
Computational Materials Science 95 (2014) 328–336
Contents lists available at ScienceDirect

Computational Materials Science

journal homepage: www.elsevier .com/locate /commatsci
Optoelectronic and transport properties of Zintl phase KBa2Cd2Sb3

compound
http://dx.doi.org/10.1016/j.commatsci.2014.07.031
0927-0256/� 2014 Elsevier B.V. All rights reserved.

⇑ Corresponding authors. Tel.: +420 777 083 956 (S.A. Khan), tel.: +420 777 729
583 (A.H. Reshak).

E-mail addresses: sayaz_usb@yahoo.com (S.A. Khan), maalidph@yahoo.co.uk
(A.H. Reshak).
Saleem Ayaz Khan a,⇑, A.H. Reshak a,b,⇑
a New Technologies – Research Center, University of West Bohemia, Univerzitni 8, 306 14 Pilsen, Czech Republic
b Center of Excellence Geopolymer and Green Technology, School of Material Engineering, University Malaysia Perlis, 01007 Kangar, Perlis, Malaysia

a r t i c l e i n f o a b s t r a c t
Article history:
Received 25 February 2014
Received in revised form 14 July 2014
Accepted 20 July 2014

Keywords:
Electronic structure
Optical properties
Thermoelectric properties
Seebeck coefficient
The electronic structure, optical response and transport properties of KBa2Cd2Sb3 compound were calcu-
lated using the state-of-the-art all electron full potential linear augmented plane wave (FPLAPW)
method. The calculated band structure and density of states exhibit an energy gap of about 0.71 eV. Close
agreement was found among the optimized atomic positions, calculated bond lengths, bond angles and
the experimental data. The bonding nature of KBa2Cd2Sb3 was investigated using the calculated charge
density contour plot. Additionally the complex dielectric function, refractive index, absorption coefficient,
reflectivity and energy loss function were calculated and discussed in detail. The investigated optical
parameters show high effectiveness for improvement of optoelectronic devices. The calculated uniaxial
anisotropy value (0.01327) confirm there existence a considerable anisotropy among the spectral compo-
nents of dielectric function and its derivatives. The investigation of electrical and thermal conductivities,
Seebeck coefficient, power factor and figure of merit (ZT = 1) have confirmed that this material is a robust
for thermoelectric applications.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Energy crises are global problem and a big challenge of present
time because of the reduction in fossil fuels with great consump-
tion. On the other hand combustion of fossil fuels is major source
of global pollution. Thermoelectric phenomena is the safe and fas-
cinating way that deals with the conversion between thermal and
electrical energy are expected to play an increasingly significant
role to face the future energy challenges [1,2]. The complex bulk
materials like clathrate, skutterudites and zintl phases were inves-
tigated to be highly efficient for thermoelectric properties [3–5].

Among them, the zintl phases that represent the important
class of inter-metallic compounds are formed when early post-
transition metals and semi-metals are combined with alkali and
alkaline earth metals [6–8]. In this class of compounds the bonds
formation are assumed to be occur by complete transfer of valence
electrons depending on the electro-negativities of the atoms.
According to this idea each atom is supposed to get a closed-shell
state that confirms the octet rule, permitting the structure to be
‘‘broken down’’ to cations and (poly) anions [6–9]. Hence the zintl
phases offer the bridging role between intermetallic and insulator
compounds [10]. This class of compounds have attained consider-
able attention in the society of material engineering due to their
diverse structures, and they are effective precursors for solution
synthesis of nano-particles or metal clusters [9,11–16]. In recent
years, zintl phase compounds have gained considerable attention
as potential materials for thermoelectric applications [17,18]. In a
sequence of latest articles [19–21], it has been shown that the
desirable complex structures and electron transport properties of
the zintl phases can lead to enhanced thermoelectric performance.

