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Abstract: In the paper, we have study thermo-electric figure of
merits ZT of thick rectangular PbTe nanowire by the formulation
based on the Boltzmann relaxation time approach for acustic
phonon scattering. In PbTe nanowire beyond size quantum limit
thermoelectric figure of merits optimum for the diameter of the
wire in the range 75nm-125nm and operating temperature range
of the device 300K-800K. The high value of ZT expected at lower
concentration of the carrier and optimum cross-sectional size of
the nanowire. The PbTe nanowire are useful for geothermal
energy generation.
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wires.

1. Introduction
The efficiency of the thermoelectric engine is the product of
_ V1+zT-1
e

. Ty-T
the Carnot efficiency 1, = € and

=  Ty+T . )
T = % which is depends on the figure-of-merits of the
materials. The concept of a dimensionless figure-of-merit for a

a’o
T the term

material is employed and given by ZT =
ketkyp,
a’c refers electrical power factor, a Seebeck coefficient

(Thermo-power), & electrical conductivity, Kk lattice

contribution to thermal conductivity and k,, electronic thermal
conductivity[1-14].The Lead telluride is in bulk a good
thermoelectric materials in the category polar semiconductor
with ionic-covalent bonds. Its structure is m3m symmetry NaCl
type face centred cubic crystallize structure. The high degree of
freedom of PbTe quantum wire on constant energy surfaces are
due to multiplicity and high anisotropy. For high efficiency
thermoelectric devices must have high Seebeck coefficient and
electrical conductivity, and low thermal conductivity. For
optimisation of figure of merit is choice of such a materials
which have character as phonon glass and electron crystal. The
confinement of carrier in order of deBrogli wavelength of the
carrier create new characteristics of the material. When

confinement in two directions in order of deBrogli wave
length and carrier are free to move in one direction the
conduction band are quantised into sub-bands. Due to
quantisation in sub-bands multiple modes of transportations are
produces. These sub-bands change the transport behaviour. As
electron passes along the nanowire with all boundary with its
mean free path increases resistivity. The transverse dimensions
comparable to mean free path enhance the electron phonon
scattering, electron-electron scattering at low temperature due
to collision by surfaces [15-21]. In this paper we discuss
multiple mode contribution in ZT of PbTe thick nanowire.

2. Theory

In polar semiconductor both acoustic scattering and optical
phonon scattering play significant role at high temperature.
The relaxation time for acoustic phonon scattering one-
dimensional systems is may be expressed as [21]
4 h’c, ab .
— 2
Tn[ (k) - 5 1 2
2 Y,
2¢; (kBT)(2m )2

Here ¢, is the longitudinal elastic constant and &, is the

deformation potential, ¢ = E — E,

T = T,€P
For acoustic phonon scattering p=- ; Ty =
4h%cy ab
1
18€2kpT(2m})?

The PbTe nanowire consider in the form of a rectangular wire
which characterised by transverse dimensions 'a' and 'b' and a
wire of length L along the z-axis. The Transport coefficients for
such a system are given by such as electrical conductivity,
Seebeck coefficient, and the electronic contribution to thermal
conductivity given as: [ 10-12]

279e?
(01)g = ——>——B,
nhab(2m}) /2
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e kBT kpTBg
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where B, B,, B3, B4, Bs, and Bg are given by
(04) By = Xn 2 (p + 2) (kBT)(’”f)F(m;) ()
(05)B2 = 5, 5 (En + E1) (p +
)
D) tesT)F 0y, )
06) By = T Zu(Er + ED? (p +
5
D) ksT)PF 1@
O By = 23 (p +3) Ues D F( 2y (1)
08) Bs = Zn Zu(En + ED (p +
2 GsTEF(, )
) Bo=ZaZi(p+3) ks, 000)

(09)
where F,y(1,,) is Fermi- integral deﬁned as

(10) Fg) (nn,l)

E.

1 _ En
E, =—

kgT kBT

with respect to conduction band edge, 1), ; = & — Ej, — EJ ;

0 exp(x Nn1)+1

E
E] = reduced carrier energy X =
l BT

. Ep .
reduced Fermi energy & = T Here summation taken over
B

several sub-bands.
The total thermal conductivity is given by
k=k,+k,

Thermal conductivity studies on Silicon nanowire cross-
sectional diameters reveal that phonon confinement results in a
significant reduction in phonon contribution to thermal
conductivity,k,,, = 0.1kp e [14-19]. Assuming a similar
situation for Lead telluride we estimate a highly approximate
value of phonon thermal conductivity= 0.17Wm~1K~1. The
dimensionless figure-of-merit is given by

