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Abstract
The thermoelectric figure of merit (ZT) is a dimensionless term which indicates the ability of a material to
efficiently produce thermoelectric power and it depends on the material’s Seebeck coefficient, electrical
conductivity, thermal conductivity and temperature. For a higher efficiency, a high thermoelectric figure of merit
is desired and for that Seebeck coefficient, electrical conductivity and temperature need to be high and thermal
conductivity needs to be low. Due to the violation of Wiedemann-Franz law, in the absence of quasi-particles,
monocrystalline metallic Vanadium Dioxide (VO2) follows the above illustration which gives it an unusually high
value of ZT. This makes VO2 an efficient thermoelectric material. This paper thoroughly discusses the reasons
behind this anomalously high value of ZT and explores the prospects of VO2 as an efficient thermoelectric material
for thermocouples and thermoelectric coolers.
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1. Introduction
Thermoelectric phenomena arise out of the intercoupled electrical and thermal currents in a material. The
thermoelectric effect is the direct conversion of temperature differences to electric voltage and vice versa. A
thermoelectric device creates voltage when there is a different temperature on each side. Conversely, when a
voltage is applied to it, it creates a temperature difference. At the atomic scale, an applied temperature gradient
causes charge carriers in the material to diffuse from the hot side to the cold side [1]. This effect can be used to
generate electricity, measure temperature or change the temperature of objects. Because the direction of heating
and cooling is determined by the polarity of the applied voltage, thermoelectric devices can be used as temperature
controllers.
The term "thermoelectric effect" encompasses three separately identified effects: the Seebeck effect, Peltier effect,
and Thomson effect. Seebeck effect is the production of an electromotive force and consequently an electric
current in a loop of material consisting of at least two dissimilar conductors when two junctions are maintained at
different temperatures. Peltier effect is the cooling of one junction and the heating of the other when electric
current is maintained in a circuit of material consisting of two dissimilar conductors. Thomson effect is the
evolution or absorption of heat when electric current passes through a circuit composed of a single material that
has a temperature difference along its length. This transfer of heat is superimposed on the common production of
heat associated with the electrical resistance to currents in conductors.
Thermoelectric effects are correlated to thermoelectric figure of merit. The ability of a given material to efficiently
produce thermoelectric power is related to its dimensionless figure of merit (ZT) [1] expressed as,
ZT = σS2T / k

(1)

which depends on the Seebeck coefficient S, thermal conductivity k, electrical conductivity σ, and temperature T.
The Seebeck coefficient of a material is a measure of the magnitude of an induced thermoelectric voltage in
response to a temperature difference across that material, as induced by the Seebeck effect. The SI unit of the
Seebeck coefficient is volts per kelvin (V/K), although it is more often given in microvolts per kelvin (µV/K) [2].
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Thermoelectric effects are utilized in various thermoelectric devices like thermocouples, thermoelectric generators
(TEG), thermoelectric coolers or peltier coolers (TEC) etc. Materials with a high figure of merit is desired in these
devices as thermoelectric efficiency depends on the figure of merit, ZT [3]. An unusually high thermoelectric
figure of merit can be observed in monocrystalline metallic Vanadium Dioxide (VO2) compared to other common
metals and alloys [6] which opens the door to the possibility of designing better thermoelectric devices.

2. Figure of merit of VO2 and violation of Wiedemann-Franz law
There is no theoretical upper limit to ZT, and as ZT approaches infinity, the thermoelectric efficiency approaches
the Carnot limit. However, no known thermoelectric material has a ZT > 3 [3]. In metals, thermal conductivity
approximately tracks electrical conductivity according to the Wiedemann–Franz law, as freely moving valence
electrons transfer not only electric current but also heat energy. However, the general correlation between
electrical and thermal conductance does not hold for other materials, due to the increased importance of phonon
carriers for heat conduction in non-metals. The Wiedemann–Franz law states that the ratio of the electronic
contribution of the thermal conductivity (κ) to the electrical conductivity (s) of a metal is proportional to the
temperature (T) [4].
𝑘
𝜎

= 𝐿𝑇

(2)

Theoretically, the proportionality constant L, known as the Lorenz number, is equal to
𝐿=

𝑘
𝜎𝑇

= 2.44 x 10-8 WΩK-2

(3)