An imperative work has been done on expanding the chemistry
of the zintl phases towards the transition metals (half and filled d-
states), and the metals from the lanthanide series. The Saprov et al.
[10] synthesized and structurally characterized many novel
ternary compounds, where Sr9Cd4+xSb9 and Ca9Zn4+xSb9 [22,23],
Eu11Cd6Sb12 and Eu11Zn6Sb12 [24], Ba21Cd4Bi18 and Ba21Cd4Sb18

[25], Ba3Cd2Sb4 [26], Yb2CdSb2 [27], are few examples with the
divalent alkaline-earth and rare-earth metals. Saprov et al. [10]
also synthesized five new zintl phases KA2Cd2Sb3 (A = Ca, Sr, Ba,
Eu, Yb) compounds. They have used tight-binding linear muffin-
tin orbital (TB-LMTO) method with LDA (Von Barth and Hedin)
[28] to calculate the electronic band structure. Generally LDA
underestimate the calculated energy gap in comparison to experi-
mental data. Moreover it is impossible to develop photonic devices
for optical communication without proper understanding of
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Fig. 1. Optimize unit cell of KBa2Cd2Sb3 semiconductor.

Table 1
Present optimized and experimental cryptographic data of KBa2Cd2Sb3

semiconductor.

Atom X (opt.)a Expt. Y (opt.)a (Expt.) Z (opt.)a Expt.

K 0.39941 0.39950 1/4 1/4 0.55417 0.55420
Ba1 0.09913 0.09900 1/4 1/4 0.42773 0.42739
Ba2 0.37277 0.37313 1/4 1/4 0.28959 0.28929
Cd1 0.30499 0.30416 1/4 1/4 0.08358 0.08380
Cd2 0.36456 0.36477 1/4 1/4 0.78340 0.78276
Sb1 0.07942 0.07932 1/4 1/4 0.63495 0.63407
Sb2 0.13443 0.13491 1/4 1/4 0.19620 0.19685
Sb3 0.71219 0.71313 1/4 1/4 0.57554 0.57575

Exp. [10].
a Present work with GGA-PBE.
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optical properties of the materials [29]. The optical properties give
deep insight into material’s structure therefore it is necessary to
highlight the optical properties of the investigated compound.

Present work is aimed in calculating the structural, electronic,
optical and thermoelectric properties of KBa2Cd2Sb3 compound
using the full potential linear augmented plane wave (FP-LAPW)
method which confirmed to be one of the most precise method
[30,31] within a framework of density functional theory (DFT).
2. Crystal structure and computational detail

The structure of KBa2Cd2Sb3 was crystallized in orthorhombic
symmetry having space group Pnma (No. 62) with four molecules
Fig. 2. Calculated band structure of KBa2Cd2Sb3 s
per unit cell [10]. The optimized crystal structure of KBa2Cd2Sb3

compound is represented in Fig. 1. The optimized atomic positions
along with the experimental data [10] are listed in Table 1. The
present calculations are performed using the full potential linear
augmented plane wave (FPLAPW) method within the frame work
of WIEN2K code [32]. The self-consistent calculations were
achieved by using local density approximation (LDA-CA) [33], gen-
eralized gradient approximation (GGA-PBE) [34], and Engel Vosko
generalized gradient approximation (EVGGA) [35]. In order to con-
verge the energy eigenvalues the wave function in the interstitial
region was expanded in plane waves with cutoff RMTKmax = 7.0.
Where RMT represent the muffin-tin (MT) sphere radius and Kmax

corresponds to the magnitude of largest K vector in plane wave
expansion. The selected MT sphere radii (RMT) are 2.0 a.u. for K,
Ba, Cd and Sb, respectively. The wave function inside the sphere
was expanded up to lmax = 10 where as the Fourier expansion of
the charge density was up to Gmax = 12(a.u.)�1. The crystal struc-
ture is optimized by minimization of forces acting on the atoms.
The convergence of the self-consistent calculations are considered
to be converged when the difference in total energy of the crystal
did not exceed 10�2 mRyd and the forces are less than 1 mRyd/a.u.
for successive steps. The self consistencies were obtained by 120 k
points in irreducible Brillouin zone (IBZ), initiated from 1000 k
points in the Brillouin zone (BZ).
3. Results and discussion

3.1. Band structure and density of state

The calculated electronic band structure plays a significant role
in understanding the nature of the materials. The electronic band
structure of KBa2Cd2Sb3 was calculated along high symmetry point
using three schemes LDA-CA, GGA-PBE and EV-GGA as shown in
Fig. 2(a–c). The calculated band structures show that the valence
band maximum (VBM) and conduction band minimum (CBM) are
located at the centre of BZ resulting a direct band gap (U ? U).
The calculated values of the energy gap using three schemes are
0.26 eV (LDA), 0.37 eV (GGA) and 0.71 eV (EVGGA). Generally
LDA-CA and GGA-PBE underestimate the value of the calculated
energy band gap in comparison to the experimental one. This is
mainly due to the fact that they have simple forms that are not
sufficiently flexible to accurately reproduce both the exchange–
emiconductor; (a) LDA; (b) GGA; (c) EVGGA.



