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Abstract- The present study was designed to investigate n-type 
perovskite oxide based superlattices as a potential materials 
system for thermoelectric power generation. The model based on 
the phonon Boltzmann transport equations with diffuse mismatch 
interface conditions has been used to calculate the lattice thermal 
conductivity of SrTiO3/TiO2 nanostructures. Result shows that 
in the superlattice nanowire structure the interface scattering 
cause the reduction in phonon thermal conductivity. . It was also 
found that nanowire boundary scattering provides significant 
resistance to phonon transport. The reduced thermal conductivity 
of superlattice nanowire was found to be 1.156 W/mK for 
dw=0.44 nm and L=5 nm. As the diameter increases, the 
nanowire boundary scattering decreases, which leads to increase 
nanowire thermal conductivity. The obtained results suggest that, 
by optimizing the periodic length and the wire cross-sectional 
width, SrTiO3/anatase TiO2 superlattice nanowire can be a very 
good candidate as materials for high performance, efficient 
thermoelectric material. However the reduction in thermal 
conductivity is more effective due to the reduction in diameter of 
nanowire as compared to reduction in periodic length of the 
nanowire. 

 Index Terms- Boltzmann constant, phonon, superlattice, diffuse 
mismatch model, Nanoscale. 
 

I. INTRODUCTION 
he need of the renewable energy sources and environment 
friendly energy sources can be fulfill by conversion of waste 

heat into electrical energy. The emission of greenhouse gases and 
consumption of fossil fuels can be reducing through the use of 
thermoelectric power generators. Thermoelectric power 
generators are the devices which can convert waste heat into 
electrical energy only when the high-efficiency thermoelectric 
materials are used. [1] These devices convert the waste heat into 
electrical energy without emitting greenhouse gases. So for the 
efficient thermoelectric power generators it is very important to 
search high-performance thermoelectric materials. [3] The 
automobiles industries have been investigating the ever more 
high performance power generator devices to utilize the waste 
heat from the radiator of engine and exhaust systems of the 
future generation vehicles in generation of the electrical power.  
 

To improve the performance of thermoelectric devices, many 
researches are being made to search for the potential 
thermoelectric materials and reduce the lattice thermal 
conductivity of these materials to its minimum value.[1,8]The 
figure of merit ZT is the dimensionless quantity which is defined 
as ZT= S2σT/κ, where S is the Seebeck coefficient, σ is the 
electrical conductivity, T is the absolute temperature and κ is the 
total thermal conductivity (i.e. lattice and electrical thermal 
conductivity). It is the measurement of the efficiency of the 
thermoelectric devices. Therefore, the improvements of the 
figure of merit of thermoelectric materials to reduce the 
consumption of fossil fuels are in great demand [2, 3, 5, 8, 10]. 
Nanoscale thermoelectric materials are of interest due to low in 
size, cheaper than bulk thermoelectric materials, low in lattice 
thermal conductivity [13]that can results in being improve the 
performance of thermoelectric devices. The reduction in the size 
of the thermoelectric materials comparable to the mean free path 
and wavelength of phonons can reduce the lattice thermal 
conductivity due to boundary scattering of phonons without 
reduction in electrical conductivity and Seebeck coefficient 
which results the improvement in the value of figure of merit. In 
semiconductors phononic transport plays an important role in the 
reduction of thermal conductivity. Therefore the semiconductor 
nanowires are the efficient thermoelectric materials if their 
diameters are comparable to the mean free path of phonons [4, 6, 
8, 10] due to their exceptionally lower thermal conductivity than 
bulk materials. The superlattice structures on nanoscale size are 
the promising candidates for thermoelectric devices due to their 
periodic features [2, 6] which provide the possibility of reducing 
the lattice thermal conductivity and hence achieving a high figure 
of merit. However semiconductor based superlattices are of great 
interest to improve the thermoelectric performance. [16] The 
superlattice nanowires could be high potential thermoelectric 
materials due to their better interface and boundary scattering of 
phonons. The contribution of phonons to the thermal conduction 
can be reduced in nanoscale thermoelectric materials. [6] 

