
Thermoelectric materials are becoming more important as an alternate
energy source, and applications for these materials are increasing.  The

thermoelectric effect involves generation of electrical energy from a heat
source or removal of heat when an electric current is passed through the
material.  Thermoelectric devices are used for power generation and cooling.
They are being developed for power generation from waste heat sources
(automobiles, heavy trucks, industrial processes, chemical processes, steel
industry for example), space power, remote low-voltage power sources,
personnel cooling, automobile cooling, cooling of electronics, and refrigera-
tion.  This technology is based on the Seebeck effect, which relates the
voltage (power) generated in the material when a temperature difference is
applied across it (heat flux).  Referring to the basic thermocouple with
materials a and b (shown in Figure 1), the Seebeck coefficient is defined as

Sab = dV/dT, where a temperature
gradient �T is applied across the
sample or structure.  The rate of heat
exchange is relate to the Peltier coeffi-
cient by Q = �abI.  The Seebeck coeffi-
cient is related to the Peltier coeffi-
cient by the relation �ab = SabT, which
relates thermoelectric cooling to
thermoelectric power generation.
Finally, the Thompson coefficient is
defined as � = TdS/dT.

Thermoelectric power generation
(TEG) requires a p-n couple for current
to flow, as shown in Figure 2.  The
thermoelectric figure of merit ZT is a
dimensionless quantity that defines the
thermoelectric power generation and
cooling efficiency.  In its simplest form,
ZT = �S2T/	, where � is the electrical
conductivity, and 	 is the thermal

conductivity of the material.  The power factor PF is just the numerator of
this expression.  The efficiency 
 of the material is related to the Carnot
efficiency by the relation:


 = �T(M-1)/[Th(M + Tc/Th)], with M = (1 + ZT)1/2.

Figure 3 relates power generating efficiency to ZT and �T( = Th - Tc).
If a ZT in the range of 2 – 3 can be obtained, TEG efficiencies will be near

20%, which will make them very attractive commercially.  To date, the ZT
near 2.5 has been reported by Lincoln Laboratory [1] and ~ 3.2 for Hi-Z
Technology [2], but only on a small scale.

For a p-n couple, the figure of merit must combine both p and n legs
the effective figure of merit of a p-n couple is:

ZT = (Sp – Sn)2T/[(	p�p)1/2 + (	n�n)1/2]2.  

Here � = resistivity of the p or n leg.  Note that the Seebeck coefficient of a
n-type material is negative.  The maximum power output for a p-n couple is
[(Sp – Sn)�T]2/4R, where R is the load resistance [3].

The magnitude of the Seebeck coefficient is directly related to the band
gap of the material.  Semiconductors have the best combination of high
conductivity and Seebeck coefficient and low thermal conductivity.  Figure 4
shows the relationship between power factor, Seebeck coefficient, electrical
resistivity, and carrier concentration.  Note that there is a carrier concentra-
tion at which the power factor reaches a maximum value.  This is generally
achieved by semiconductors.  Metals have very high electrical and thermal
conductivities but very low Seebeck coefficient, and insulators have a very
high Seebeck coefficient and low thermal conductivity, but very low
electrical conductivity.  Table 1 lists several semiconductor materials that
are currently being used for TEG and cooling applications.

Table 1.  Typical TE properties of selected semiconductor materials at 300K.

The TE properties of thin films and nanostructured materials can be
enhanced by quantum confinement.  Hicks and Dresselhaus wrote the
pioneering paper describing this enhancement in low-dimensional structures
(quantum wells, quantum wires, and quantum dots) [4].  Quantum wells
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Figure 1.  Diagram of a basic thermo-
couple.  Two different conductors, a
and b, have junctions at X and Y.  A
temperature �T difference is created
between X and Y.

Figure 2. Thermoelectric power generating couple.

Figure 3.  Relationship between power conversion efficiency, operating temperature,
and temperature difference.

Material Seebeck Coefficient (�V/K) Resistivity (-cm)

Si 200 - 800 0.0005

SiGe 200 - 600 0.001

Bi2Te3 150 - 250 0.00002

Bi2-xSbxTe3 150 0.00067

Sb2Te3 90 0.000006

PbTe 100 - 150 0.0025

TAG80 100 0.0075

B4C 200 0.5
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confine charge carriers in two dimensions; quantum wires confine them in
one dimension; and quantum dots confine them in zero dimensions.  Figure 5
shows these structures (bulk is three dimensions), and Figure 6 shows the
density of states of the bulk (3D), superlattice (2D), quantum wire (1D), and
quantum dot (0D) structures.  The enhancement in electrical conductivity
can be related to the width of the quantum well by the relation:

�2D/�3D = (�/a)(F0,2D/F1/2,3D)( �/(2mzkT)1/2)

where a is the width of the quantum well (usually < 30 Å), F0,2D is the 2D
Fermi function, F1/2,3D is the 3D Fermi function, and mz is the charge carrier
mass in the z direction (perpendicular to the superlattice interface).  The
Fermi function is defined as:

∞
Fi = ∫xidx/(e(x-�*) + 1) and �* = ( �- �2�2/2mza2)/kT,

0

where � is the potential energy relative to the conduction band edge.  The
critical QW dimension for enhancement is:

a ≤ �(F0,2D/F1/2,3D)( �/(2mzkT)1/2)

Using these relations, the enhancement in the electrical conductivity alone
can be an order of magnitude.

Table 2 shows the enhancement in power factor for a Si/Si0.2Ge0.8 quantum
well structure with 1000 layers, each 100 Å thick.  This structure was
deposited by magnetron sputtering using the set up shown in Figure 7.  Note
that the power factor increase for the quantum well structure is at least an
order of magnitude compared to the single layer Si or Si/Si0.2Ge0.8 film.  An
exact measurement of the thermal conductivity of this film is needed to
obtain ZT but is estimated to be in the range 0.01 – 0.1 W/cmK.

Table 2.  Power factors of Si and Si0.2Ge0.8 films and Si/Si0.2Ge0.8 quantum well
structures.

Other promising thin film thermoelectric materials are Bi2Te3, PbTe,
(AgSbTe)x(GeTe)100 - x, AgPbTe, SnTe, Sb2Te3, SiC, B4C, B9C, and conductive
oxides.  Bulk and nanocomposites include skutterudites (CoSb3), clathrates
(Sr8Ga16Ge30), conductive oxides (ITO, ZnO), doped oxides (TiO2), bismuth
and lead tellurides, and other tellurides (AgPbmSbTe2+m).  

Cost is one of the big questions for extensive development of these
materials, thin films in particular.  The materials and process equipment
aren’t cheap.  Costs can be projected to be less than $0.10/W in 10 years, but
the way the price of oil keeps skyrocketing, thermoelectric power generation
and waste heat recovery may look very attractive by then.  
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Figure 4.  Relationship between power factor, electrical conductivity, Seebeck coeffi-
cient, and carrier concentration.

Figure 5. Progression of low-dimension structures from bulk to quantum dot.

Figure 6.  Density of states of 3D, 2D, 1D, and 0D quantum well structures.

Figure 7.  Apparatus used to deposit quantum well structures by magnetron
sputtering.

Material Seebeck Conductivity Power
Coefficient (�V/K) (S/cm) Factor

Si 600 60 0.0065

Si0.8Ge0.2 800 35 0.0067

Si/ Si.0.8Ge0.2 750 300 0.051
Quantum Well
Structure