2
IrT="2°2rT
ke+kL

3. Result and Discussion

The theoretical model described here has been applied to
Lead telluride nanowire. Figures la illustrate the variation of
the power factor versus reduced Femi energy for 125nm Lead
telluride nano wire at 650K. The mode (n,m) = (1,1) datal
indicates that all sub-bands below or equal to (1,1) have been
considered (x). As reduced fermi energy increased, value of
power factor increased very slow attains a maximum value and
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further decreases slowly. The mode (n,m) = (3,3) data2
indicates that all sub-bands below or equal to (3,3) have been
considered (*).The mode (n,m) = (5,5) data3 indicates that all
sub-bands below or equal to (5,5) have been considered (+).The
mode (n,m) = (9,9) data4 indicates that all sub-bands below or
equal to (9,9) have been considered (0). As number of sub-band
increases, the power factor of PbTe nanowire increased and
shifted towards high value of the Fermi energy. The maximum
power factor of PbTe nanowire 0.022Wm~1K~% at & = 0.5.
Figures 1b illustrate the variation of the power factor versus
temperature at optimum reduced Femi energy & = 0.5 for
125nm.For size quantum limits mode (n,m) = (1,1) datal shows
a constant behaviour with temperature. However as sub-bands
contributes in transportation power factor increases linearly and
become flats after 400K.If ones consider the mode (n,m) =(9,9)
data 4, power factor is optimum and long operating high
temperature range found.
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Fig. 1. Variation of power factor of PbTe nanowire with reduced fermi
energy at 650K of 125nm cross sectional square size datal refers mode (n,m)
= (1,1) this indicates that all sub-bands below or equal to (1,1) have been
considered (x); data2 refers mode (n,m) = (3,3) all sub-bands below or equal
to (3,3) have been considered (*); data3 refers mode (n,m) = (5,5) indicates
that all sub-bands below or equal to (5,5) have been considered (+);data4
referes mode (n,m) = (9,9) indicates that all sub-bands below or equal to (9,9)

have been considered (0)

Power factor versus Temperature
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Fig. 2. Variation of power factor of PbTe nanowire with temperature at
reduced fermi energy 0.5 of 120nm cross sectional square size datal refers
mode (n,m) = (1,1) this indicates that all sub-bands below or equal to (1,1)
have been considered (x); data2 refers mode (n,m) = (3,3) all sub-bands below
or equal to (3,3) have been considered (*); data3 refers mode (n,m) = (5,5)
indicates that all sub-bands below or equal to (5,5) have been considered
(+);data4 referes mode (n,m) = (9,9) indicates that all sub-bands below or
equal to (9,9) have been considered (0)
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Figure 2 Variation thermoelectric figure-of merits ZT of
PbTe nanowire with cross sectional square size ‘a’ at
temperature 650K and reduced Fermi energy 0.5 ; datal refers
mode (n,m) = (1,1) this indicates that all sub-bands below or
equal to (1,1) have been considered (x); data2 refers mode (n,m)
= (3,3) all sub-bands below or equal to (3,3) have been
considered (*); data3 refers mode (n,m) = (5,5) indicates that
all sub-bands below or equal to (5,5) have been considered
(+);data4 referes mode (n,m) = (9,9) indicates that all sub-bands
below or equal to (9,9) have been considered (0).As cross
sectional size decreased, ZT increased attains a maxima and as
number of sub-band increased maximum ZT shifted towards
left side. The value of optimum ZT 2.7 at 650K at reduced
Fermi energy & = 0.5.
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Fig. 3. Variation Thermoelectric figure-of merits ZT of PbTe nanowire with

cross sectional square size ‘a’ at temperature 650K and reduced fermi energy

0.5 ; datal refers mode (n,m) = (1,1) this indicates that all sub-bands below or
equal to (1,1) have been considered (x); data2 refers mode (n,m) = (3,3) all

sub-bands below or equal to (3,3) have been considered (*); data3 refers mode
(n,m) = (5,5) indicates that all sub-bands below or equal to (5,5) have been
considered (+);data4 referes mode (n,m) = (9,9) indicates that all sub-bands

below or equal to (9,9) have been considered (o)

Figure 3 Variation Thermoelectric figure-of merits ZT of
PbTe nanowire with temperature at reduced Fermi energy 0.5
of 120nm cross sectional square size. As temperature increases
value of ZT increases become flats above 400K.The size
quantum limits has lower value of ZT however as more sub-
bands increased value of ZT increases and become optimum.
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Fig. 4. Variation Thermoelectric figure-of merits ZT of PbTe nanowire with
temperature at reduced fermi energy 0.5 of 120nm cross sectional square size
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datal refers mode (n,m) = (1,1) this indicates that all sub-bands below or
equal to (1,1) have been considered (x); data2 refers mode (n,m) = (3,3) all
sub-bands below or equal to (3,3) have been considered (*); data3 refers mode
(n,m) = (5,5) indicates that all sub-bands below or equal to (5,5) have been
considered (+);data4 referes mode (n,m) = (9,9) indicates that all sub-bands
below or equal to (9,9) have been considered (o)

Figures 4 illustrate the variation of the dimensionless figure-
of-merits ZT versus reduced fermi energy for 120nm PbTe nano
wire at temperature 650K.As number of sub-band increases the
maxima of ZT shifted towards the left side.

ZT versus §
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€
Fig. 5. Variation Thermoelectric figure-of merits ZT of PbTe nanowire with
reduced fermi energy at temperature 650 K of 125nm cross sectional square
size datal refers mode (n,m) = (1,1) this indicates that all sub-bands below or
equal to (1,1) have been considered (x); data2 refers mode (n,m) = (3,3) all
sub-bands below or equal to (3,3) have been considered (*); data3 refers mode
(n,m) = (5,5) indicates that all sub-bands below or equal to (5,5) have been
considered (+);data4 referes mode (n,m) = (9,9) indicates that all sub-bands
below or equal to (9,9) have been considered (0)
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