Experiments have shown that the value of L, while roughly constant, is not exactly the same for all materials.
Kittel gives some values of L ranging from L = 2.23 × 10 -8 WΩK-2 for copper at 0 °C to L =3.2×10-8 WΩK-2 for
tungsten at 100 °C [5]. For a metal to have a high thermoelectric figure of merit, it is required to have high
electrical conductivity and low thermal conductivity. But in electrically conductive solids, the Wiedemann-Franz
law requires the electronic contribution to thermal conductivity to be proportional to electrical conductivity which
limits the figure of merit. A large violation of the Wiedemann–Franz law near the metal-insulator transition (MIT)
phase at the temperature range of 240K to 340K in Mono crystalline Metallic Vanadium Dioxide Nanobeams was
reported. Anomalously low electronic thermal conductivity was observed in correspondence with the electrical
conductivity. The unusually low electronic thermal conductivity is a signature of the absence of quasi particles in
a strongly correlated electron fluid where heat and charge diffuse independently [6]. In a Fermi liquid, the same
quasi particles that transport charge also carry heat. Therefore, in most normal metals the charge and heat
conductivities are related via the Wiedemann-Franz law. But in the case of VO2, The violation of the Wiedemann–
Franz law is attributed to the formation of a strongly correlated, incoherent non-Fermi liquid, in which charge and
heat are independently transported [6]. VO2 undergoes the metal-insulator transition at 340 K, accompanied by a
first-order structural phase transition from the monoclinic insulating (I) phase to the tetragonal metallic (M) phase
on heating [8]. Moreover using single-crystal VO2 nanobeams with effective beam size of 432nm, where the single
crystallinity and freestanding configuration eliminate extrinsic domain and strain effects. This sample geometry
ensures that both heat and charge flow in the same path along the nanobeams length direction [6].
Also in solids, conduction is mediated by the combination of vibrations and collisions of molecules, of propagation
and collisions of phonons, and of diffusion and collisions of free electrons. Thus the thermal conductivity in solids
are written as,
ktot = ke + kph

(4)

Where ktot is the total thermal conductivity, ke is the electronic contribution to thermal conductivity and kph is the
thermal conductivity due to phonon conductance. Phonon is a collective excitation in a periodic, elastic
arrangement of atoms or molecules in condensed matter, like solids and some liquids, often designated a
quasiparticle which represents an excited state in the quantum mechanical quantization of the modes of vibrations
of elastic structures of interacting particles [6].
Table 1. Data of VO2 at 340K temperature
KMe
σ
S
ZTe
(Wm-1K-1)
(S/m)
(V/K)
0.72

8×105

-18×10-6

1.224×10-1

Ref.
6
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In insulators, due to the scarcity of free electrons, ke can be considered zero. So in case of the insulator phase (I)
of VO2, kItot is equal to kIph which in this case is 5.80 W/ (m. K). In regular metals, both ke and kph need to be
accounted for to determine ktot. The values of kMe and kMph for the metallic phase (M) are 0.72 W/ (m. K) and 5.15
W/(m.K). But in absence of quasi particles, the effective value of kMtot becomes equal to kMe. So from (1), effective
figure of merit or electronic figure of merit ZT e becomes 0.1224 [6].

3. VO2 in contrast with commonly used metals and thermocouple materials
The thermoelectric properties of a material such as thermal conductivity, electrical conductivity, Seebeck
coefficient are temperature sensitive. An example is given in Fig. 1. , from which it is apparent that the highest
Seebeck coefficient for VO2 is at the vicinity of its metal-insulator transition phase that is around 340K
temperature. It is also evident that the metals in which quasi-particles are present, such as copper, silver and gold
has somewhat similar values of Seebeck coefficient over the range of temperatures. Whereas VO2, in absence of
quasi-particles, has a much higher value of Seebeck coefficient which increases far more greatly with the increase
of temperature as it is transitioning from insulator to metal phase.

Fig. 1. Comparison of the temperature dependent Seebeck coefficient of VO2 (absent of quasi-particles) with
normal, good metals (present of quasi-particles), such as Cu, Ag, and Au [6].
The Table 2. shows the thermal conductivity, electric conductivity, Seebeck coefficient and figure of merit of
some of the most commercially used thermocouple materials and other common metals along with VO2.

Metal name

VO2
Copper
Gold
Silver
Platinum
Chromel
Alumel
Iron
Constantan

Table 2. Thermoelectric properties of various metals and alloys at 340K
Thermal
Electric
Seebeck
Figure of
Ref
conductivity
conductivity
Coefficient
merit
(Wm-1K-1)
(S\m)
(V\K)
0.72
394
293
419
72
19
29.7
68.965
19.5

