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The transport properties of Sry1TinO3,41 (n = 1, 2, 3, o) Ruddlesden—Popper Homologous Series were
evaluated using the semi-classical Boltzmann theory as implemented in the BoltzTraP code. Based on the
electronic band structure calculations, we have calculated the charge carrier's concentration at 300, 600
and 900 K, and found that the Sr4Ti3019 compound exhibit the highest charge carrier's concentration
along the temperature scale.

We also have calculated the electrical conductivity and electronic thermal conductivity at 300, 600 and
900 K, and found that in the vicinity of Fermi level these materials exhibit the minimum value of
electrical conductivity and electronic thermal conductivity, which is represent the regions where the
investigated materials can give its maximum efficiency. For all compounds the highest value of Seebeck
coefficient occurs at 300 K then it decreases with increasing the temperature. We have calculated the
power factor (P) at 300, 600 and 900 K, and found that beyond the vicinity of Fermi level these materials
exhibit the maximum value of P, which is represent the regions where the investigated materials can give
its maximum efficiency. We notice that Sr,TiO4 compound exhibit figure of merit (ZT) equal to unity for
p-/n-type between —0.1 and +0.05 p(eV) at all temperatures, and Sr3Ti;O7 compound exhibit ZT equal to
unity for p-/n-type between —0.1 and +0.02 p(eV). Sr4Tiz019 exhibit ZT equal to unity for all temperatures
in the p-type region, whereas in the n-type region it exhibits a unity at 300 K, 1.1 at 600 K and 1.2 at
900 K. While SrTiO3 exhibit ZT equal to unity for p-/n-type between F0.1 p(eV) at all temperatures.

© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction substrates for high Tc superconductors, or as piezoelectric materials

in actuators [8—13]. A theoretical investigation for the atomic and

The Sr;,1TinO341 (n = 1, 2, 3, o) Ruddlesden—Popper Homol-
ogous series are one of the promising oxide materials which
attracted considerable interest. These materials are belong to the
general formula A;,1B;035.1, it composed of n perovskite blocks
separated and sheared by rock-salt-structured layers along (1/
2)(111). They exhibit various unusual physical properties [1—6].
Owing to their wide energy band gap [1], St 1TizO3n,1 possess a
wide range of electrical behavior varying from a high-dielectric-
constant paraelectric in its undoped form to a superconductor
when doped with a variety of elements [7]. Sty 1Ti,03,41 (n =1, 2,
3, o) compounds are good candidates as dielectric materials in
capacitors, infrared detectors, oxygen ion conductors in sensors,
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the electronic structures of Sry,1TipO3,.1 (n = 1, 2, 3, o) com-
pounds was carried, it was found that the investigated compounds
become unstable with respect to phase dissociation [14]. In 2003,
Fennie and Rabe [15] perform density functional calculation for the
structural and dielectric properties of Sry, 1Ti;03,,.1 (n = 1). An ab
initio calculation was performed for the electronic structure and
the optical conductivity of Sr,MO4 (M = Ti, V, Cr, Mn and Co) [16].

To the best of our knowledge no comprehensive work neither
experimental data nor theoretical calculations on the thermoelec-
tric properties of Sry, 1Ti,03n11 (N =1, 2, 3, oo) Ruddlesden—Popper
Homologous Series have appeared in the literature. Therefore as a
natural extension to our previous work [17] a detailed depiction of
the thermoelectric properties using full potential method is timely
and would bring us important insights in understanding the
transport properties of the investigated compounds. Hence it is
very important to use a full potential method.
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2. Methodology

