y 0.2620 0.267% 0.261° 0.259¢ 0.269¢
z 0.1388 0.1366% 0.138° 0.140°¢ 0.137¢
B 59.854 = 40.1° 31.479¢
B 4.2444 = 5.395°€ 5.143¢

2 Ref. [6].

b Ref. [9].

© LDA Ref. [3].

4 GGA91 Ref. [3].

mention that there is no experimental data for the bulk moduli of
this compound in the literature.

3.2. Optoelectronic properties

It is well known in the self-consistent band structure
calculation within DFT, both LDA and GGA usually underestimate
the energy gap [19]. This is mainly due to the fact that they are
based on simple model assumptions which are not sufficiently
flexible to accurately reproduce the exchange correlation energy
and its charge derivative. Engel and Vosko considered this
shortcoming and constructed a new functional form of GGA [20]
which is able to better reproduce the exchange potential at the
expense of less agreement in the exchange energy. This approach
called EV-GGA, yields better band splitting and some other
properties which mainly depend on the accuracy of exchange
correlation potential. The Engel-Vosko GGA approximation [20]
seems to yield better band splitting compared to LDA and GGA.
Therefore, it is useful to use the EV-GGA for the electronic and
optical properties [21,22].

3.2.1. Band structure and density of states

The calculated electronic band structures along the symmetry
points of the Brillouin zone and the total densities of states (DOS)
of the CdAl,Se, compound are shown in Fig. 1. The overall profile
of the valence and conduction bands configuration of our
calculated band structures is in fairly good agreement with
previous theoretical calculations [3,11]. The valence band
maximum (VBM) and the conduction band minimum (CBM) are
located at the I' point resulting in a direct band gap of about
2.927eV. Our calculated energy band gap is very close to the
experimental one (3.07 eV) obtained by KrauR et al. [5].

The valence band region of the band structure is about 13.0eV
wide, and it is divided into three sets we will call them as low-,
intermediate-, and higher-energy sets of bands. We have analyzed
the contribution of the anion and cations states to each set of
bands by decomposing the DOS into s-, p-, and d-orbital
contributions. The result is the site-projected partial density of
states shown in Fig. 2a-c. The low-energy set of valence bands
(—12.72 to —11.24eV) are derived from Se-s orbitals with a small
contribution from Cd-d orbitals (—7.75 to —7.40eV). The
intermediate-energy set of valence bands are derived from the
semi-core Cd-d orbitals. The higher-energy set of valence bands
can be further divided into two sub-bands. The lower-energy sub-
band from —5.5 to —3.2eV is an Al-s and Se-p bands. The higher-
energy sub-band from —3.2eV up to Fermi energy (Ef) is a Se-p
band with a small contribution from Al-p, Cd-d and Cd-s orbitals.
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Fig. 1. Calculated band structure and total density of CdAl,Sey.

3.2.2. Linear optical properties

The investigated compound crystallizes in the I4 space group.
This symmetry group has two dominant components of the
dielectric tensor. These dielectric functions are &5 (w) and &}(w),
corresponding to the electric field direction parallel and perpen-
dicular to the crystallographic c¢ axis. The calculation of &(w)
requires the precise values of energy eigenvalues and electron
wavefunctions. These are natural outputs of a band structure
calculation.

In order to get the best optical spectra of the dielectric function
&(w), a dense mesh of uniformly distributed k-points is required.
Hence, the Brillouin zone (BZ) integration was performed with
657 points in the irreducible part of the Brillouin zone. Our
calculated optical properties are scissor corrected [23] by 0.143 eV,
this value is the difference between the calculated (2.927 eV) and
measured (3.07 eV) [5] energy band gap. This could be traced to
the fact that DFT calculations usually underestimate the energy
gaps. For this reason we have used the scissor correction, which
merely makes the calculated energy band gap equal to the
experimental one. The dielectric function &(w) can be used to

describe the linear response of the system to electromagnetic
radiation, which is related to the interaction of photons with
electrons.

Generally there are two contributions to &(w), namely due to
intra-band and inter-band transitions. The contribution due to
intra-band transitions is crucial only for metals. The inter-band
transitions of the dielectric function &(w) can be split into direct
and indirect transitions. We neglect the indirect inter-band
transitions involving scattering of phonons assuming that they
give a small contribution to &(w). To calculate the direct inter-band
contributions to the imaginary part of the dielectric function
& (w), it is necessary to perform summation over the BZ structure
for all possible transitions from the occupied to the unoccupied
states. Taking the appropriate transition matrix elements into
account, we calculated the imaginary part of the dielectric
functions &,(w) using the expressions given in the Refs. [24,25].