Fig. 3. Calculated total and partial densities of states (states/eV unit cell); (a) TDOS using LDA, GGA, EVGGA; (b–e) PDOS using EVGGA.
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correlation energy and its charge derivative. Usually EVGGA was
obtained by optimizing the exchange–correlation potential Vxc

instead of the corresponding energy Exc. This approach yields bet-
ter band splitting and structural properties that mainly depend
on the accuracy of the exchange–correlation potential [36–38]
therefore this functional is selected for further explanation of par-
tial density of states (PDOS).

The calculated total and partial density of states are shown in
Fig. 3(a–e). The calculated partial density of states (PDOS) show
that the core bands around �15.0 eV is formed by K-p state. The



Fig. 4. Electronic charge density contour of KBa2Cd2Sb3 in (030) plane.

Table 2
Calculated bond length of KBa2Cd2Sb3 single molecule.

Bonds (Å) Present worka Expt.

Sb1–Cd1 � 2 3.023 3.023
Sb1–Cd2 3.133 3.140
Sb2–Cd2 � 2 2.868 2.856
Sb2–Cd1 2.925 2.916
Sb3–Cd1 2.926 2.923
Sb3–Cd2 3.092 3.091
Cd1–Sb2 2.925 2.916
K–Sb2 � 2 3.455 3.446
K–Sb3 � 2 3.598 3.606
Ba1–Sb1 3.474 3.465
Ba1–Sb3 � 2 3.497 3.489
Ba1–Sb1 � 2 3.562 3.553
Ba2–Sb2 3.443 3.443
Ba2–Sb3 � 2 3.525 3.531
Ba2–Sb1 � 2 3.630 3.636

Expt. [10].
a Present work with GGA-PBE.

Table 3
Calculated bond angles of KBa2Cd2Sb3 single molecule.

Angles (�) Present worka Expt.

Sb2–Cd2–Sb1 102.55 102.78
Sb3–Cd2–Sb1 104.47 103.79
Sb2–Cd1–Sb3 105.47 106.27
Sb1–Cd1–Sb1 109.57 109.51
Sb3–Cd1–Sb1 117.85 117.41
Sb2–Cd2–Sb2 118.88 119.63

Expt. [10].
a Present work with GGA-PBE.
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peak around �13.6 eV is shaped by Sb-s/d, Ba-s/p and Cd-p states.
In energy range from �9.8 to �7.5 eV, the bands are originated
from prevailing Cd-d state with negligible contribution of Ba-s,
K-s, Cd-s/p and Sb-s/p/d states. In the energy range between
�4.2 and �2.5 eV the bands are mostly formed with foremost
Cd-s and Sb-p states while the contribution of the other states is
very small. The lower and upper valence bands are formed by pre-
dominant Cd-d and Sb-p states with small contribution from K-s,
Ba-s, and Sb-d states. The conduction band is mainly shaped by
Cd-s and Sb-p states with small part of Cd-p and Sb-s/d states.
The higher energy bands are shaped by Cd-s/p and Sb-p with small
contribution from K-s, Ba-s/d and Sb-s/d states.

3.2. Electronic charge density

The precise bonds nature of the materials can be justify by
electronic charge density plot [39,40]. To envisage the chemical
bonding nature among the composition of KBa2Cd2Sb3 compound,
we have calculated the distribution of charge density in the (030)
crystallographic plane as shown in Fig. 4. The thermo-scale shows
the intensity of the charge density, in which the blue1 color repre-
sent the maximum intensity while the red color exhibit the zero
charge density. The spectra of the electronic charge density show
there exists a strong ionic bonding between Cd and Sb, also partially
covalent and dominant ionic bonds between Sb and Ba atoms. Fur-
ther study confirm that inter atomic distance between Cd–Sb is less
than that of Ba–Sb indicating the strength of Cd–Sb bonds. From the
calculated electronic charge density it is clear that the charge density
around the Sb atom is maximum than the other atoms. We have also
calculated bond lengths and angles which show good agreement
with experimental data [10]. These are listed in Tables 2 and 3.