In Sty 1TipO3n1 (n = 1,2,3,00) Ruddlesden—Popper Homologous
series, the (n = 1, 2, 3) compounds are crystallizes in tetragonal
structure (I4/mmm) whereas (n = o) compound belongs to the
cubic structure (Pm3m) [18]. The crystal structure of the investi-
gated compounds is represented in Fig. 1. For calculating the elec-
tronic band structures of Sr; 1 TinO3,41 (1 = 1, 2, 3, o) compounds
we have employed the state-of-the-art full potential linear
augmented plane wave plus local orbitals (FPLAPW -+ lo) method as
embodied in the WIEN2k code [19]. The exchange and correlation
potential was described by the gradient approximation (GGA) [20],
which is based on exchange-correlation energy optimization to
calculate the total energy. In addition, we have used Engel—Vosko
generalized gradient approximation (EV-GGA) [21] which opti-
mizes the corresponding potential for electronic band structure
calculations. The Kohn—Sham equations are solved using a basis of
linear APW's. The potential and charge density in the muffin-tin
(MT) spheres are expanded in spherical harmonics with Ipnx = 8
and nonspherical components up to lhax = 6. In the interstitial
region the potential and the charge density are represented by
Fourier series. Self-consistency is obtained using 500 k points in the
irreducible Brillouin zone (IBZ). The convergence of the total energy
in the self-consistent calculations is taken with respect to the total
charge of the system with a tolerance 0.0001 electron charges.

To study the influence of vary “n” in St 1TizO3p0.1 (=1, 2, 3, )
compounds on the thermoelectric properties, the semi-classical
Boltzmann theory as implemented in the BoltzTraP code [22] was
used. The thermoelectric transport tensors can be evaluated on the

base of calculated band structure using the standard Boltzmann
kinetic transport theory and the rigid band approach [22]. The
electrical conductivity oqg, Seebeck coefficient S,s and electronic
thermal conductivity kgﬁ tensors are the main transport properties,
We have calculated the thermoelectric properties using 5000 k
points in the IBZ.

3. Results and discussion
3.1. Salient features of the electronic band structures

In order to get a reliable thermoelectric properties (transport
properties), we required accurately calculated electronic band
structure with reasonable k points in the IBZ and accurate ex-
change correlation potential. We have recalculated the electronic
band structures of Srp,1TiyO3n41 (n = 1, 2, 3, co) compounds as
represented in Fig. 2a—d. These figures suggested that the
St 1TinO34041 (n = 1, 2, 3, o0) compounds are indirect band gap
semiconductors, with energy gap decreases with increasing the “n”
from 1 — . The calculated values of the energy gaps are 1.95, 1.89,
1.84,and 1.81 eV forn =1, 2, 3, o0, respectively. These values are less
then the experimental values (3.25—3.5) eV [23,24]. For all cases
the valence band maximum (VBM) is located at X point of the BZ,
while the conduction band minimum (CBM) is situated at the
center of the BZ. One can observe that moving foomn=1—-2 — 3
the number of the band in the VBM and CBM are increases
dramatically and shift the CBM towards the Fermi level. Whereas
for n — oo there is clear reduction in the number of the bands with
reduce the value of the energy gap.

SrzTi04

Sr3Ti207
n=1 n=2

Sr4Ti3010 Sl‘TiO:;
n=3 n=oo

Fig. 1. Crystal structure of Sry,,1Ti,O3n.1 (n = 1, 2, 3, o) Ruddlesden—Popper Homologous Series.



38 A.H. Reshak / Renewable Energy 76 (2015) 36—44

\Y N
72N
S T SroTiO4 |
R AR A=
Lﬂl&%%\ /
AT
3
JAN \O 4
i — L — |
S N X rXx M N X
(a)
\
g lj Sir4Ti:01oi
P e s m==1----gas=-1--—E
2 -i _
= =/
SN X X M N X
©

AV
N
r4

] \
/1

L

Energy(eV)
<

3 N\
4 _
25 N X X M N X

Energy(eV)

Fig. 2. The calculated electronic band structure of Sr, 1Ti;03,,1 (n = 1, 2, 3, oo) Ruddlesden—Popper Homologous Series.