Previous literature analysis shows that the various 
theoretical studies have been attempting to investigate the effects 
of phonon transport in superlattice structures which lead to 
reduce the phonon thermal conductivity. In previous paper [13], 
the thermoelectric figure of merit of Bi2Te3/Sb2Se3 and 
PbTe/PbTeSe quantum dot semiconductor superlattices along the 
cross plane and in-plane direction respectively were reported as 
improved thermoelectric materials. Moreover, the thermal 
conductivity of p-type LSMO/LMO superlattices in cross-plane 
direction at the room temperature was reported as 0.89 W/mK 

T 

http://ijsrp.org/


International Journal of Scientific and Research Publications, Volume 5, Issue 12, December 2015      619 
ISSN 2250-3153   

www.ijsrp.org 

which is lower than the previous reported thermal conductivities 
of bulk oxides. [12] The thermal conductivity of Si/SixGe1-

x(0<x<1) superlattice nanowires were reported as lower than bulk 
due to its structural features which causes the phonon scattering. 
The low thermal conductivity of material would enhance the 
thermoelectric figure of merit. The deviation of the nanowire 
superlattice structure from its lattice structure enhances the 
scattering of phonons which reduce the lattice contribution to the 
thermal conductivity. [5] The Si/SiGe superlattice nanowires 
were also reported as the thermoelectric materials having thermal 
conductivities lower than the bulk Si nanowires of similar 
diameters. [17] 
In the present study the main aim is to examine the low thermal 
conductivity of semiconductor oxide based superlattice 
nanowire. We choose SrTiO3 and anatase TiO2 as potential 
candidates for thermoelectric applications. The complex oxide 
thermoelectric material SrTiO3 is a potential candidate for 
thermoelectric devices because of environment friendly nature, 
non-toxicity and high temperature stability. But the thermal 
conductivity of bulk counterparts is ∼12 W/mK at room 
temperature which is still a very large thermal conductivity. [19] 
So SrTiO3 nanowire structures could significantly reduce 
thermal conductivity due to interface and boundary scattering 
and provide a pathway to improve thermoelectric figure of merit 
ZT. [18]The naturally occurring anatase phase of Titanium 
dioxide (TiO2) is most photoactive which shows as a promising 
and low-cost material for the alternative energy source. [20, 21] 
TiO2 is suitable for thermoelectric applications due to its low 
value of thermal conductivity. [22, 24] In this paper, we use a 
model based on Boltzmann transport equation with diffuse 
mismatch interface conditions to study phonon transport in 
semiconductor oxide based SrTiO3/TiO2 superlattice nanowire at 
room temperature. The scattering of phonons in semiconductors 
are taken into account. The simulation results for the thermal 
conductivity of SrTiO3/TiO2 superlattice nanowire at room 
temperature can be calculated by using the parameters such as 
bulk phonon mean free path, volumetric specific heat, phonon 
group velocity, thermal conductivity of the bulk materials at 
room temperature in the phonon Boltzmann transport equation 
(BTE) with Diffuse mismatch model (DMM) interface 
conditions. In the present report, we will first introduce the 
background physics of thermal conductivity, then go through the 
simulation details, and finally present the results and discussion.  
 

II. THEORETICAL BACKGROUND FOR THERMAL 
CONDUCTIVITY 

Theoretically, the solution of Boltzmann transport equation gives 
the value of thermal conductivity of nanomaterial.  [15] 
Boltzmann transport equation with diffuse mismatch model is the 
fundamental equation for the theoretical study of the phonon 
transport ignoring electrical transport. [7] The diffusive 
scattering of phonons at the rough interface and boundary of the 
materials could be analyze through the simplest Boltzmann 
transport equation based on diffuse mismatch model with diffuse 
interface boundary conditions. Nanowire material having two 
different nanodots materials say X and Y when arranged 
alternately form the superlattice structure of nanowire having 
periodic length L=LX+LY. Boltzmann transport equation based 

on Diffuse Mismatch Model (DMM) predicts the interfacial 
transport of phonons experience completely diffusive and elastic 
scattering between the interfaces of two different materials. [28] 

 
Fig. 1. The superlattice structured nanowire in which X=SrTiO3  
and Y= anatase TiO2 
 

 