3.3. Optical properties

The complex dielectric function e(x) is directly related to the
energy band structure of solids. The optical spectroscopy analysis
of e(x) is a powerful tool to determine the overall band behavior
of a solid. The present work deals with complex dielectric function
e(x) = e1(x) + ie2(x) which is the most important aspect for calcu-
lating the optical response of the material. The dielectric function’s
dispersions contain intra- and inter-band transitions. The intra-
band transitions are important only for metals. Inter-band transi-
tions are further divided into direct and indirect band transitions.
We ignore the phonons contribution involved in the indirect
inter-band transition and only consider direct band transition
between occupied and unoccupied states. For the calculation of
frequency dependent dielectric function e(x), we need to have
the correct energy eigenvalues and electron wave functions [41].
Both energy eigenvalues and electron wave functions are the nat-
ural output of calculating the band structure. The crystal structure
symmetry of KBa2Cd2Sb3 allowed only three principal diagonal
non-zero second order dielectric tensor components. These are
exx(x), eyy(x) and ezz(x) along a, b and c crystallographic axis.
These dielectric tensor components of e2(x) are required for com-
plete description of linear optical susceptibilities. These compo-
nents can be obtained using the expression taken from Ref. [42].

eij
2 ¼

4p2e2

Vm2x2
�
X
nn0r

knr pij jkn0r
� �

kn0r pj

�� ��knr
� �

� f knð1� f kn0 ÞdðEkn0 � Ekn � �hxÞ ð1Þ

In this expression m and e stand for mass and charge of electron
1 For interpretation of color in Fig. 4, the reader is referred to the web version o
this article.
f

and x represent the electromagnetic radiation striking the crystal,
V represent the volume of the unit cell, in bracket notation p corre-
spond to momentum operator, knrj i represent the crystal wave
function with crystal momentum k, and r spin correspond to the
eigenvalue Ekn. The Fermi distribution function correspond to fkn

which makes sure the counting of transition from occupied to
unoccupied state. The term dðEkn0 � Ekn � �hxÞ shows the condition
for conservation of total energy. The spectral peaks of absorptive
part of dielectric function exhibit the allowed electric-dipole tran-
sitions between the valence and conduction bands. In order to
identify these structures we need to look at the magnitude of the
optical matrix elements. The observed structures would corre-
spond to those transitions that have large optical matrix dipole
transition elements.



Fig. 5. (a) Calculated exx
2 ðxÞ, eyy

2 ðxÞ and ezz
2 ðxÞ (b) calculated exx

1 ðxÞ, eyy
1 ðxÞ and ezz

1 ðxÞ (c) calculated nxx(x), nyy(x) and nzz(x) (d) calculated Ixx(x), Iyy(x) and Izz(x) (e)
calculated Rxx(x), Ryy(x) and Rzz(x) (f) calculated Lxx(x), Lyy(x) and Lzz(x).
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Fig. 5(a) represents the absorptive (imaginary) optical spectra of
dielectric tensor components. Broadening is taken to be 0.1 eV
which is typical of the experimental accuracy. The narrow band
gap semiconductor KBa2Cd2Sb3 shows transparency to the electro-
magnetic (EM) waves in lower energy region. The fundamental
absorption edge occurs at 0.71 eV for exx
2 ðxÞ, eyy

2 ðxÞ and ezz
2 ðxÞ,

respectively. These fundamental absorption edges provide infor-
mation about threshold for direct optical transitions between the
valence and conduction band extrema’s. The dominant peaks in
spectral components of e2(x) are positioned around 2.7 eV
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corresponds to the transition of electrons which arise mainly from
direct transition from occupied to unoccupied bands. The real part
of the frequency dependent dielectric function is related to the
electric polarizability of the material and can be calculated from
imaginary part using Kramers–Kronig relation [43].