8×105
5.96×107
4.10×107
6.301×07
9.43×106
1.42×106
3.40×106
1×107
2×106

-18×10-6
6.5×10-6
6.5×10-6
6.5×10-6
1×10-6
2.51×10-6
2.53×10-6
45×10-6
-35×10-6

1.2×10-1
2.18×10-3
2.02×10-3
2.17×10-3
2×10-3
1.6×10-2
1.6×10-3
9.5×10-2
4×10-2

6
10
11, 12
11, 12
15
16
13
11
10

The Fig. 2. demonstrates the variation of thermoelectric figure of merit with respect to thermal conductivity of
various metals and alloys. It is clear that vanadium dioxide’s thermal conductivity is lowest and the Seebeck
coefficient and the figure of merit is the highest in comparison with other common materials like copper, silver,
gold etc. For its high value of Seebeck coefficient and high value of ZT, it has the potential to be a good
thermocouple material.
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Fig. 2. Thermal conductivity vs figure of merit of various materials from Table. 2.

4. Prospects of VO2 as a thermoelectric material in TEG/TEC
Thermoelectric generator (TEG) and thermoelectric cooler (TEC) are thermoelectric devices which depend on the
principle of thermoelectric effect. TEG is a device which can produce electrical energy by converting temperature
differences. Whereas in case of TEC, when voltage is applied in one direction, one side of the device creates heat
while the other side absorbs heat, becoming cold. The efficient performance of TEG and TEC depend on the
thermoelectric property of material used in respective devices which can be measured by the thermoelectric figure
of merit ZT [17]. Bismuth Telluride (Bi2Te3) is the most commonly used material in TEG/TEC for higher
efficiency due to its ZT value of 0.8 [18].

4.1. Compatibility factor
The materials used in TEG/TEC are guided by the compatibility factor. A material's compatibility factor s is
defined as,
𝑠=

√1−ZT−1

(5)

S𝑇

When the compatibility factor from one segment to the next differs by more than a factor of about two, the device
will not operate efficiently [19]. In the case of using P type Bi2Te3 along with VO2, the compatibility factor stays
within the acceptable range which is an indication of a potential practical use of the TEG/TEC utilizing Bi2Te3
along with VO2.

4.2. Simulation of TEG/TEC
Two simulations were designed in Ansys Workbench to demonstrate the viability of this TEG/TEC. A basic
geometry identifying a single cell was drawn on Solidworks. This basic geometry was created in accordance with
widely popular model of TEC of Bismuth Telluride (Bi2Te3) but in an enlarged scale of a single cell. The
geometry and all the Ansys parameters were kept the same in both simulations to get a clear comparison.
For the first simulation using P type and N type Bi2Te3, the parameters are given in table 3. And For the second
simulation using P type graphene and N type Bi2Te3, the parameters are given in table 4. The Results are given in
Table 5.

Name of the
component

Table 3. Thermoelectric properties of Bi2Te3
S
k
ρ
(µv/k)
(Wm-1K-1)
(Ωm)

ZT

Ref.

P type Bi2Te3

140

0.6× 10-5

1.3

0.8

20

N type Bi2Te3

-150

4× 10-5

0.21

0.8

21
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Fig 3. Simulation of TEG/TEC using P type and N type Bi2Te3 (Heat Distribution)
Table 4. Thermoelectric properties of P type Bi2Te3 and VO2
ZT
Name of the
S
k
ρ
component
(µv/k)
(Wm-1K-1)
(Ωm)

Ref.

P type graphene

140

0.6× 10-5

1.3

0.8

20

VO2 (as N type
material)

-18

1.25× 10-6

0.72

0..12
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Fig 4. Simulation of TEG/TEC using P type Bi2Te3 and VO2 (Heat Distribution)

Name of the simulation
P type and N type Bi2Te3
P type Bi2Te3 and VO2

Table 5. Results
Generated current
(A)

Heat absorbed

84.452

54.579

61.198

59.668

(W)

5

Although the generated current for VO2 is less than that of the Bi2Te3, the absorbed heat is higher. The results of
the simulation confirms that VO2 has the potential of becoming an effective TEC material.

5. Conclusion
The violation of the Wiedemann-Franz law allows metallic Vanadium Dioxide to have a unique set of
thermoelectric properties. The combinations of higher electrical conductivity in correspondence with lower
thermal conductivity and a relatively high Seebeck coefficient makes VO2 an ideal candidate for various
thermoelectric applications where metals or alloys are widely used, such as in thermocouples. VO 2 seems to show
all the necessary properties required to be a good thermocouple material. The compatibility factor and the
subsequent simulations also show that VO2 has a lot of potential as an N type material for thermoelectric coolers.
Further research is needed to reduce the production cost of nanostructured VO 2 so that it can be used in various
thermoelectric devices in a cost effective way. This material’s unique properties are sure to open some new doors
in scientific researches and in various engineering applications.
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