III. SIMULATION DETAILS 
    The diffuse mismatch model is the low temperatures model 
typically applied at temperatures above Debye temperature. The 
Debye temperatures for the materials considered in this work are 
758K and 513K for bulk anataseTiO2 [25] and SrTiO3 [18], 
respectively. We therefore assume the DMM to be applicable at 
room temperature for both materials. [28] 
For the diffusive nanowire boundary for phonons, the lattice 
thermal conductivity kSL of superlattice nanowires is given by 
[29] 

= +4

(1) 
where k, C, and v are the lattice thermal conductivity, volumetric 
specific heat capacity, and phonon group velocity of the bulk 
material (X or Y), XY (or YX) is the phonon transmission from X 
to Y or Y to X, which means the probability of transfer of energy 
of phonons from X to Y or from Y to X, through the interface. 
αX(or αY) is a geometric factor which is given by [23], 
α = (2) 

, where L is the total length of nanowire, N is the number of 
segments of nanowire, dw is the nanowire diameter. It only 
depends on the aspect ratio LX /dw (or LY/dw) of the nanodots X 
and Y, its values lie between 0.75 and 1 for cylindrical wires.  
In Equation (1), first and second terms account for scattering of 
phonons in pure bulk materials. Third term shows the 
contribution of interface scattering of the nanowire and fourth 
term shows the contribution of boundary scattering in nanowire 
in the lattice thermal conductivity of superlattice nanowire. 
The transmission probability using the diffuse mismatch model, 

XY is given by 
XY= (3) 

and YX=1- XY.  
Equation (1) can then be rearranged as 
 

= + 

(4) 
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Where X and Yare the mean free paths of phonons in bulk 
materials X and Y, respectively, which are derived from kinetic 
theory, [1, 3, 4, 8] 
k= ,                                                                  (5)  
Where k is the thermal conductivity v is the velocity of sound, C 
is the volumetric heat capacity, and  is the mean free path of the 
phonons. 
The effective phonon mean free path eff for one segment (say X 
or Y) in the superlattice nanowire is given by 

(6) 
The corresponding effective thermal conductivity keff in each 
segment is given by, 
kX,eff =( X,eff / X) kX,                                               (7) 
Finally the expression of the lattice thermal conductivity kSL can 
be expressed in terms of effective thermal conductivity of 
individual nanodots (X and Y). [29]  

= (8) 

 
 

IV. RESULTS AND DISCUSSION 
    The calculation of thermal conductivity of n-type SrTiO3/TiO2 
superlattice nanowires can be done by keeping the length of the 
nanowire fixed at 300 K which is below the Debye temperatures 
of the bulk SrTiO3 and TiO2. The periodic length for superlattice 
nanowires is L=LSrTiO3+LTiO2=10 nm having equal length 
segments, diameter of the nanowire is taken as 5 nm. The lattice 
thermal conductivity of SrTiO3/TiO2 superlattice nanowire is 
calculated using the equation (8), the thermal properties of the 
bulk SrTiO3 and bulk TiO2 are taken through the various 
references. Kinetic theory of gas describes the thermal 
conductivity k=  as a function of volumetric heat capacity, 
average phonon velocity and phonon mean free path[8] .Using 
bulk data of SrTiO3 and TiO2 from the references, this equation 
allows to find the value of bulk phonon mean free path of SrTiO3 
and TiO2. The geometric factor α is taken as 0.75. For the 
various length segments and diameter we find the value of lattice 
thermal conductivity of SrTiO3/TiO2 superlattice nanowires. We 
can find the value of phonon mean free paths of bulk SrTiO3 and 
anatase TiO2 from kinetic theory, [1, 3, 4, 8] 
k= (9) 
Where k is the thermal conductivity v is the velocity of sound, C 
is the heat capacity, and is the mean free path of the phonons. 
The typical value of volumetric heat capacity C for anatase TiO2 
is 2.76⨯106 J/m3K. The sound velocity of anatase crystal is 
applied here as the group velocity of phonons and a mean value 
of 4181 m/s. The thermal conductivity of bulk anatase TiO2 is 
8.5 W/mK [26] and the parameters for SrTiO3 are its volumetric 
heat capacity is 2.78⨯106 J/m3K. [27] The group velocity of 
phonons in bulk SrTiO3 is 5500 m/s [18] and the bulk thermal 
conductivity is 12 W/mK .[19] The values of mean free path of 
phonons in anatase TiO2 and SrTiO3 are calculated to be 2.2nm 
and 2.35nm respectively from the equation (10). By putting all 
these values we can find the value of effective thermal 
conductivity of SrTiO3 and anatase TiO2 and finally we can find 
the value of the thermal conductivity of superlattice nanowires.  