3.2. Effective mass

From the calculated electronic band structures, one can obtain
the values of the effective masses and effective masses ratio. These
values can obtained from the curvature of the upper valence bands
in the vicinity of X point of the BZ and the lower conduction bands
around X point of the BZ. Usually we obtained these values through
a simple parabolic fitting using the definition of effective mass as a
second derivative of energy band with respect to the wave vector, k:

1 9*E(k)
m" p2ak2

(1)

Table 1

Calculated the electron effective mass ratio (m;/me), effective mass of the heavy
holes (m;h/me) and light holes (m;‘h/me), around I" point the center of the BZ for
St 1TinOsp1 (n =1, 2, 3, o) compounds.

Compound mg/me mp, /me my, /me

SroTiO4 0.02701 0.03432 0.01807
Sr3Ti; 07 0.02534 0.05615 0.11687
Sr4Ti3010 0.06888 0.02609 0.01789
SrTiO5 0.02418 0.02357 0.01788
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Fig. 3. The calculated transport properties as a function of chemical potential at three constant temperatures 300, 600 and 900 K of Sty 1TinO3n41 (n = 1, 2, 3, o0) Ruddlesden—Popper
Homologous Series; (a) carriers concentration; (b—e) electrical conductivity; (f—i) Seebeck coefficient; (j—m) electronic thermal conductivity; (n—q) power factor; (r—u) figure of merit.
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Fig. 3. (continued).

One can calculate the curvature of the VBM following the
assumption that, if the spin—orbit interaction were neglected, the
top of the valence band would have a parabolic behavior; this im-
plies that the highest valence bands are parabolic in the vicinity of
the point I". We should emphasize that the St 1Ti;O3n01 (n =1, 2,
3, o0) compounds are satisfy the parabolic condition of the VBM at T’
point. Based on the above assumption we have calculated electron
effective mass ratio (mg/me), heavy holes (m;, /me) and light holes
(my,, /me) effective masses ratio. These values were listed in Table 1.
It is clear that the larger the band curvature, the smaller the

effgctive mass. The mean velocity of the electron is also found from
E(k), according to the relation

. E(R)
Yk ok (2)

For this reason the energy dispersion relations E(?) are very
important in the determination of the transport properties for
carriers in solids. From the electronic band structure diagram
(Fig. 2) one would expect that hole carriers could be thermally
excited to a second band at the X point. At room temperature, the X
point hole carriers contribute significantly to the transport prop-
erties. Therefore, with accurately calculated band structure, and

electron velocities we were able to calculate the transport
properties.

41
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Table 2
The values of the electric conductivity (Q m s)~! at +0.2 p(eV) for S, 1TizO3n.1 (n = 1, 2, 3, o) compounds.
Temp. SrpTiO4 Sr3Ti 07 Sr4Ti3019 SrTiO3
p-type n-type p-type n-type p-type n-type p-type n-type
300 K —14 x 10%° 2.4 x 10%° —~1.4 x 10%° 2.5 x 10%° —-25 x 10?! 0.2 x 10%! —-49 x 10%° 4.4 x 10%°
600 K —~1.4 x 10%° 2.4 x 10%° —~1.5 x 10%° 2.5 x 10%° —-2.1 x 10% 0.2 x 10%! —-4.7 x 10%° 4.4 x 10%°
900 K ~1.4 x 10%° 2.3 x 10%° -1.5 x 10%° 2.3 x 10%° —2.0 x 10%! 0.2 x 10?1 —4.6 x 10%° 4.3 x 10%°

3.3. Thermoelectric properties

The electrical conductivity can be written as ¢ = neu, where n
and u are the carriers (electrons and holes) concentration and their
mobility. The electrons and holes motilities can be written as ue =
ere/mg and uy = erp/my. It is clear that the effective masses of
electrons and holes have big influence on the motilities of the
charge carriers, therefore the carriers with the smallest the effec-
tive mass the highest mobility. To increase the mobility one needs
to rise the temperature, since the temperature increases the charge
carrier's mobility increases, resulting in enhance the electrical
conductivity to reach its maximum value. In general materials with
high electrical conductivity are promising candidates for thermo-
electric devices. In Fig. 3a we have represented the charge carrier's
concentration of Sry1Ti,O03,41 (n = 1, 2, 3, o) compounds as a
function of temperature. It is clear that moving formn=1 -2 — 3
led to increase the concentration of the charge carriers exponen-
tially with increasing the temperature to reach its maximum values
at 850 K. Whereas for the n — oo case the charge carrier's con-
centration increases linearly with increasing the temperature to
achieve the maximum value at 850 K. The maximum values of the
charge carrier's concentration for Sry1Ti;O03,01 (n = 1, 2, 3, )
compounds are 0.3, 0.16, 0.18 and 0.08e/uc, respectively. These
values suggested that SrsTi3019 compound exhibit the highest
charge carrier's concentration along the temperature scale.