e1ðxÞ ¼ 1þ 2
p

P
Z 1

0

x0e2ðx0Þ
x02 �x2 dx0 ð2Þ

In the given expression P symbolize the principal value of inte-
gral. Fig. 5(b) shows the calculated real part of the frequency
dependent dielectric function e1(x). In energy range from
(0–2.5 eV) and (3.5–7.5 eV) there is anisotropy among exx

1 ðxÞ,
eyy

1 ðxÞ and ezz
1 ðxÞ. The rest of range shows isotropy among the

three components. The calculated optical dielectric constants at
zero energy exx

1 ðxÞ, eyy
1 ðxÞ and ezz

1 ðxÞ are 10.9, 11.6 and 11.4 eV,
respectively. The maximum peaks are located at 1.3 eV for exx

1 ðxÞ,
1.9 eV for eyy

1 ðxÞ and 1.6 eV for ezz
1 ðxÞ, respectively. The calculated

uniaxial anisotropy de ¼ ½ðek0 � e?0 Þ=etot
0 � is 0.01327, indicating the

considerable anisotropy [44] among the spectral components of
the dielectric function.

Fig. 5(b) also elucidates that at very low frequencies the optical
properties of KBa2Cd2Sb3 reveal a metal-like characteristics,
whereas at highest frequencies the optical spectra behave like
insulators. A distinctive frequency at which the material changes
from a metallic to a dielectric response is called the plasma fre-
quency xp which is defined as the frequency at which the real part
of the dielectric function vanishes e1(x) = 0 [45]. The calculated
values of xxx

p , xyy
p and xzz

p are shown in Table 4.
The other optical properties such as refractive index n(x),

reflectivity R(x), absorption coefficient I(x), and energy loss
function L(x) can be evaluated using the calculated spectra of
e1(x) and e2(x) as shown in Fig. 5(c–f). The calculated static values
of non-zero tensor components of refractive index and real part of
dielectric tensor components are shown in Table 4. We note that a
smaller energy gap yields a larger e1(0) value. This could be
explained on the basis of the Penn model [46].

e1ð0Þ � 1þ ð�hxP=EgÞ2 ð3Þ

Eg is some kind of averaged energy gap which could be related to
the real energy gap and xP represent plasma frequency. It is obvi-
ous that e1(0) is inversely proportional to Eg. Hence a large Eg yields
a smaller e1(0). Also e1(0) is directly related to the n(0) by the rela-
tion nð0Þ ¼

ffiffiffiffiffiffiffiffiffiffiffi
e1ð0Þ

p
. The three non-zero components of R(x) show

28.8, 29.4 and 29.8% reflection at 0.0 eV. The reflectivity spectra
shows considerable anisotropy among the three components in
the energy range between 0.0 and 12.8 eV and shows isotropy in
higher energy range (12.8–13.5 eV). The maximum reflectivity
(59%) is found at higher energies.

The calculated absorption coefficient I(x) corresponding to the
band gap of the material, show short cut-off in IR region increases
Table 4
Calculated band gap and other optical constants of KBa2Cd2Sb3 single crystal.

LDA GGA EVGGA

eaverage
1 (0) 16.4 15.0 11.3

exx
1 ð0Þ 15.8 14.5 10.9

eyy
1 ð0Þ 17.0 15.5 11.6

ezz
1 ð0Þ 16.3 15.0 11.4

nxx(0) 3.98 3.81 3.31
nyy(0) 4.13 3.94 3.40
nzz(0) 4.04 3.87 3.37
Eg (eV) 0.26 0.37 0.71
xxx

p 0.05 0.03 0.01

xyy
p 0.44 0.40 0.25

xzz
p 0.04 0.05 0.05
from 0.71 eV and shows maximum absorption of 115 � 104 cm�1

(6.5 eV), 119 � 104 cm�1 (5.5 eV) and 118 � 104 cm�1 (6.5 eV).
The spectral components show weak isotropy up to 2.8 eV. For rest
of range there is considerable anisotropy among Ixx(x), Iyy(x) and
Izz(x).

The L(x) describes the energy loss by fast moving electron
inside the material. The sharp peaks produced in L(x) around
10.5, 10.0 and 11.0 eV are due to the plasma oscillation [47]. The
above cases show considerable anisotropy among the three tensor
components in the energy range (10–12.5) eV and (15–23) eV
while rest of range shows isotropic behavior among the three
components.