 
Fig.2. Relationship between diameter of nanowire and 
thermal conductivity of SrTiO3/anataseTiO2 
 

 
 
Fig.3. Relationship between Length segment and     thermal 
conductivity of SrTiO3/anataseTiO2 

 

 

V. CONCLUDING REMARKS 
    The thermal conductivities of SrTiO3/TiO2 superlattice 
nanowires having equal length periods and each nanowire 
material has length segments of 5 nm but having different 
diameters of 0.15 nm, 0.2 nm, 0.44 nm, 0.75 nm and 1.2 nm were 
measured at room temperature and the thermal conductivities of 
SrTiO3/TiO2 superlattice nanowires having different length 
periods and each nanowire has equal length segments of 42 nm, 
66 nm, 114 nm, 230 nm and 345 nm  keeping the diameters of 
10nm remains constant were measured at room temperature. The 
graph between the thermal conductivity and diameter of the 
superlattice nanowire keeping its length segment constant and the 
graph between thermal conductivity and length segment of 
superlattice nanowire keeping its diameter constant are plotted 
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which shows that if the total length of the superlattice nanowire 
is fixed, reducing the period length will lead to decreased 
effective thermal conductivity due to the increased number of 
interfaces. The reduced thermal conductivity of superlattice 
nanowire was found to be 1.156 W/mK for dw =0.44 nm and L 
=5 nm, which is very much less than the thermal conductivities 
of bulk SrTiO3 and bulk anatase TiO2 both at room temperature. 
 

REFERENCES 
[1] Samuel C. Huberman, “Disruption of superlattice phonons by interfacial 

mixing,” Physical Review , 2013, vol. B88,pp. 155311. 
 
[2] M.Tritt, “Thermoelectric Materials, Phenomena, and Applications: A Bird’s 

Eye View,”MRS Bulletin, Vol. 31, 2006, pp. 188-194.  
[3] M. Takashiri, “Cross-plane thermal conductivity of highly oriented 

nanocrystalline bismuth antimony telluride thin films,” Journal of Alloys 
and Compounds, 2010, vol. 490, pp.  44-47. 

[4] J.-C. Zheng, “Recent advances on thermoelectric materials,” Front. Phys. 
China, 2008, vol. 3, pp. 269-279. 

[5] Gwak, Yunki, “Thermal Transport Measurement of Silicon-Germanium 
Nanowires,” Master's thesis, Texas A&M University, 2009.  

[6] Shen, Yongxing, AnnicaHeyman, and Ningdong Huang. "Molecular 
Simulations of Thermal Conductivity of Si/SiGe Superlattice Nanowires." 
(2004). 

[7] Sean C. Andrews, “Atomic-level control of the thermoelectric properties in 
polytypoid nanowires,” Chem. Sci., 2011, vol. 2, pp. 706–714. 

[8] Yunfei Chen, “Monte Carlo Simulation of Silicon Nanowire Thermal 
Conductivity,” Journal of Heat Transfer. , 2005, vol. 127, pp. 1129-1137. 

[9] Keivan Davami and Jeong-Soo Lee, Transactions On Electrical And 
Electronic Materials. , 2011, vol. 12, pp. 227-233. 

[10] Ming Hu, Si/Ge Superlattice Nanowires with Ultralow Thermal 
Conductivity,” Nano Lett. , 2012, vol. 12, pp.  5487−5494. 

[11]  Mona Zebarjadi, “Thermoelectric Transport in a ZrN/ScN 
Superlattice,” Journal Of Electronic Materials, 2009, vol. 38, pp. 7. 

[12]  Pankaj Jha, “Cross-plane electronic and thermal transport properties of p-
type La0.67Sr0.33MnO3 /LaMnO3 perovskite oxide metal/semiconductor 
superlattices,” Journal Of Applied Physics. 2012, vol. 112, pp. 063714. 

[13]  Yang, R. G., & Chen, G. “Nanostructured Thermoelectric Materials: From 
Superlattices to Nanocomposites,” Materials Integration, 2005, vol. 18(9), 
pp. 31-36. 