Fig. 3b—e represent the electrical conductivity of Sr;, 1TinO3,.1
(n =1, 2, 3, ) compounds as a function of chemical potential at
three constant temperatures (300, 600 and 900) K. We can observe
that the Srj,1TiyO3p41 (n = 1, 2, 3, 00) compounds exhibit the same
critical points of the chemical potential for the electrical conduc-
tivity in p-type and n-type region at F+0.2 p(eV). The Sr;.1Ti;O3n.1
(n =1, 2) compounds achieved its highest electrical conductivity at
0.2 p(eV) for n-type region (see Table 2). Whereas the Sr;. 1Ti;,O3p. 1
(n = 3, o) compounds achieved its highest value of electrical con-
ductivity at —0.2 p(eV) for p-type region (see Table 2). It is clear that
the Srp,11TizO3,41 (N = 1, 2, o) compounds exhibit the same trends
with vary the chemical potential and the temperature, whereas
Sr4Ti3019 compound show different behavior that is attributed to
the high number of O atoms which possess high electronegativity
(3.44) in comparison to Ti (1.54) and Sr (0.95) atoms. Therefore, the
charge density is substantially attracted toward O atoms due to their
high electronegativity. One can see that at the chemical potential
ranges between F0.05, 30.06 and F0.07 p(eV), at 300, 600 and
900 K, respectively for the Sry;1TizO3n41 (n = 1, 2, o0) compounds
and at —0.04, —0.05, +0.07, +0.08 p(eV) at 300, 600 and 900 K,
respectively for the Sr4Ti3010 compound, these materials exhibit the
minimum value of electrical conductivity, which is represent the
regions where the investigated materials can give its maximum
efficiency.

The Seebeck coefficient (S) can be written as a function of
temperature and chemical potential [22] as follow;

O Y p— )'/aag(e)(ef,u)x{fm}de (3)

eTQo g (T, I Oe

where Q is the volume of the unit cell, and fy is Fermi-Dirac
distribution function. Following the above equation, we have
calculated Seebeck coefficient (S) of the Sr;,,1TinO3,1 (n =1, 2, 3,
o) compounds as a function of chemical potential at 300, 600
and 900 K. These are represented in Fig. 3f—i. We would like to
highlight that positive sign of S is related to p-type charge car-
riers, whereas the negative sign of S represent the n-type charge
carrier. Following Fig. 3f—i, one can observe that S show one peak
for p-type and one valley for n-type, at the vicinity of Eg. In all
cases the highest value of Seebeck coefficient occurs at 300 K
then it decreases with increasing the temperature. The values
of +S for p-type Srp. 1Tiy034:1 (1 = 1, 2, ) compounds are
300 (uV/K) while it is 250 (uV/K) for p-type Sr4Ti3019 compound.
The —S values for n-type Sr;.1TipO3,401 (1 = 1, 2, o) compounds
are 290 (nV/K), whereas it is 250 (pV/K) for n-type Sr4TizO10
compound. One can observe that the SrsTizO19 compound show
the lowest values of +S at p-/n-type regions. It is important to
mention that the critical points of +S for p-type and n-type are
F0.2 p(eV) the range where Sr,1Ti;O03,41 (n = 1, 2, 3, o) com-
pounds exhibit very good thermoelectric properties, and beyond
these points +S is vanishes.