3.4. Thermoelectric properties

Thermoelectric materials are prominent group of compounds
which keep importance in both traditional research and industrial
side. The thermoelectric devices are often more reliable than tradi-
tional mechanical devices and suffer less wear. On the other hand,
efficiency of the thermoelectric devices is much less than tradi-
tional devices. In order to increase the efficiency of these devices,
we need to investigate materials with enhanced thermoelectric
properties [48]. Using the calculated band structure, one can
evaluate the thermoelectric transport tensors using the standard
Boltzmann kinetic transport theory and the rigid band approach
[49]. The main factors for discussing the thermoelectric properties
are electrical conductivity, Seebeck coefficient tensors and thermal
conductivity which are the function of temperature (T) and chem-
ical potential (l) expressed in Refs. [49,50].

The BoltzTrap program [49] is used for calculating the transport
properties which depend on a well tested smoothed Fourier inter-
polation to obtain an analytical expression of bands. In the present
approach the relaxation time s is taken to be a constant because it
cannot be determined from band structure calculations. On the
basis of consequence that the electrons participate to transport
are in a narrow energy range due to the delta-function like Fermi
broadening. For such a narrow energy range the relaxation time
is nearly the same for the electrons. The validity of this method
has been tested earlier which turns out to be a good approximation
[51]. The dependence of temperature for energy band structure is
ignored.

It is proven that high thermoelectric efficiency is the result of
high electrical conductivity, large Seebeck coefficient and low
thermal conductivity [17]. The thermoelectric performance of a
material is characterized by the dimensionless figure of merit (ZT).

ZT ¼ S2Tr
ðkel þ kphÞ

ð4Þ

where S represents the Seebeck coefficient, r is the electrical con-
ductivity, and kel, kph are the thermal conductivities attributed to
electrons and phonons, respectively.

Fig. 6(a–e) demonstrates average values of tensor components
of transport properties vs. chemical potential (l) at 300, 500 and
700 K. The average electrical conductivity (r/s)av represents higher
value of 5.6 � 1019(X m s)-1 and 4.7 � 1019(X m s)�1 for n-type
and p-type regions at 300 K. When temperature is increased to
500 K and 700 K the lattice thermal conductivity shifts the elec-
trons to the conduction band and material show metallic behav-
iors. The collision of the electron in the conduction band resists
the mobility of electron and as a result the (r/s)av in both n- and
p-type region decreased as shown in Fig. 6(a).

The magnitude and sign of the Seebeck coefficient is linked to
the asymmetry of the electron distribution around the Fermi level
[52]. The selected Fermi energy creates an asymmetric energy dis-
tribution of electrons moving in the material concerning the Fermi



Fig. 6. (a) Calculated (r/s)av (b) calculated Sav (c) calculated (k/s)av (d) calculated Pav (e) calculated ZTav (f) calculated (r/s)xx, (r/s)yy and (r/s)zz (g) calculated Sxx, Syy and Szz (h)
calculated (k/s)xx, (k/s)yy and (k/s)zz (i) calculated Pxx, Pyy and Pzz (j) calculated ZTxx, ZTyy and ZTzz.
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S.A. Khan, A.H. Reshak / Computational Materials Science 95 (2014) 328–336 335
energy results a greater value of Seebeck coefficient. In contrast
reduction in the Joule heating results decrease in conductivity
agrees with the reported work of Vashaee and Shakouri [53]. The
Seebeck coefficient (Sav) shows maximum value of 1150 lV/K
and �1100 lV/K at 300 K. As one move towards higher tempera-
ture (500 K and 700 K) the Sav reduced to ±700 lV/K and
±500 lV/K as shown in Fig. 6(b).

The phonon subsystem also gives crucial contribution [54] but in
the present calculation the BoltzTraP code calculates only the elec-
tronic thermal conductivity. The average thermal conductivity (k/
s)av shows the converse result elucidate less value (3.5 � 1014 W/
m K s and 3.25 � 1014 W/m K s) for n and p-type at 300 K. At
500 K, (k/s)av increased to 5.25 � 1014 and 4.90 � 1014 W/m K s.
When temperature is increased to 700 K, the energy barrier become
thin as shown in Fig. 6(c) and (k/s)av further increased to
6.9 � 1014 W/m K s and 7.0 � 1014 W/m K s in n- and p-type region,
respectively.