Fig. 3 illustrates the imaginary and real parts of the electronic
dielectric function &(w) spectrum for a radiation up to 20eV. Our
analysis & (w) curve shows that the threshold energy (first critical
point) of the dielectric function occurs at 3.07 eV. This point is
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Fig. 3. Calculated imaginary and real parts of the frequency dependent dielectric
function &(w) of CdAl,Se4: &5 (w) (light solid curve), &5 (w) (light dotted curve), &f ()
(light solid curve) and &} (w) (light dotted curve).

I',—TI'. splitting which gives the threshold for direct optical
transitions between the highest valence and the lowest
conduction band. This is known as the fundamental absorption
edge. The origin of these peaks is attributed to the inter-band
transitions from the occupied Cd- (Al-) p and Se-s states to the
unoccupied Cd- (Al-) p and Se-d states. Beyond these points, the
curve increases rapidly. This is due to the fact that the number of
points contributing towards &,(w) increases abruptly. &5 (w) and
&5 (w) display one major peak situated at energies 5.8 and 6.2 eV,
respectively. We note an insignificant hump on the left shoulder of
the main peak situated at energies 4.8 and 5.2 eV for &5 (w) and
&5 (w), respectively. The magnitudes of & () and &}(w) maxima
decrease when we move to higher energies. It is known that peaks
in the optical response are caused by the electric-dipole
transitions between the valence and conduction bands. In order
to identify these peaks we need to consider the optical matrix

elements. At the low and high energy range both & (®) and &} (w)
show isotropic behavior, while in the intermediate energies they
show anisotropic behavior.

The real part ¢;(w) of dielectric function can be evaluated from
the imaginary part &(w) by using Kramer-Kronig relationship.
The static dielectric constant &;(0) is given by the low energy limit
of &1(w). Note that we do not include phonon contributions to the
dielectric screening. ¢(0) corresponds to the static optical
dielectric constant (&..). The calculated value of &{(0) and & (0)
are listed in Table 2. Our calculations show that there is a weak
anisotropy between the extraordinary and ordinary components
of ¢1(w) and & (w).

The refractive index n(w), the reflectivity R(w) and electron
energy loss function L(w) can be derived from ¢&;(w) and &(w). In
Fig. 4a and b, we show the calculated ordinary and extraordinary
components of the refractive index n(w) along with experimental
data [4]. The refractive index spectrum shows a weak anisotropy
between extraordinary and ordinary components. The refractive
index reaches a maximum value of about 3.4 and 3.53 at 4.13 and
4.24 eV for n'(w) and n*(w), respectively. The values of calculated
n"(0) and nt(0) are listed in Table 2. Generally a compound which
shows considerable anisotropy in the linear optical susceptibilities
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Fig. 6. Calculated An(w) spectrum of CdAl,Se, compound.

favors an important quantity in second harmonic generation
(SHG) and optical parametric oscillator (OPO) due to better
fulfilling of phase matching conditions, determined by
birefringence. The birefringence is the difference between the
extraordinary and ordinary refraction indices, An = n, — ng, where
n. is the index of refraction for an electric field oriented along the
c-axis and ng is the index of refraction for an electric field
perpendicular to the c-axis. Since this compound shows very weak
anisotropy as a consequence it possesses small birefringence
An(w) (see Fig. 6). Birefringence is important only in the non-
absorbing region, which is below the energy gap.

The reflectivity spectra for the ordinary and extraordinary
components are shown in Fig. 5a. Again it shows a weak
anisotropy between the two components. The energy loss
function L(w) (see Fig. 5b) shows the main peak in the energy
loss function, which defines the screened plasma frequency w,
[26] are located at 19.0eV. This main peak corresponds to the
abrupt reduction of the reflectivity spectrum R(w) and to the zero
crossing of ¢;(w) (Fig. 6).

3.2.3. Second harmonic generation

The complex second-order nonlinear optical susceptibility
tensor X%’(—Zw;w; w) can be generally written as the sum of
three physically different contributions (see Ref. [27]). For