The thermal conductivity mathematically can be written as [22];

ST) = g [ s (o) e - { - Tl kg (@)

In general the thermal conductivity (k = ke + ki) consist of two
parts, the electronic part k. in which the electrons and holes
transporting heat and the phonon part k; represents the phonons
traveling through the lattice. It is important to highlight the
important fact that the BoltzTraP code calculates only the electronic
part ke. Materials with low thermal conductivity are considered to
be the most promising candidates for designing the efficient ther-
moelectric devices. Therefore, we are interested to calculate the
electronic thermoelectric conductivity of Srj,,1TinO3p41 (1= 1,2, 3,
o) compounds at three different temperatures as a function of
chemical potential between F0.2 p(eV) as shown in Fig. 3j—m. At
the chemical potential ranges between ¥F0.05, F0.06 and
F0.07 u(eV), at 300, 600 and 900 K, respectively for the
Srp1TinO03n01 (n = 1, 2, ) compounds and at —0.04, —0.05,
+0.07, +0.08 p(eV) at 300, 600 and 900 K, respectively for the
Sr4Ti3010 compound, these materials exhibit the minimum value of
electronic thermal conductivity, which is represent the regions
where the investigated materials can give its maximum efficiency.
The maximum values of the electronic thermal conductivity for p-
type and n-type of the investigated materials at 300, 600 and 900 K
are listed in Table 3, which show that Sr4Ti3019 compound exhibit
the highest values of electronic thermal conductivity for p-/n-type
regions at F0.2 p(eV) for 300, 600 and 900 K.

The existence information on S and ¢/7 helps to evaluate the
power factor (P) since P is directly proportional to S* times /7
according to the formula P = $%(g/7). We should emphasize that P
is very important quantity for calculating the transport properties
of the thermoelectric materials since it come as a numerator of
the figure of merit relation (ZT = PT/k.). Therefore, we have
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Table 3
The maximum values of the electronic thermal conductivity in (W/K m s) at +£0.2 p(eV) for St 1TinO3n1 (n = 1, 2, 3, 00) compounds.
Temp. Sr,TiO4 Sr3Ti;07 Sr4Tiz010 SrTiO3
p-type n-type p-type n-type p-type n-type p-type n-type
300 K 1.0 x 10" 1.8 x 10"° 1.1 x 10" 1.8 x 10"° 1.6 x 106 0.2 x 106 3.4 x 10" 3.2 x 10"
600 K 2.1 x 10" 3.3 x 10"° 2.3 x 10" 3.3 x 10"° 3.6 x 106 0.6 x 106 6.4 x 10"° 6.0 x 10"
900 K 3.5 x 10" 45 x 10" 3.6 x 10"° 4.6 x 10" 46 x 106 0.8 x 106 9.8 x 10" 8.4 x 10"
Table 4
The peaks position of the power factor in p(eV) for Sr,1TinO3n41 (n = 1, 2, 3, 00) compounds.
Temp. Sl'zTiO4 Sl'gTi207 SI‘4Ti3010 Sl'TiOg
p-type n-type p-type n-type p-type n-type p-type n-type
300 K —0.07, —0.19 0.15 —0.07, —0.19 0.1,0.17 -0.07, -0.13, -0.17, —0.18 0.1 —0.07, -0.17, —0.19 0.07
600 K -0.07, -0.19 0.12 -0.07, -0.19 0.07,0.17 -0.07, -0.13, -0.17, —0.18 0.1 —0.07, -0.17, -0.19 0.07
900 K -0.07, -0.19 0.1 -0.07, -0.19 0.07,0.17 -0.07, -0.13, -0.17, -0.18 0.1 —0.07, -0.17, -0.19 0.07