[14]  Hiromichi Ohta, “High-temperature carrier transport and thermoelectric 
properties of heavily La- or Nb-doped SrTiO3 single crystals,” Inorganic 
Chemistry, 2008, vol. 47, pp. 8429-8436. 

[15]  N Papanikolaou, “Lattice thermal conductivity of SiC nanowires,” J. Phys.: 
Condens. Matter, 2008, vol. 20, pp. 6.  

[16]  Yunfei Chen, “Monte Carlo Simulation of Silicon Nanowire Thermal 
Conductivity,” Condensed Matter, 2004, vol. 349, pp. 270-280. 

[17]  Deyu Li, “Thermal conductivity of Si/SiGe superlattice nanowires,”Appl. 
Phys. Lett., 2003, vol.  83, pp. 15.  

[18]  Gautam G. Yadav, “Self-templated synthesis and thermal conductivity 
investigation for ultrathin perovskite oxide nanowires,” Nanoscale., 2011, 
vol. 3, pp. 4078-4081. 

[19]  G.H. Zheng, “Improvement of the Thermoelectric Properties of 
(Sr0.9La0.1)3Ti2O7 by Ag Addition,” J Low Temp Phys., 2013, vol. 173, 
pp. 80–87. 

[20]  Gordon M. Turner, “Carrier Localization and Cooling in Dye-Sensitized 
Nanocrystalline Titanium Dioxide,”J. Phys. Chem. B., 2002, vol. 106, pp. 
11716-11719. 

[21]  G. Guisbiers, “Theoretical investigation of size and shape effects on the 
melting temperature and energy bandgap of TiO2 nanostructures,”Appl. 
Phys. Lett., 2008, vol. 92, pp. 103121. 

[22] Yingchun Ding, “Anisotropic elasticity, sound velocity and thermal 
conductivity of TiO2 polymorphs from first principles 
calculations,”Computational Materials Science., 2014, vol. 82, pp. 202– 
218. 

[23]  K. Keshoju, “Magnetic field driven nanowire rotation in suspension,” 
Appl. Phys. Lett. , 2007, vol. 91, pp. 123114. 

[24] Yun Lu, “Thermoelectric Properties of Non-Stoichiometric Titanium 
Dioxide TiO2-x   Fabricated by Reduction Treatment Using Carbon 
Powder,” Materials Transactions., 2006, vol. 47,pp. 1449-1452.  

[25]  K. Zakrzewska, “Microstructure and photoelectrochemical characterization 
of the TiO2–SnO2 system,”Thin Solid Films., 2005, vol. 490, pp. 101 – 
107. 

[26] X. Feng, “Thermo-physical properties of thin films composed of anatase 
TiO2 nanofibers,”Acta Materialia, 2011, vol. 59, pp.  1934–1944. 

[27]  QIU Jian-Hua, “Electrocaloric Effect of P(VDF-TrFE)/SrTiO3 Bilayer 
Thin Films∗,” Commun. Theor. Phys., 2013, vol. 59, pp. 117–120. 

[28]  S. Srinivasan, “Parallel computation of the Boltzmann transport equation 
for microscale heat transfer in multilayered thin films,”Numerical Heat 
Transfer, Part B. 2004, vol. 46, pp. 31–58. 

[29]  Yu-Ming Lin, “Thermoelectric properties of superlattice nanowires,” 
Physical Review B., 2003, vol. 68, pp. 075304. 

 

AUTHORS 
First Author – Yashwant Singh Chandel, M.Sc. (Physics), UIT 
RGPV Bhopal, E-mail- yash.iaf08@gmail.com 
Second Author – Dr.Purnima Swarup Khare Ph.D., UIT RGPV, 
Bhopal E-mail-purnimaswarup@hotmail.com 
 

 

 

http://ijsrp.org/
http://pubget.com/journal/0925-8388/journal-of-alloys-and-compounds
http://pubget.com/journal/0925-8388/journal-of-alloys-and-compounds

	Lattice thermal conductivity of SrTiO3/TiO2 superlattice nanowires
	I. Introduction
	II. theoretical background for thermal conductivity
	III. SIMULATION DETAILS
	IV. RESULTS AND DISCUSSION
	V. CONCLUDING REMARKS
	References
	Authors