simplicity we call ;{EJ?,:(—Zco;w; ) asy@(w). The subscripts i, j,

and k are Cartesian indices. It is known ]from the previous work of
Hahn et al. [28] that the structure of CdAl,Se, is I4. The lower
symmetry of the defect chalcopyrites S, suggests that they will be
uniaxial and may also have interesting nonlinear optical proper-
ties. While it is true that the lower symmetry will allow other
nonzero components of the yifﬁq = 2d,3, tensor, the magnitude of
the ¥® is known to vary strongly with band gap and the latter is
still poorly known. In the point group 42m = D,,4, the symmetry
allowed the components dji4=dyxyy =dp2s =dyy and
d(36) = dzxyy Which are further more equal in the static limit by
Kleinman symmetry. In the point group 4 =S4, the allowed
components are all of the above and in addition: dzy,, diyxz;, diyzy,
dixz, dgyyy and dixg. Our calculated second-order nonlinear
optical susceptibilities ng;’()(w) are scissors corrected. Xfﬁg(w) is
very sensitive to the scissors correction. The scissors correction
has a profound effect on magnitude and sign of xi.jz,j(w). That is
attributed to the fact that the DFT calculations underestimate the

energy gaps. Hence when we use the scissors correction it will
@)
ijk

have a considerable effect on y:;)(w). It is well known that

Im % @()

N FETTH FETE FRNTI FRETI FNUTE FRETE FRNEL FRRTI SRUTI FENTY SRURE FNRTE FRRTL FRRTL ARET AT

0051 152253354455 5566577538
Energy (eV)

Fig. 7. Calculated Imy%)(w) and Imy@y(w) (upper panel), Im {2 (w) and

Im Xﬁgfz(m) (intermediate panel), Im x'zf,;,(m) and Im X(zi:c(“)) (lower panel). All
Im »@ are multiplied by 10~7, in esu units.
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nonlinear optical properties are more sensitive to small changes in
the band structure than the linear optical properties. Hence any
anisotropy in the linear optical properties is enhanced in the
nonlinear spectra. This is attributed to the fact that the second
harmonic response Xﬁﬁg(w) involves 2w resonance in addition to
the usual w resonance. Both the 2w and w resonances can be
further separated into inter-band and intra-band contributions.
The calculated imaginary part of the second harmonic generation
(SHG) susceptibility is shown in Fig. 7. A definite enhancement in
the anisotropy on going from linear optical properties to the
nonlinear optical properties is evident (Fig. 7-first panel). We have
calculated the total complex susceptibility of all nonzero
components of ngk)(co). We established that x%)(w) is the
dominant component. We can identify the origin of the peaks in
these figures as being 2w /w resonance of the peaks in the linear
dielectric function. In Fig. 8, we show the w and 2w inter-/intra-
band contributions to the Im }(%(w) component. We note the
opposite signs of the two contributions throughout the frequency
range. As can be seen the total second harmonic generation
susceptibility is zero below half the band gap. The 2w terms start
contributing at energies ~1/2E, and the w terms for energy
values above Eg. In the low energy regime ( < 1.535eV) the SHG
optical spectra are dominated by the 2w contributions. Beyond
3.07eV (value of the fundamental energy gap) the major
contribution comes from the w term.

One would expect that the structures in Im ;{Ef,)(a)) could be
understood from the structures in & (w). Unlike the linear optical
spectra, the features in the SHG susceptibility are very difficult to
identify from the band structure because of the presence of 2w
and o terms. But we can make use of the linear optical spectra to
identify the different resonance leading to various features in the
SHG spectra. The first structure in Im x4y (w) and Im yi(w)
between 1.535 and 3.5 eV is mainly from 2w resonance and arises
from the first structure in &,(w). The second structure between 3.5
and 4.5 eV is associated with interference between a w resonance
and 2 resonance and associated with high structure in &;(w). The
last structure from 4.5 to 5.5 is mainly due to w resonance and
associated with the tail in &;(w).

4. Conclusion

The all electron full potential linearized augmented plane wave
method has been used for an ab initio theoretical study of the

band structure, total and partial density of states, and the spectral
features of the linear and nonlinear optical susceptibilities. Our
calculations show that the valence band maximum (VBM) and the
conduction band minimum (CBM) are located at the I' point
resulting in a direct band gap of about 2.927 eV. Our calculated
energy band gap is very close to the experimental one (3.07 eV).
This agreement is attributed to the fact that the Engel-Vosko GGA
formalism optimizes the corresponding potential for the band
structure calculations. The ground state quantities such as lattice
parameters (a, ¢, x, ¥y and z), bulk modules B and its pressure
derivative B’ are evaluated. We found that they are in reasonable
agreement with the available experimental data and theoretical
calculations. To complete the fundamental characteristics of the
investigated compound, we have calculated and analyzed their
linear and nonlinear optical susceptibilities. We have calculated
the total complex susceptibility of all nonzero components of
%4 () and we found that 7% () is the dominant component. We
demonstrate the effect of using a full potential on the band
structure, density of states, and the linear and nonlinear optical
susceptibilities.
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