The most important quantity for measuring transport proper-
ties is power factor (P). The calculated values of power factor
(Pav = S2r/s) for KBa2Cd2Sb3 are shown in Fig. 6(d). At 300 K, the
calculated Pav show maximum value of 10.0 � 1010 W/mK2 s in n-
type region near the energy barrier. When temperature is
increased to 500 K, the spectral peak of Pav shifts to p-type region
and shows maximum value of 16.4 � 1010 W/mK2 s. At 700 K, Pav

has increased to 20.5 � 1010 W/mK2 s in p-type region.
The most important quantity for measuring transport proper-

ties is figure of merit (ZT) as shown in Fig. 6(e). The calculated
value of dimensionless ZTav also shows significant value (0.95 for
p type and 1.0 for n-type) at 300 K. The calculated ZTav are com-
pared to the experimental figure of Li et al. [55] as shown in
Fig. 6(e) which highlight the importance of the KBa2Cd2Sb3 for
thermoelectric applications.

The ZTav show significant result at 300 K therefore we selected
this temperature (300 K) for further explanation of anisotropic
character of transport properties.

The three principal dielectric tensor components of r/s, S, k/s
and P and ZT are shown in Fig. 6(f–j). The three principal tensor
components of electrical conductivity are (r/s)xx, (r/s)yy and
(r/s)zz which show considerable anisotropy. It is observed that
(r/s)yy is more dominant having the value of 2.65 � 1014(X m s)�1

and 9.6 � 1019(X m s)�1 in n-type and p-type region, respectively.
The contribution of (r/s)xx is small having value of 3.9 � 1014

(X m s)�1 in n-type region which reduced to 2.7 � 1014(X m s)�1

in p-type region. The component (r/s)zz shows small contribution
(3.0 � 1014(X m s)�1) in n-type region. It shifts towards higher
value (3.4 � 1014(X m s)�1) in p-type region. Moreover the three
components Sxx, Syy and Szz shows considerable anisotropy except
in the range between �0.1 and 0.6 eV which shows isotropic
behavior among the three components. The thermal conductivity
spectra also shows considerable anisotropy among (k/s)xx, (k/s)yy

and (k/s)zz. The component (k/s)yy is foremost in whole range.
The three components Pxx, Pyy and Pzz also show considerable
anisotropy. The Pyy component is more dominant around 0.0 eV
and show maximum value of 12.1 � 1010 W/mK2 s. It reduced to
10 � 1010 W/mK2 s for pxx while pyy show maximum peak
(12.1 � 1010 W/mK2 s) in n-type region (�0.08 eV).

The three components ZTxx, ZTyy and ZTzz show isotropic behav-
ior from �0.05 to 0.6 eV while rest of the range show considerable
anisotropy.
4. Conclusion

All electron full potential linear augmented plane wave
(FPLAPW) method based on DFT was used for calculating the elec-
tronic structure, valence electron charge density and linear optical
properties of KBa2Cd2Sb3 semiconductor. The exchange correlation
energy was solved with three schemes namely; local density
approximation (LDA-CA), generalized gradient approximation
(GGA-PBE) and Engel Vosko generalized gradient approximation
(EVGGA). We have explored the band structure and density of
states of the reported compound which has validated that EVGGA
give better energy gap value (0.71 eV). The electronic charge den-
sity contour visualized bonding nature of the constituent atoms.
Moreover the optical spectra of dielectric tensor components of
imaginary e2(x) and real part e1(x) were calculated. Based on cal-
culated uniaxial anisotropy value (0.01327) we have concluded
that there is considerable anisotropy among the spectral compo-
nents of KBa2Cd2Sb3. The other optical constants such as refractive
index n(x), absorption coefficient I(x), reflectivity R(x) and energy
loss function L(x) were calculated using e1(x) and e2(x) which
show high suitability for practical application of optoelectronic
devices. Moreover the electrical conductivity, thermal conductiv-
ity, seebeck coefficient and figure of merit were discussed in detail.
The analysis of figure of merit and power factor confirmed that
KBa2Cd2Sb3 is good thermoelectric material suitable for technolog-
ical applications.
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