calculated P of the Sr;;1TinO3,41 (n = 1, 2, 3, o0) compounds at
300, 600 and 900 K as a function of chemical potential between
F0.2 u(eV) as shown in Figs. 3n—q. Following these figure one can
observe that the minimum values of P occurs at the vicinity of Eg.
This could be due to the fact that ¢/7 possesses minimum values
in the vicinity of Er Beyond the chemical potential ranges
F0.05 p(eV) at 300 K, ¥0.06 p(eV) at 600 K and F0.07 p(eV) at
900 K for Srp1TipO3n41 (n = 1, 2, o) compounds and
beyond -0.04 p(eV) at 300 K, -0.05 p(eV) at 600 and
900 K, +0.07 p(eV) at 300 K, and +0.08 p(eV) at 900 K for
Sr4Ti3019 compound, these materials exhibit the maximum value
of P, which represent the regions where the investigated materials
can give its maximum efficiency. There exist pronounced peaks
for p-/n-type of the investigated materials. The location of these
peaks is listed in Table 4. It is clear that for all compounds the
highest power factor occurs at 900 K, then it decreases with
decreasing the temperature.

It is well known that the thermoelectric materials which have a
figure of merit (ZT = PT/xe) about unity or greater than unity are
considered to be promising candidates for thermoelectric devices
[25,26]. Following the above formula, ZT is directly proportional to
$? and ¢/r, and inversely proportional to «e. Thus, to increase ZT
value one should reduce k. and increase P = S%g. Fig. 3r—u exhibits
the calculated ZT for Sr;,1TipO3,41 (n = 1, 2, 3, o) compounds at
300, 600 and 900 K as a function of chemical potential between
F0.2 pu(eV). It is clear that Sr,TiO4 compound exhibit a unity of ZT
for p-/n-type between —0.1 and +0.05 p(eV) at all temperatures.
While Sr3Ti;O7 compound exhibit ZT equal to unity for p-/n-type
between —0.1 and +0.02 p(eV). Then beyond +0.05 and +0.02
u(eV) SrpTiO4 and SrsTizO; exhibit very sharp rise. Following
Fig. 3r—u one can observe that Sr4Ti3019 exhibit ZT equal to unity
for all temperatures in the p-type region, whereas in the n-type
region it exhibit a unity at 300 K, 1.1 at 600 K and 1.2 at 900 K. While
SrTiO3 exhibit a unity ZT for p-/n-type between F0.1 pu(eV) at all
temperatures.

To the best of our knowledge, there are no comprehensive
work neither experimental data or first principles calculations on
the thermoelectric properties of pure Sry,1Ti;O3,.1 (n = 1, 2, 3,
o) Ruddlesden—Popper Homologous series are available in the
literature to make a meaningful comparison. But we would like to
mention here that in our previous work [27] we have calculated
the thermoelectric properties of graphene using the same
method of this work [19,22] and we found very good agreement
with the experimental data. Thus, we believe that our calcula-
tions reported in this paper would produce very accurate and
reliable results.

4. Conclusions

The electronic band structure calculation were performed using
the state-of-the-art full potential linear augmented plane wave plus
local orbitals (FPLAPW + lo) method. Calculation exhibit that the
valence band maximum located at X point of Brillouin zone (BZ),
while the conduction band minimum is situated at the center of the
BZ, resulting in an indirect band gaps of about 1.95, 1.89, 1.84, and
1.81 eV forn =1, 2, 3, o, respectively. Based on the electronic band
structure calculations, the transport properties of Srp.1Ti;O3n.1
(n = 1, 2, 3, ) Ruddlesden—Popper Homologous Series were
evaluated using the semi-classical Boltzmann theory as imple-
mented in the BoltzTraP code. The calculated charge carrier's con-
centration at 300, 600 and 900 K, show that Sr4Ti3z019 compound
exhibit the highest charge carrier's concentration along the tem-
perature scale. We calculated the electrical conductivity and elec-
tronic thermal conductivity, and found that in the vicinity of Fermi
level these materials exhibit the minimum value of electrical con-
ductivity and electronic thermal conductivity, which represent the
regions where the investigated materials can give its maximum
efficiency. For all compounds the highest value of Seebeck coeffi-
cient occurs at 300 K then it decreases with increasing the tem-
perature. These materials exhibit the maximum value of power
factor (P) beyond the vicinity of Fermi level, which is represent the
regions where the investigated materials can give its maximum
efficiency. The investigated compounds exhibit figure of merit (ZT)
about unity or greater than unity.
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